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CAR-T Cells: Novel Designs and Emerging Therapeutics for 
B-Cell Malignancies

  Alex Zhang                                 
Fraser Heights Secondary School, 16060 108 Ave, V4N 1M1, Canada; zhangj.alex@gmail.com
 

ABSTRACT: Chimeric antigen receptor (CAR)-T cell therapy is a novel approach to treating hematologic cancers such as 
leukemia. This review paper focuses on optimization strategies for CAR-T cell engineering to improve therapeutic durability 
and reduce relapse rates. Key methods discussed include advances in dual antigen targeting to mitigate antigen escape alongside 
signal enhancements in the costimulatory domain to enhance T cell persistence. Next-generation CAR-T cells will be discussed 
and further address challenges like tumour microenvironments. By incorporating these advancements in dual antigen targeting, 
combined with innovations in CAR cell body design and development processes, CAR-T cell therapy has the potential to 
significantly improve therapeutic efficacy, reduce complications, and increase accessibility for leukemia patients.   

KEYWORDS: Cellular and Molecular Biology, Genetics, Chimeric Antigen Receptor (CAR), CAR-T Cell Therapy, B-Cell 
Malignancies, Leukemia, CD19, CD22, CD37.

�   Introduction
Cancer is a life-changing topic and an obstacle to many 

families worldwide. Cancer, with its complex nature in biology 
making it challenging to treat effectively, is one of the leading 
causes of mortality and morbidity globally: in 112 out of 183 
countries, estimates from the WHO in 2019 rank cancer as 
the first or second leading cause of death.¹ Cancer cases are 
expected to be 28.4 million in 2040, a 47% rise from 2020, 
which has been a burden on developing countries due to de-
mographic changes.¹ A seemingly death-bound disease has 
caused concern over an improved treatment or cure.² Modern 
cancer treatment approaches have had varying degrees of suc-
cess but are frequently associated with a variety of side effects, 
like targeting other cells that are not cancer cells, harming the 
patient. ³ Radiotherapy, one of the most common cancer treat-
ments, could result in radio-resistance;⁴ hadron therapy, a new 
alternative involving protons and light nuclei, has no insight 
to its long term impacts;⁵ chemotherapy, based on cytotoxic 
drugs, often results in a impaired quality of life and severe side 
effects;4 surgery, effective but invasive; and other treatments all 
have led to certain negative downsides.⁶ Individualized therapy 
offers a promising solution by leveraging a patient’s immune 
system to eliminate cancer cells with high specificity to reduce 
off-target effects and to provide more personalized and poten-
tially less harmful treatment options.⁷ Despite all this, recently, 
a viable and new approach to cancer has been revealed, chime-
ric antigen receptor (CAR)-T cell therapy. 

As a personalized treatment, CAR-T cells are engineered 
lymphocytes, immune cells, that are altered to specifically 
express certain receptors and target singular cancer cells that 
display a specific antigen.3,8 This approach is much more ad-
vantageous than regular T cells that rely on a normal major 
histocompatibility complex (MHC), a group of genes that help 
the immune system recognize foreign substances, and expres-
sion that restrains the immune response.⁸ The CAR protein 
on the external surface of engineered T cells helps recognize 
cancer antigens, which then activates the CAR-T cell to or-
der the cancer cell to undergo apoptosis (Figure 1).⁹ From all 
this, CAR-T cell therapy has become a very important fac-
tor in fighting B-cell malignancies (BCMs) like leukemia.10 
B-cell malignancies are a diverse group of hematologic cancers 
that have a spectrum that includes aggressive forms like dif-

DOI: 10.36838/v7i10.1
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Figure 1: Diagram of a CAR-T cell. Illustrates how the gene for a chimeric 
antigen receptor (CAR) enables the expression of a synthetic receptor that 
combines antigen recognition and intracellular signalling domains. 
(Created with Biorender)
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fuse large B-cell lymphoma to indolent variants like follicular 
lymphoma.11 These malignancies are characterized by uncon-
trolled proliferation of malignant B-cells that typically retain 
surface expression of markers.11 Malignant B-cells consistently 
express surface markers, which serve as ideal targets for engi-
neered T-cells.11,12 For example, acute lymphoblastic leukemia 
(ALL) expresses CD19, a pan-B-cell maker, making it an 
ideal target for CAR-T cells.13 CAR-T cells, therefore, are en-
gineered to target CD19 with high specificity as they bind to 
the CD19 antigen and trigger cytotoxic responses that elim-
inate both malignant and normal B cells.13 However, CAR-T 
cell therapy faces many obstacles, like patient tolerance and 
specific antigen selection.14 Tumour cells that lack specific an-
tigens can impair antigen selectivity of CAR-T cells and can 
even develop resistance through the downregulation of anti-
gen expression by increasing the activity of immune inhibitory 
factors from CAR-T cell cytotoxicity.15,16 In this review, by 
summarizing the most recent literature on CAR T-cells, the 
review article will provide the latest research on CAR-T cell 
therapies in terms of their structure and mechanism, dual anti-
gen targeting advances, optimization strategies for CAR-T cell 
design, and the limitations and future directions of CAR- T 
cell therapy research.
�   Discussion
CAR T Cell Structure and Mechanism: 
Chimeric antigen receptor (CAR)-T cell therapy is an in-

novative immunotherapy and a highly personalized treatment 
that relies on artificial receptor engineering on T cells to tar-
get specific antigens on cancer cells.17,18 The modular CAR 
protein is composed of two key components: an external do-
main for antigen recognition and an internal signalling region 
for T cell activation. The external region usually consists of a 
single-chain variable fragment (scFv) derived from antibodies 
that bind specific antigens on the cancer cell surface through 
high-affinity binding (Figure 2).9,19 Unlike traditional T cell 
receptors (TCRs), this novel design removes the dependency 
on the MHC, overcoming a major limitation in the internal 
signalling domain of TCRs. 20,21

Internally, CAR proteins rely on signalling domains for 
effective T cell activation. The primary activation signal origi-
nates from the CD3ξ chain in the intracellular domain, which 
contains immunoreceptor tyrosine–based activation motifs 
(ITAMs).22,23 Additional “boost” signals come from costim-
ulatory domains, like CD28, which help T cells multiply and 
strengthen their response.24,25 When fully activated, CAR-T 
cells release cytotoxic granules that contain perforin and gran-
zymes, which induce apoptosis, self-destruction, in target 
cells.26

Generations of CAR-T cells have had progressive improve-
ments to the overall CAR design. CAR development began 
with the first-generation CARs. First-generation CARs were 
comparatively simple in design. It consisted of three main 
components: an extracellular antigen recognition domain, like 
a molecular “search radar” to find cancer cells; a transmem-
brane domain for structural integrity; and an intracellular 
domain for signalling that activates the T cell (Figure 2b).⁹ 
Single-chain variable fragments (scFvs), which were built for 
the antigen recognition domain, are engineered antibody frag-
ments composed of a variable heavy chain (VH) and a variable 
light chain (VL) connected by a flexible peptide linker (Figure 
2a).27 Each scFv is a specialized search tool made by stitch-
ing together the two chains from antibodies. The scFvs helped 
provide high specificity for tumour-associated antigens like 
CD19 in BCMs like leukemia, for example. This surface pro-
tein acts like a cellular “ID card” that is consistently expressed 
on over 90% of B-cell cancers while being nearly absent from 
other cell types, minimizing off-target effects.28,29 Despite the 
targeted antigen recognition, first-generation CARs relied 
simply on the CD3ξ signalling domain in the intracellular re-
gion, housing the immunoreceptor tyrosine-based activation 
motifs (ITAMs).9,30 The ITAMs are responsible for T cell ac-
tivation upon antigen reception, but were limited due to their 
signalling capacity. With a lack of co-stimulatory signals to 
improve capacity, first-generation CARs resulted in poor T 
cell persistence, reduced cytokine secretion, and limited thera-
peutic efficacy for first-generation CARs. 

Second-generation CARs incorporated co-stimulatory 
domains such as CD28 to enhance T cell survivability and 
anti-tumour activity (Figure 2b).9,31 Alongside CD3ξco-stim-
ulatory signalling domains address many of the limitations of 
first-generation CARs. CD3ξ chain is the primary signalling 
domain that contains the ITAM, initiating the costimulatory 
domain, a secondary signalling domain, obtained from native 
co-stimulatory molecules like CD28 and 4-1BB, that enhanc-
es T cell activation.32 The extracellular and transmembrane 
regions remained largely untouched, with their scFvs ensuring 
targeted binding to tumour antigens like CD19. Most im-
portantly, second-generation CARs became the backbone of 
FDA-approved CAR-T cell therapies (Table 1).33

Third-generation CARs represent a significant advance-
ment in CAR technology through incorporating multiple 

DOI: 10.36838/v7i10.1

Figure 2: 9 Structure of CAR generations. A. The modular structure of a 
CAR protein consists of an extracellular domain that includes a single-chain 
variable fragment (scFv) derived from antibodies, which is responsible for 
antigen recognition. The transmembrane domain anchors the receptor to the 

cell membrane and ensures structural stability, and the endodomain contains 
the intracellular signalling motifs such as immunoreceptor tyrosine-based 
activation motifs (ITAMs), which mediate downstream T cell activation. B. 
Demonstrates the progressive development across five generations of CAR-T 
cells. (Reprints with Permission from Tokarew et al.) 
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costimulatory domains to improve cytokine secretion and 
overall efficacy (Figure 2b).9,19 These CARs usually combine 
two distinct co-stimulatory signals in tandem with CD3ξ. For 
example, combination domains such as CD28 and 4-1BB are 
used to provide synergistic signalling: CD28 enhances immedi-
ate T cell activation and cytokine release, and 4-1BB promotes 
T cell survival and memory formation.34,35 This multi-signal 
approach has shown improved efficacy, particularly in sol-
id tumours where the TME is highly immunosuppressive. 
Third-generation CARs, however, are still under investigation. 

Fourth-generation CARs, “armoured CARs”, are engineered 
to produce immune-stimulatory cytokines like interleukin-12 
(IL-12) to counter immunosuppressive tumour microenviron-
ments (Figure 2b).9,36 IL-12 is a potent immunomodulatory 
cytokine that enhances T cell and natural killer cell activity, 
promotes the recruitment and activation of other immune 
cells, and reprograms the TME to be more immunogenic to 
overcome tumour-induced immunosuppression.37–39 In addi-
tion to cytokine secretion, armoured CARs may also express 
checkpoint inhibitors like PD-1 blockers to prevent T cell 
exhaustion.40,41 Enzymes that degrade immunosuppressive 
factors in the TME, like adenosine or TGF β, are also ex-
pressed.42 These modifications from third-generation CARs 
make fourth-generation CARs more promising for treating 
solid tumours, specifically with the degradation of the TME, a 
major barrier to effective immunotherapy. 

Lastly, fifth-generation CARs integrated cytokine receptor 
signalling to enhance T cell function, representing the cutting 
edge of CAR-T cell technology (Figure 2b).9,43 These CARs 
are designed to mimic the signalling of cytokine receptors like 
the IL-2 receptor to further enhance T cell activation and per-
sistence. The key innovation in fifth-generation CARs is the 
inclusion of a cytokine receptor signalling domain alongside 
the traditional CD3ξ and multiple co-stimulatory domains. 
This allows the CAR-T cells to respond to endogenous cyto-
kines in the TME, providing an additional layer of activation. 

CD19-specific CAR T cell therapy, widely used for treat-
ing BCMs like leukemia and lymphoma, specifically shows 
the success of this approach.12 CD19 is a pan-B-cell marker 
that ensures selective targeting of malignant cells while sparing 

most of the healthy tissues.50 This CD-19 specific approach 
has demonstrated significant efficacy. In a meta-analysis 
encompassing 448 patients, 82% had an incidence rate of 
complete remission (CR).51 Furthermore, clinical studies re-
port CR rates exceeding 80% in many cases with patients with 
ALL.52 

Not only have CD-19-specific strategies seen promis-
ing results, but an antibody-drug conjugate targeting CD22, 
inotuzumab ozogamicin, has shown encouraging results. Anti-
body-drug conjugates (ADCs), a similar yet different approach 
to hematologic malignancies, leverage unique molecular char-
acteristics of each patient’s tumours through targeting specific 
antigens like CD19 or CD22.53 ADCs are monoclonal an-
tibodies conjugated to cytotoxic drugs that deliver the drug 
directly to the tumour and kill the cancer cell internally.54 
Through the selective expression of target antigens on can-
cer cells, ADCs represent a highly individualized treatment 
strategy. Inotuzumab ozogamicin in a phase 3 trial demon-
strated improved response rates and overall survival compared 
with conventional methods like chemotherapy in patients with 
refractory or relapsed B-ALL (Table 2).55 Blinatumomab is 
a bispecific T-cell engager (BiTE) antibody that targets the 
CD3 on T cells and CD19 on B cells. It has significantly im-
proved efficacy in treating relapsed B-cell acute lymphoblastic 
leukemia (B-ALL) by its mechanism of redirecting T cells to 
eliminate malignant B cells, leading to improved remission 
rates.56 These findings emphasize the efficacy of CD19 and 
CD22-specific CAR-T cell therapy in treating BCMs, provid-
ing substantial benefits as an individualized therapy to patients.

Individualization and Non-Invasive Nature: 
Paradigm shifts toward highly individualized cancer treat-

ments have revolutionized health care. CAR-T cell therapy 
exemplifies this approach. This therapy begins with the collec-
tion of the patient’s T cells through apheresis, a non-invasive 
process that separates blood components, minimizing risk to 
the patient by avoiding the need for invasive surgical inter-
vention.57 Apheresis collects blood components and returns 
the rest into the patient, which is essential in minimizing im-
pact (Figure 3). These collected T cells then get genetically 
engineered to express CARs, designed to recognize tumour 
antigens on specific tumour cells.58 Lentiviruses are essential in 
the addition of CAR genes to the T cells with high efficiency. 
These viral vectors carry the CAR construct, which includes 
the intracellular signalling regions and the antigen-recognition 
domain that are integrated into the host genome ex vivo, en-
suring stable expression.59 Lentiviral vectors are advantageous 
due to their low immunogenicity and ability to transduce both 
dividing and nondividing cells.60,61 The personalized engi-
neering allows a highly specific targeting of malignant cells 
through uniquely tailoring each CAR-T cell therapy to the 
patient’s cancer profile.50 With such precision, CAR-T cell 
therapy reduces the risk of off-target effects, a common issue 
with conventional treatments like radiation therapy, which of-
ten lead to toxicities and significant side effects. 

Table 1: FDA Approved CAR-T Cell Therapies. 

*BCMA: B-cell Maturation Antigen
The table highlights six FDA-approved CAR-T cell therapies, each targeting 
either CD19 or BCMA antigens in various B-cell malignancies. The diversity 
of targeted diseases underscores the clinical success and expanding role of 
CAR-T therapy in treating relapsed or refractory hematologic cancers.

DOI: 10.36838/v7i10.1
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Next-generation CAR-T cell therapies are becoming even 
more refined as research continues. Through features such 
as dual antigen targeting, CAR-T cell therapy can enhance 
patient outcomes and can be featured as the cornerstone of 
personalized and non-invasive cancer care, potentially inspir-
ing more effective and patient-centred approaches to oncology.

Next-Generation CARs & Optimization Strategies for 
CAR-T Cell Design

Armoured CARs: 
Armoured CAR-T cells, a fourth-generation CAR de-

sign, symbolize novel approaches to enhancing the efficacy 
of CAR-T cell therapy, especially in immunosuppressive tu-
mours.⁹ Armoured CARs are engineered to secrete cytokines 
and other therapeutic molecules like antibodies or enzymes 
that degrade physical barriers within the tumour microenvi-
ronment (TME).73 The TME is one of the main barriers to 
CAR-T cell efficacy as it includes extracellular matrix com-
ponents that hinder CAR-T activation. Through secreting 
extracellular matrix-degrading enzymes like metalloproteinas-
es, armoured CARs can enhance the persistence and efficient 
penetration of CAR-T cells in tumours.74 A study by Suarez 
et al. demonstrates that armoured second-generation CAR-T 
cells engineered to secrete human anti-programmed death 
ligand 1 (PD-L1) have effectively blocked PD-1/PD-L1 in-
teraction within the TME of clear cell renal cell carcinoma 
(ccRCC).75 Furthermore, a study by Harrasser et al. explored 
the use of armoured CAR-T cells using anti-PD-L1 scFvs 
for localized delivery within the TME, enhancing the an-
ti-tumour efficacy while minimizing systemic toxicity by 
blockading the PD-1/PD-L1 pathway.76 Collectively, these 
studies indicate the potential of optimizing anti-PD-L1 anti-
body secretion into next-generation armoured CAR-T cells to 
enhance their anti-tumour activity by overcoming the immune 
checkpoint-mediated suppression in the TME.73,75,76 

Figure 3: Cycle of the Individualization of CAR-T Cell Therapies. 1. & 2. 
Isolation of a patient’s T cells via apheresis. 3. Genetic modification using a 
viral vector to express chimeric antigen receptors 4. Receptors are expressed 
on the T cell’s surface 5. Engineered T cells are expanded, multiplied, and 
reinfused into the patient. 6. CAR T cells eliminate cancer cells with high 
specificity. This personalized approach enables the targeted recognition and 
elimination of cancer cells. (Created with Biorender)

The non-invasive nature of CAR-T cell therapy involves 
only intravenous infusions for cell reinfusion following T cell 
modification ex vivo. Minimizing physical trauma to the pa-
tient most often results in shorter recovery times and improved 
quality of life.62 Furthermore, CAR-T therapy’s ability to min-
imize residual disease while achieving deep remissions has 
been highlighted in numerous clinical trials, particularly in he-
matological malignancies like B-ALL.63 The individualization 
of CAR-T cell therapy allows it to address immune evasion 
and tumour heterogeneity more effectively.64 CD19-specific 
CAR-T therapies, for example, target a pan-B-cell marker that 
is widely expressed in multiple BCMs, which ensures efficacy 
and reduces the likelihood of tumour escape.65 Additionally, 
patients who may not be candidates for aggressive treatments 
due to age and other complications significantly benefited 
from CAR-T’s non-invasive nature.66 
Table 2: Clinical Trials on Certain Antibody-Drug Conjugates. 

*CR: Complete Response
**ORR: Overall Response Rate
***ORR: Objective Response Rate
The table summarizes the efficacy of various antibody-drug conjugates
(ADCs) targeting surface antigens in treating relapsed or refractory
hematologic malignancies. The reported high complete response and overall
response rates across multiple trials highlight the therapeutic potential of
ADCs.

DOI: 10.36838/v7i10.1
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Universal CARs: 
Driven by the challenge of obtaining autologous T cells 

from patients for CAR-T cell therapy, researchers have begun 
to develop universal CAR-T cells. Universal CAR-T cells are 
allogenic T cells, derived from healthy donors, engineered to 
target tumour-specific antigens.77 The key advantage of uni-
versal CAR-T cells is the potential of their “universal” use, 
making CAR-T cell therapy more accessible and scalable.78 

Alternative processes like nanoparticle-mediated in situ manu-
facturing, for example, can lower the manufacturing procedure, 
ultimately shortening administration time.79 This eliminates 
the logistical challenges and delays associated with autologous 
CAR-T therapies, like the time required for T-cell engineer-
ing. The crucial challenge with allogeneic CAR-T cells is the 
risk of graft-versus-host disease (GVHD), where the donor T 
cells attack the patient’s tissues. “Off-the-shelf ” CAR-T cells, 
enabled through genetic modification, are engineered to avoid 
GVHD and prevent immune rejection.80 This is achieved by 
removing the TCR in donor T cells, preventing the recogni-
tion of patient-specific antigens.80 Recent trials from Lin et 
al. have shown promising results for universal CAR-T cells, 
demonstrating that donor-derived CAR-T cells were able to 
achieve comparable remission rates to autologous CAR-T cells 
in patients with leukemia.78 

Advances in Dual Antigen Targeting: 
Dual antigen targeting is another key strategy that address-

es issues of immune escape and relapse, further benefiting 
CAR-T therapies in BCMs. Immune escape occurs when can-
cer cells downregulate or lose their target antigen expression, 
making CAR T cells effectively useless.81 This phenomenon 
is a major player in relapse with patients undergoing CD19 
CAR-T cell therapy, relapse due to antigen expression loss.82,83 
BCMs like leukemia and lymphoma often experience relapses 
due to the loss of CD19 expression, a key target in CAR-T cell 
therapy.84 Dual antigen targeting approaches aim to overcome 
this limitation by developing CAR-T cells that simultaneous-
ly target two antigens, such as CD19 and CD37 (Figure 4). 
This strategy reduces the likelihood of immune escape by en-
suring that even if one antigen is lost, the cancer cell would 
still be susceptible to the CAR-T cell attack. In pre-clini-
cal trials by Scarfò et al., anti-CD37 CARs were combined 
with anti-CD19 CARs to create dual-specific CAR T cells 
to recognize them alone or in combination, overcoming po-
tential antigen escape.85 In addition, dual antigen targeting 
also addresses concerns about heterogeneity within tumour 
populations. Many BCMs exhibit heterogeneous antigen ex-
pression, where many subpopulations of cells lack the primary 
target antigen.86 Through dual targeting, dual CAR-T cells 
ensure coverage across diverse tumour populations, reducing 
chances of survival or antigen-negative clones.87 Overall, the 
durability of the therapeutic response is enhanced even in pa-
tients with heterogeneous tumours. 

Refining dual antigen targeting to improve safety and reduce 
toxicities is underway. Off-target effects and excessive immune 
activation can cause adverse effects like cytokine release syn-
drome (CRS) or neurotoxicity.88 Researchers are developing 
strategies like split-signal CARs, requiring simultaneous en-
gagement of both target antigens to activate the CAR-T cells, 
lowering the risk of off-target activations.89 

Dual antigen targeting is a promising advancement in 
CAR-T cell therapy, especially for BCMs prone to antigen 
loss or heterogeneity. This approach offers a more robust de-
fence against immune escape by targeting multiple antigens, 
addressing multiple limitations of the current single-antigen 
CAR-T design. Continued research and trials will further op-
timize this strategy, potentially making it a significant part of 
next-generation CAR-T cell therapies. 

Controlling CAR-T Cell Activity: 
Tightly regulating CAR-T cell activity is crucial to ensuring 

the safety of this promising approach. Safety switches, engi-
neered mechanisms that enable the deactivation of CAR-T 
cells in the event of severe adverse effects, are among the many 
advancements in this field.90 An example is the inducible 
suicide gene system, commonly utilizing iCaspase-9, which 
involves the expression of a caspase protein that gets activated 
when exposed to a small molecule, which induces apoptosis in 
the CAR-T cells like AP1903.91,92 iCaspase-9 has shown rapid 
means to mitigate life-threatening toxicities like CRS. Clini-
cians can control CAR-T survivability by activating suicide 
gene responses to small molecules, which maintains patient 
safety while preserving the therapeutic benefits of CAR tech-
nology.93

Regulatable CAR systems allow for the modulation of 
CAR-T cell activity, which is advantageous in managing tox-
icity and ensuring that CAR-T therapy is only active when 
needed.94 ON-switch CAR, an example of regulatable CAR 
systems, involves the incorporation of a receptor that can only 
be activated through the addition of a small molecule.95 ON-
switch CAR designs optimize this strategy through offering 

Figure 4: Demonstration of Dual Antigen Targeting CARs. A. Shows 
the binding of the CD19 antigen to the anti-CD19 CAR. It indicates the 
activation of only the CD3ξ. B. Shows the binding of the CD37 antigen to 
the anti-CD37 CAR. It indicates the activation of only the CD37 antigen. C. 
Shows the binding of both the CD19 and CD37 antigens, resulting in the 
activation of apoptosis factors in the cancer cell. (Created with Biorender). 

DOI: 10.36838/v7i10.1
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an external trigger function, which gives CAR-T flexibility 
in control. This ability to “turn on” CAR-T cells minimizes 
off-target effects and reduces the chance of CRS, as the im-
mune cells are only activated by a signal.96 OFF-switch CARs, 
relying on molecules to bind to the CAR receptor to deactivate 
the cells, is a complementary strategy to regulate T cells.95 This 
ability to “turn off ” CAR-T cells prevents excessive activation 
and from being overstimulated, which can lead to further tox-
icity.

Split CAR technology divides the CAR cell into separate 
components, separating the intracellular signalling domain 
from the antigen-receptor binding domain.97 This design re-
quires two molecules to simultaneously bring the components 
together to activate the CAR-T cells. These designs have im-
proved the treatment of BCMs through targeting CD19.98 
This adds another layer of control to clinicians to manage the 
availability of the separate components, ensuring the activa-
tion only under desired conditions.

Challenges, Limitations, and Future Directions: 
Although CAR-T cell therapy has shown success in many 

clinical trials, there are challenges and limitations that hinder 
its advancements. So far in the discussion, key limitations are 
antigen escape, toxicities, and limited efficacies in solid tu-
mours. However, two additional prominent challenges are high 
cost and safety risks. In patients with severe CRS, it has been 
estimated to cost up to $500,000 for CAR-T cell therapy.99 
These high prices are constituted of the complex manufac-
turing process, hospital care, and long-term monitoring, with 
only specific locations having these therapies.100 Furthermore, 
CAR-T cell therapy is linked with severe, life-threatening side 
effects like cytokine release syndrome.101 Cytokine release syn-
drome occurs when massively activated CAR-T cells trigger 
hyperinflammatory cascades through the excessive release of 
IL-6, for example.102 When CAR-T cells become highly ac-
tivated, they flood the body with inflammatory proteins like 
IL-6. This "cytokine storm" can damage multiple organs by 
causing inflammation, seeping blood vessels, and poor oxygen 
delivery.103 The heart and blood vessels are often affected, lead-
ing to low blood pressure and irregular heartbeats.103 CRS also 
frequently impacts the brain, causing confusion, seizures, or 
even coma in what’s called ICANS (immune effector cell-as-
sociated neurotoxicity syndrome).104,105 Treatments include 
immune-suppressing drugs like tocilizumab and steroids, but 
severe cases still carry significant risks. Off-target attacks can 
also lead to severe damage if the target antigen is present in 
healthy tissues.106 However, all in all, CAR-T cells’ potential 
is immense and will be vital in future applications. These se-
rious safety concerns, combined with the therapy’s high costs, 
remain major hurdles for CAR-T cell treatment. 
�   Conclusion
In summary, CAR-T cell therapy represents a significant ad-

vancement in the treatment of BCMs like leukemia through 
a highly personalized approach by harnessing the patient’s 
immune system to eliminate cancer cells. Optimization strat-
egies of CAR-T cell design have shown promising success in 
therapeutic efficacy by reducing relapse and immune escape 
rates. Advances in the structural engineering of CAR-T cells, 

like the costimulatory domain incorporation as well as the 
next-generation CAR design, have improved their ability to 
overcome the immunosuppressive TME. Universal CAR-T 
cells advancements have promised better accessibility and 
minimize adverse effects for a more patient-centred approach. 
Furthermore, dual antigen targeting strategies have signifi-
cantly mitigated challenges associated with antigen escape by 
optimizing the ability to simultaneously recognize multiple 
tumour-associated antigens. By minimizing relapse, it ensures 
a more sustained response in leukemia patients. Other safety 
measures like safety switches and inducible CAR systems have 
given clinicians more control over CAR-T activity, addressing 
possible concerns like CRS. Several challenges, like off-tar-
get effects and high manufacturing costs, have been logistical 
hurdles that limit accessibility, which necessitates innovative 
steps like universal CARs. More research is needed to over-
come these hurdles. Future advancements in synthetic biology, 
like CRISPR and combinatorial therapeutic approaches, may 
further enhance the benefits of CAR-T cell research. In con-
clusion, CAR-T cell therapy has demonstrated exponential 
potential as a transformative immunotherapy for leukemia, 
with ongoing innovations to improve efficiency. The future of 
CAR-T cell therapy is bright, paving the way for broader ap-
plications in oncology and beyond. 
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ABSTRACT: This study investigates the relationship between various financial metrics and companies' Environmental, 
Social, and Governance (ESG) scores. Based on a comprehensive analysis of financial data, the research aims to develop a 
machine-learning model capable of predicting ESG scores. Leveraging datasets from Kaggle and Yahoo Finance, we 
extracted relevant information, including cash flow statements, income statements, balance sheets, and company-specific 
attributes such as sector, location, and employee count. The methodology involved data preprocessing, feature engineering, 
and evaluating multiple regression models, including multilayer perceptron regressor, linear regression, lasso regression, 
ridge regression, and elastic net regression. The results demonstrate that the Multilayer Perceptron Regressor 
outperformed the other models, achieving a mean squared error of 0.145 and an R-squared value of 0.989. This indicates its 
superior ability to capture the complex relationships between financial metrics and ESG scores. The study highlights the 
significance of financial data in assessing a company's ESG performance and provides insights into the most influential factors 
contributing to ESG scores. Additionally, it underscores the potential of machine learning techniques in predicting 
sustainability and ethical practices based on quantitative financial information. The findings have practical implications for 
investors, analysts, and companies seeking to align their financial strategies with environmental, social, and governance 
considerations.

KEYWORDS: Robotics and Intelligence Machines, Machine Learning, Finance, Environmental Science, Sustainability.

� Introduction
Environmental, Social, and Governance (ESG) factors have 

gained significant prominence in the investment landscape 
in recent years. Investors, stakeholders, and regulatory bodies 
increasingly seek to align their financial decisions with sus-
tainable and ethical practices. As a result, there is a growing 
demand for accurate assessment and prediction of companies' 
ESG performance.¹ This study aims to leverage the power of 
machine learning techniques to develop a predictive model 
capable of estimating ESG scores based on comprehensive fi-
nancial data.

Historically, ESG evaluations have relied heavily on qual-
itative assessments and subjective criteria.² However, this 
approach may overlook the intricate relationships between 
quantitative financial metrics and a company's commitment 
to sustainability and ethical governance.³ By harnessing the 
wealth of information contained within financial statements, 
such as cash flow statements, income statements, and balance 
sheets, this research endeavors to uncover the quantitative un-
derpinnings of ESG performance.

The methodology employed in this study involves data 
acquisition from reputable sources, meticulous feature en-
gineering, and the evaluation of multiple regression models, 
including advanced techniques like the Multilayer Perceptron 
Regression. The overarching goal is to identify the most influ-
ential financial factors contributing to a company's ESG score 
and develop a robust predictive model that can assist investors, 
analysts, and companies in aligning their financial strategies 
with environmental, social, and governance considerations.

The study found that financial metrics are important in 
contributing to a company’s ESG score. Specifically, the MLP 
regressor is the model with the most prominent result due to 
its more complex structure, which can detect more minute pat-
terns within the data. Other regressors used, including linear, 
Lasso, Ridge, and Elastic Net, provided wretched results with 
high error and low R-squared values.
� Literature Review
One of the first pieces of literature I looked at was the 

“Empirical Study of ESG Score Prediction through Machine 
Learning—A Case of Non-Financial Companies in Taiwan” 
by Hsio-Yi Lin and Bin-Wei Hsu. They use machine learning 
models to predict ESG scores for Taiwan pre-COVID times. 
Their results are about the performances of different models, 
and the models that came to the top were RF, ELM, SVM, 
and XGBoost. The article was created before 2019 and uses 
Taiwanese datasets, so the results might not completely match 
our results, but should align closely. They split each category of 
importance into different features, e.g., the ESG score is divid-
ed into environmental, social, and governance scores. Likewise, 
the financial metric they used was long-term capital adequacy 
ratio, current ratio, quick ratio, fixed assets turnover ratio, re-
turn on operating assets ROA before tax, and operating profit 
to paid-up capital ratio. The document also splits governance 
indicators into multiple categories, including but not limited to 
stock earnings deviation, earnings per share deviation ratio, and 
total shares. Their results showed significantly high R-squared 
values, greater than 0.98, for most of their test data amounts.⁴ 
The metrics they used are closely related to what we are using.
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The following article I looked at was “Capital Structure and 
Speed of Adjustment: The Impact of Environmental, Social, 
and Governance (ESG) Performance” by Yusuf Babatunde 
Adenye and Ines Kammoun. This study tries to see how a com-
pany’s efforts in being environmentally, socially, and ethically 
responsible affect how much debt it takes on and how quickly 
it adjusts its debt to meet its needs. Their results showed that 
companies with higher ESG must borrow more but are per-
ceived as less reliant on debt by the market. Those excelling in 
environmental aspects adjust their debt levels faster to meet 
their finances.⁵ This made me think about debt and its impact 
on the ESG score, and I realized that it was an important met-
ric to consider when calculating ESG scores based on financial 
metrics.

The final article I believed impacted the experiment was 
an economic article for predicting ESG Scores (https://www.
economy.com/products/esg/esg-score-predictor). This article 
showed how they can accurately predict ESG scores using sec-
tor and location data. This was my first thought of using sector 
and location, but then I realized that it wouldn’t be as useful 
because I only have fewer than 500 data points, and they are all 
in a relatively nearby area. This data covers many countries and 
jurisdictions, so they have more overall data. This would result 
in a more accurate model that predicts ESG scores. The article 
does not provide much information about the training process 
other than the amount of data they used.⁶
� Methods
To achieve this goal, data was acquired from Kaggle and 

Yahoo Finance.7,8 The Kaggle dataset provided information 
about S&P 500 companies and their respective ESG ratings.⁷ 
The dataset also provides the sector and industry of a company, 
which has a relationship with the ESG scores. The dataset also 
includes the address, full-time employees, controversy score, 
and controversy level. A business's location affects a company's 
environmental score and seems to be an important feature of 
the model. Other information, including full-time employees, 
controversy score, and controversy level, could provide insight 
into the ESG score. We extracted each company’s cash flow, 
balance sheet, and income statement from the Yahoo Finance 
dataset.7,9 This data was necessary because ESG is commonly 
used to get investors and capital into a company. Using this 
knowledge, there can be a correlation between data from cash 
flow, balance sheet, income statement, and ESG Scores. In 
the world of corporate sustainability and responsible invest-
ing, evaluating Environmental, Social, and Governance (ESG) 
scores is crucial.10 Different industries have unique criteria 
for assessing performance within the ESG framework. For 
example, energy companies are closely examined for carbon 
emissions, while the technology sector focuses on data privacy 
and security for the social aspect of ESG scores. However, an-
alyzing specific sectors, like the S&P 500, can be challenging 
due to the limited number of companies. Striking a balance 
between sector-specific insights and broader trends is nec-
essary to thoroughly assess a company's ESG performance, 
highlighting the complex relationship between industry dy-
namics and sustainability metrics.

Geographical factors significantly influence a company's 
ESG position, with location data playing a crucial role.11 The 
region of operation can impact environmental, social, and gov-
ernance practices. For example, companies in areas with strict 
environmental regulations may have lower carbon footprints, 
positively affecting their ESG scores in the environmental cat-
egory. Social practices are influenced by cultural and societal 
norms in the company's location, and governance standards 
vary based on regional regulatory frameworks. Integrating lo-
cation data into ESG assessments enhances understanding by 
considering contextual factors that shape a company's sustain-
ability and ethical practices.

Full-time employees, controversy score, and controversy lev-
el may not provide meaningful insights into the ESG score 
as they often lack direct correlations with the environmental, 
social, and governance factors that comprise the ESG frame-
work. While important operationally, the number of full-time 
employees may not inherently reflect a company's sustain-
ability practices. Similarly, while indicating potential ethical 
concerns, the controversy score and controversy level may not 
align with the criteria evaluated within the ESG framework, 
making them less directly relevant to the comprehensive as-
sessment of a company's ESG performance. Therefore, these 
factors may offer limited value when evaluating a company’s 
sustainability and ethical standing within the ESG context.

Examining the Cash Flow statement on Yahoo Finance is 
crucial for calculating a company's ESG score. This financial 
metric provides insights into environmental, social, and gov-
ernance (ESG) aspects.5 Positive cash flow not only supports 
environmentally sustainable initiatives (Environmental Score) 
but also allows investments in social programs (Social Score). 
Efficient cash flow management indicates strong governance 
practices, enhancing transparency and financial stewardship 
(Governance Score). Analyzing the Cash Flow statement is 
essential for comprehensively understanding a company's 
commitment to sustainability, social responsibility, and effec-
tive governance within the ESG framework.

The income statement is crucial in establishing a link be-
tween a company's financial performance and ESG score. 
Providing a comprehensive overview of revenues, expenses, 
and profits, the income statement is instrumental in evaluat-
ing a company’s environmental, social, and governance (ESG) 
aspects. The profits and expenditures disclosed in this state-
ment allow the assessment of a company's commitment to 
environmentally sustainable practices, which influence the 
environmental score. Additionally, the income statement pro-
vides insights into financial allocations for social responsibility 
initiatives, impacting the Social Score. As the income state-
ment reflects, transparent financial reporting and responsible 
resource allocation contribute to strong governance practic-
es, positively affecting the Governance Score. A thorough 
examination of the income statement facilitates a holistic 
understanding of a company's financial health and alignment 
with ESG principles, guiding investors and analysts in assess-
ing its sustainability and ethical practices.

Completing the financial triad, the balance sheet is crucial 
for comprehensively understanding a company's ESG stand-
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ing.12 Detailing assets, liabilities, and equity provides key 
insights into a company's financial health and its implications 
for environmental, social, and governance (ESG) consider-
ations. The asset side may reveal investments in sustainable 
resources, contributing to the Environmental Score. Liabil-
ities and equity illuminate a company's financial obligations 
and ownership structure, influencing social responsibility and 
governance practices, respectively. A strong and transparent 
balance sheet reflects sound financial management, positively 
impacting the Governance Score. Thoroughly analyzing the 
balance sheet is integral for investors and analysts, as it assess-
es a company's overall financial stability and alignment with 
ESG principles and completes the tripartite evaluation of sus-
tainability and ethical practices.

To achieve the best use of all our data, we extracted multiple 
columns from all three of the financial triad. The first item we 
want is the return on equity. We will use assets, liabilities, and 
net income to determine the shareholders' equity. We want 
to know how much of the company’s worth is made by the 
investors of the capital. The next item we look for is the Cur-
rent Ratio. The current ratio is useful for finding a company's 
ability to cover its liabilities with its assets in the short term.13 
The next item we look for is earnings per share. This value 
shows how many shares there are to purchase in the market. 
The more you must split your ownership with others.14 The 
next item we concatenated is the net profit margin. This shows 
how much profit you earn from each product. The final items 
we used are free cash flow, which checks if there is money 
to fund accidental incidents, and operating cash flow, which 
shows how much cash we have aside for operating.15,16 The 
table below shows how we computed all these values and how 
they are defined (Table 1).

Next was preprocessing the data. To achieve this goal, we 
first removed all the missing data, which removed six rows 
from the data. We didn’t use imputation because only a small 
amount of data needed to be removed; imputation seemed un-

necessary. We also did not need to remove any outliers because 
we were taking data from the last year. Because of this, there is 
no outlier comparison to conduct.

Standardizing the data with sklearn's StandardScaler, where 
each data point is transformed by subtracting the mean and di-
viding by the standard deviation (represented as z=xi-μ), is an 
essential preprocessing step. This step is important because it 
makes all the data on the same scale. Standardizing facilitates 
accurate model training and improves the model's adaptability 
to varying datasets, fostering a more resilient and dependable 
predictive performance. Additionally, it enhances the model's 
ability to handle outliers and ensures more effective conver-
gence during the training process. 

Next, we removed the unimportant features of the dataset. 
We only focused on the data we derived and deemed all the 
other information unnecessary. The main idea behind this is 
that all the data we thought necessary, as discussed in Table 1, 
have incorporated all the required data between each financial 
triad. One of the main reasons for this is that many columns 
in the other parts of the data were missing, so removing this 
would provide very small amounts of data to train with. We 
cherry-picked the most important features based on two qual-
ities.

Additionally, the feature importance of the given variables 
was indicative of the factors most responsible for the variance 
in ESG scores. 

If the feature importance is above 0.05, the feature is valu-
able in the training process. This graph shows the different 
features and their corresponding importance, and all the values 
are above 0.05, showing their contribution to the model. The 
highest of these is the free cash flow, which shows its highest 
importance. We first train a model to calculate these scores and 
then list the weights for each feature. The importance of the 
weights is listed in the graph above. The data we believe will 

Table 1: Derived financial metrics and definitions. The table shows the 
importance of each financial metric. 

Figure 1: Financial metric feature importance bar chart. The most 
important feature is free cash flow. All features are significant to the model 
because each feature’s importance is above 0.05. 
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provide optimal results includes ROE, Current Ratio, Debt 
Coverage Ratio, EPS, Free Cash Flow, Operating Cash Flow, 
Net Profit Margin, Current Ratio, Long Term Debt Net In-
come, Location, and Sector. After further analysis, we decided 
to remove location from the data because all the companies 
are inside the United States and can skew the data more than 
help it. We also removed the sector from the dataset because 
the range of the sector was too broad and would be too diluted 
in the dataset to provide less gain for the model to pick up on.

The next step to train the model was splitting the dataset 
into training and testing piles. We used an 80:20 ratio for 
training and testing. We tested multiple regression-based 
models, including MLP Regressor, Linear Regression, Lasso 
Regression, Ridge Regression, and Elastic Net Regression.

The Multilayer Perceptron Regressor is a neural network 
model that excels in capturing intricate nonlinear relation-
ships within data. In our situation, where we are dealing with 
a diverse set of financial features and aiming to predict com-
plex ESG scores, the MLP Regressor is well-suited. Its ability 
to automatically learn and adapt to patterns in large datasets 
aligns with the complexity of factors influencing ESG per-
formance. However, caution is required as MLPs are prone to 
overfitting, especially without careful hyperparameter tuning. 
The computational expense is another consideration, but giv-
en the significance of the task, the MLP Regressor offers a 
powerful tool for modeling the intricate connections between 
financial metrics and ESG scores. However, unlike many of the 
models discussed below, the MLP regressor can fit a nonlinear 
relationship between the explanatory and response variables.17

Linear Regression is a fundamental and interpretable model 
that assumes a linear relationship between input features and 
the target variable. While this model might seem simplistic, 
its straightforward nature makes it an important baseline for 
comparison. The linearity may not fully capture the complex 
connections present in our data. This is calculated using the 
formula Yi =f(Xi,β) + ei, where Yi, which is the dependent vari-
able, f is the function, Xi the independent variables, β are the 
unknown parameters and ei is the error terms.18

Lasso Regression, a variant of linear regression, introduces 
regularization by adding a penalty term based on the absolute 
values of the coefficients. This encourages sparsity, effectively 
performing feature selection. In our case, where we have di-
verse financial features, Lasso Regression becomes valuable 
for identifying the most influential variables for predicting 
ESG scores. It aids in streamlining the model by focusing on 
the most relevant metrics and preventing overfitting. How-
ever, careful tuning of the regularization parameter is crucial 
to balance the feature selection and maintain model perfor-
mance.19,20

Ridge Regression is another variant of linear regression, 
but with regularization based on the squared values of the 
coefficients. It effectively handles multicollinearity, making it 
suitable for situations where financial metrics may be correlat-
ed. In our context, when dealing with a triad of financial data 
– cash flow, income statement, and balance sheet – Ridge Re-
gression becomes a valuable tool. It helps prevent overfitting

and ensures that the model generalizes well to the complex 
relationships between financial health and ESG scores.21

Elastic Net Regression combines the strengths of L1 (Lasso) 
and L2 (Ridge) regularization, offering a balanced approach. It 
is beneficial when dealing with datasets that may have correlat-
ed features. In our scenario, where we explore the relationship 
between various financial metrics and ESG scores, Elastic 
Net Regression becomes relevant. Simultaneously, address-
ing feature selection and multicollinearity provides a robust 
framework for modeling the intricate factors contributing to 
ESG performance. However, the challenge lies in tuning two 
hyperparameters, making them more complex than individ-
ual Lasso or Ridge models. Careful optimization is required 
to strike the right balance and harness the strengths of both 
regularization techniques. The table below summarizes all the 
models and their positives and negatives (Table 2).22,23

We then trained the models and checked for two different 
values to see their accuracy. The first value we looked for is 
the mean squared error. The mean squared error (MSE) mea-
sures how close a regression line is to a set of data points. This 
means the higher the MSE, the less accurate the model is, 
and the lower the MSE, the more accurate the model is. The 
subsequent measurement we used to test the accuracy of our 
model is the R-squared, which we used for the line of best fit at 
the start of this section. It is a statistical measure that provides 
information about the goodness of fit of a regression model. 
The closer the model is to 1.0, the better the model performs.
� Results and Discussion
We first measured the individual correlations between each 

item and its correlations with their ESG score. The results for 
some scatterplots and their corresponding R-squared mea-
surements are shown.

Table 2: Model trade-off analysis based on machine learning theory. 
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Most graphs, including the current ratio and free cash flow, 
are skewed to the left. ROE looks evenly distributed, with 
most items close to 0.0 (Figure 3). The Net Profit Margin is 
also normally distributed, with most items close to 0.1. The 
current ratio is skewed to the right. If the items are skewed 
to the right, they have more power, like for EPS. Skewed left 
means that the values are closer to 0.

Using all this knowledge from the data histograms and scat-
ter plots, we trained the data with an MLP Regressor, Linear 
Regression, Lasso Regression, Ridge Regression, and Elastic 
Net Regression. The results in Table 3 show corresponding 
R-squared and MSE values and indicate that the MLP regres-
sor is the clear best model. The subsequent section analyzes
why the models performed the way they did.

The R-squared is negative in some cases because this sig-
nifies that the model does not follow the trend of the data.24 
Another way to put this is that the selected model is worse 
than choosing a horizontal line for this data. This shows how 
badly the regressor fits the data. The Mean Squared Error 
(MSE) and R-squared (R-squared) values provide insights 
into the performance of different regression models. The MLP 

Regressor achieved a low MSE of 0.145 and a high R-squared 
of 0.989, indicating its better predictive accuracy and ability to 
explain variance in the data. 

In contrast, Linear Regression, Lasso Regression, Ridge 
Regression, and Elastic Net Regression all exhibited higher 
MSE values and negative R-squared scores, suggesting poor 
model fit and limited ex-planatory power. These traditional 
linear models may struggle to capture the underlying patterns 
in the data, resulting in higher prediction errors and negative 
R-squared values that indicate their inability to outperform
a simple mean-based model. The strong performance of the
MLP Regressor could be attributed to its ability to capture
non-linear relationships in the dataset, making it a more suit-
able choice for the given task. It can generalize to many shapes
like sinusoidal, parabolic, and exponential, for example, allow-
ing detection of more intricate patterns. 

The MLP Regressor, deemed the most accurate model, is 
also practical. After further testing by passing in new data, the 
model provided close to accurate ESG scores for most cases, 
but was sometimes off by a lot. Overall, the model delivered 
believable results, not creating negative numbers or numbers 
not associated with ESG.
� Conclusion
This study has demonstrated the potential of machine 

learning techniques in predicting Environmental, Social, and 
Governance (ESG) scores based on comprehensive financial 
data. By leveraging datasets from Kaggle and Yahoo Finance 
and using the feature engineering process, we identified key 
financial metrics that exhibit a strong relationship with ESG 
performance.7,8

The Multilayer Perceptron Regressor emerged as the most 
accurate model, outperforming traditional linear regression 
models and variants such as Lasso, Ridge, and Elastic Net 
regression. Its ability to capture complex, non-linear patterns 
within the data enabled it to achieve a low mean squared error 
of 0.145 and a high R-squared value of 0.989, indicating pre-
dictive power and variance explanation.

While the model exhibited promising results, there is still 
room for improvement. The small dataset does not allow 
for generalization to all industries in the world, but only to 
the information technology sector. Future research could in-
corporate larger datasets, encompassing a broader range of 
companies and industries, to enhance the model's generaliz-
ability. For example, including more industries like companies 
in the Dow Jones Industrial Average will generalize the 
findings even further. Additionally, exploring ensemble tech-
niques or incorporating qualitative factors may further refine 
the model’s predictive capabilities. Furthermore, using more 
advanced neural networks like Deep Neural Networks might 
result in stronger results because they can detect more nuanced 
patterns in the data.

This study’s findings have significant implications for in-
vestors, analysts, and companies. By providing a quantitative 
framework for assessing ESG performance, this research 
enables more informed decision-making and facilitates the 
alignment of financial strategies with environmental, social, 
and governance considerations. Ultimately, this work contrib-

Figure 2: Scatterplot of Financial Metrics vs ESG Score. No apparent 
correlation is seen between the values.

Figure 3: Distribution of financial metrics. Most are normally distributed; 
the current ratio and EPS are skewed right.

Table 3: Mean Squared Error and R-squared value attained by each model.
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utes to the broader goal of promoting sustainable and ethical 
business practices, underscoring the potential of data-driven 
approaches to driving positive change.
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ABSTRACT: Generative AI (GAI) has revolutionized industries such as marketing, healthcare, and finance by enabling 
advanced data analysis through Large-Language Models (LLMs) and Transformers. However, their reliance on vast amounts of 
training data raises significant privacy concerns—models can unintentionally memorize and regurgitate user-specific text, leak 
proprietary health records via extraction attacks, and be manipulated through prompt-injection exploits, transforming privacy 
from an option to a necessity. This paper investigates three key Privacy-Preserving Mechanisms (PPMs) that can be applied 
to Machine Learning (ML) models to prevent sensitive data memorization while minimizing impacts on performance. This 
analytical review, therefore, examines which Privacy-Preserving Mechanisms (PPMs) can be applied to Machine Learning (ML) 
models to prevent the memorization of sensitive training data while minimizing adverse effects on model performance. It discusses 
how these methods protect sensitive information while balancing the trade-offs between privacy guarantees and model utility, 
and examines practical implementations across real-world applications. The review also identifies current challenges and potential 
future research directions, providing valuable insights for academic researchers and industry practitioners working to secure data-
driven technologies. This is particularly important in today’s world because AI is being implemented in sensitive domains with 
innumerable ethical implications. So, understanding why these challenges have arisen and their potential solutions is crucial 
before the applications of AI continue to increase and advance. 
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Privacy, Federated Learning, Large Language Models, Transformers.

� Introduction
In 2024, X (previously Twitter) experienced a massive data 

breach, compromising nearly 200 million user records.¹ In 
February of 2024, the biggest healthcare breach occurred in 
Change Healthcare, Inc., where the ransomware group, Black-
Cat/ALPHV, extracted the protected health information of 
over 100 million individuals.² Between February and May of 
2024, Evolve Bank & Trust was also a victim of a ransom-
ware attack that compromised the personal data of around 8 
million customers.³ These high-profile incidents reveal the 
escalating urgency of data privacy, as breaches are no longer 
isolated failures but systemic breakdowns–eroding customer 
trust, exposing companies to severe regulatory and financial 
liability, and triggering multi-million-dollar fines under regu-
lations like the General Data Protection Regulation (GDPR). 
The GDPR is a European law that grants individuals control 
over their personal data and imposes penalties of up to 4 per-
cent of global annual turnover for non-compliance.⁴ Moreover, 
the unprecedented pace of AI integration—where millions of 
user interactions are processed in real time by LLMs—dra-
matically amplifies the attack surface, enabling criminals to 
exploit unprotected data at scale and compelling organizations 
to implement robust privacy safeguards immediately to prevent 
the next breach from causing irreversible harm. This growing 
urgency is precisely what motivates us to conduct this system-
atic survey of Homomorphic Encryption, Differential Privacy, 

and Federated Learning—to map the current landscape of 
defenses, identify critical gaps, and chart a path toward com-
prehensive, end-to-end privacy for AI-driven systems.

ML models heavily rely on large amounts of training data 
to perform complex tasks.⁵ However, this dependency raises 
a significant concern: the potential memorization of private 
or sensitive data during training.⁶ When exposed to exten-
sive training datasets, such models may unintentionally retain 
specific details from the data, such as personal information, 
proprietary content, or other confidential material.⁷ Prior 
research⁸ has even found a linear relationship between the 
frequency of specific sequences in a training dataset and the 
likelihood of those sequences being memorized by the model, 
raising serious privacy concerns. 

Privacy and security, while related, address different aspects 
of data protection. Often, these two words are used inter-
changeably, yet they refer to different aspects of data protection. 
Privacy pertains to the rights and controls that an individu-
al has over their personal information – how it is collected, 
used, and then shared. Security, on the other hand, refers to the 
measures and protocols used to protect this data from unau-
thorized access, breaches, and threats.⁹ So, in simplistic terms, 
privacy focuses on governing the use of personal data, while se-
curity concentrates on safeguarding against potential dangers. 
Yet, privacy remains a complex subject, often ambiguous in 
concept, and is frequently described as “a concept in disarray.”¹⁰ 
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Despite numerous point solutions—such as deploying ho-
momorphic encryption to protect data in transit, injecting 
noise during training under differential privacy, or aggregating 
local updates via federated learning—real‐world deployments 
of LLMs continue to suffer from fragmented defenses. As the 
Wall Street Journal has reported, companies are now grappling 
with conversational attacks, prompt injections, and the inad-
vertent leakage of proprietary code or corporate secrets into 
publicly accessible LLMs. Moreover, the rapid commoditiza-
tion of these models means adversaries can cheaply spin up 
clones with fewer governance guardrails, further widening the 
attack surface.¹¹

What is missing is a unified framework that secures data 
end-to-end: remaining encrypted while in motion, never 
revealing sensitive details during model training, and still de-
livering high-quality generative performance at inference. To 
date, no single approach has simultaneously addressed these 
three domains—transit, training, and inference—without 
imposing untenable computational costs or degrading model 
utility. We therefore need a coherent synthesis of HE, DP, and 
FL tailored to LLMs and Transformers.

This paper presents a systematic review of various Priva-
cy-Preserving Mechanisms that can be applied to ML models, 
with a focus on Generative AI tools in high-stakes industries, 
to prevent the memorization of training data while minimiz-
ing the impact on model performance. We structure our survey 
along two dimensions—first by PPM techniques (HE, DP, 
FL) and then by application domains (marketing, healthcare, 
and finance), noting that many studies span both categories 
and may be discussed under multiple headings. This paper will 
compare various methodologies and assess their efficiency as 
well as their strengths and weaknesses.¹² At the end, we also 
propose a new system design that combines all three PPMs 
discussed in this review, for more robust privacy. This survey is 
especially relevant in today’s world, where there is a growing 
reliance on AI tools, as privacy risks within such ML models 
do not solely impact individuals but organizations as a whole. 
This risk is especially pronounced in sectors like marketing, 
healthcare, and finance, as it directly impacts customer trust, 
which, if broken, could dismantle entire companies and dam-
age reputations.¹³ 
� Related Work
Data is continuously being collected from users through 

interconnected devices and sensors. Through such data collec-
tion, users risk exposing sensitive data to untrusted individuals 
and/or companies. Such entities can then analyze the data to 
extract private information, which is then used maliciously 
(i.e., selling information to third parties). Due to an increasing 
number of hacks and breaches, privacy is a growing concern 
for users, and many want to know how to protect their data. 
To address this, Privacy-Preserving Mechanisms (PPMs) have 
been introduced. PPMs are mainly used to preserve the priva-
cy of a user, but there can be some complications, as Cunha, 
Mendes, and Vilela have discussed in their paper.¹⁴

Cryptography: 
Cryptography is a method used to conceal information so 

that unintended parties cannot access it. There are two main 

types: symmetric and asymmetric cryptography. In symmet-
ric cryptography, both the sender and the receiver share one 
key that is used for encrypting and decrypting a message. In 
contrast, asymmetric cryptography uses two different keys–a 
public key and a private key. The public key can be freely 
shared and used by anyone to encrypt a message, but only the 
holder of the private key can decrypt it. This means that only 
the holder of the private key can access the original informa-
tion, while everyone else can still encrypt. This provides an 
extra layer of privacy, keeping the information safe from unau-
thorized access.¹⁵

K-Anonymization: 
K-anonymization is a technique that protects individ-

ual privacy by ensuring that every record in a dataset is 
indistinguishable from at least k-1 other records based on key 
identifying attributes. For instance, if k is set to 5, then any re-
cord's combination of identifying details will appear in at least 
five records, making it difficult to pinpoint a single individual. 
This is achieved by generalizing or suppressing specific details, 
which hides a person’s unique identity within a group while 
still preserving the overall usefulness of the data for analysis.¹⁶

This table on the left is a generalized data set with iden-
tifiers. Quasi identifiers are attributes such as Date of Birth, 
Gender, and Zip Code, which can identify 87% of the U.S. 
population. These can be used to link anonymized datasets 
with real datasets, which brings us back to Table 1. The table 
on the right is an unrelated dataset, for example, a voter data-
base. By linking the generalized dataset with the real dataset, 
it makes it impossible to figure out Andre’s problem through 
using K-Anonymization (Table 1). 

Privacy-Preserving Mechanisms: 
Privacy-Preserving Mechanisms modify or decentralize data 

handling to prevent leakage of PII while retaining analytical 
value. This review focuses on three complementary approach-
es—Homomorphic Encryption, which keeps data encrypted 
throughout computation; Differential Privacy, which adds cal-
ibrated noise to outputs to bound individual disclosure; and 
Federated Learning, which trains shared models on decentral-
ized data without moving raw records. Each method embodies 
a distinct privacy–utility trade-off—HE maximizes confi-
dentiality at the cost of computational overhead, DP provides 
formal leakage guarantees with potentially reduced accuracy, 
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Table 1: This table demonstrates k-Anonymity by ensuring each record 
shares its quasi-identifiers (e.g., birth date, gender, ZIP code) with at least k – 
1 others, forming equivalence classes that prevent singling out individuals. By 
generalizing or suppressing these identifiers, linking to an external dataset no 
longer reveals sensitive information about any single person.¹⁷

ijhighschoolresearch.org



20

and FL balances collaboration with minimal data exposure via 
parameter sharing. These trade-offs and their implications for 
real-world deployments in marketing, healthcare, and finance 
are explored in depth later in the paper.
� Homomorphic Encryption
Homomorphic Encryption (HE) is a powerful PPM that, 

when fully and correctly implemented, has the potential to 
revolutionize cybersecurity.¹⁸ This PPM allows various opera-
tions to be performed directly on encrypted data without ever 
decrypting it.¹⁹ When the data is eventually decrypted, the 
same operations will have been applied to the decrypted data, 
all without the intermediary ever accessing or seeing the orig-
inal unencrypted information. This ensures that sensitive data, 
such as Personally Identifiable Information (PII), remains se-
cure even when shared with external entities for analysis. By 
preventing intermediaries from accessing the raw data, HE 
minimizes privacy risks and protects user confidentiality. 

Homomorphic encryption’s promise is tempered by its 
complexity and the different types of HE available: Partial 
Homomorphic Encryption (PHE), Somewhat Homomorphic 
Encryption (SWHE), and Full Homomorphic Encryp-
tion (FHE). The reason lies in its complexity and the types 
of HE available: Partial Homomorphic Encryption (PHE), 
Somewhat Homomorphic Encryption (SWHE), and Full 
Homomorphic Encryption (FHE). Among these, FHE 
stands out as the most secure because it enables various op-
erations to be performed entirely on encrypted data without 
ever decrypting it into plaintext. This makes FHE ideal for 
securely handling sensitive information, even with untrusted 
individuals. However, practical FHE implementations remain 
limited.²⁰ 

In 2009, Craig Gentry, a PhD graduate from Stanford Uni-
versity, developed the first successful FHE scheme based on 
mathematical lattices.²¹ Despite its groundbreaking poten-
tial, FHE faces challenges in real-world applications due to 
inefficiencies. Specifically, as more operations are performed 
on encrypted data, FHE accumulates noise, making the final 
decryption process inaccurate or even impossible. To address 
this, Gentry introduced the concept of a secret key to reduce 
noise. Instead of using the secret key directly, he proposed 
encrypting the key itself, allowing it to mitigate noise during 
decryption. This innovation significantly improved the accura-
cy and reliability of FHE, making it more viable, though still 
not as efficient as PHE or SWHE, as FHE operations are 
considerably slower, often tens to thousands of times slower 
than equivalent plaintext computations. Even though FHE 
hardware accelerators are being developed to address these 
speed limitations,²² their adoption remains limited, making 
software-based optimizations the more practical approach for 
now.

Homomorphic Encryption in LLMs: 
With advanced natural language processing (NLP) ca-

pabilities, LLMs can generate human-like text, handle 
customer inquiries, create personalized content, and assist in 
decision-making—all at a fraction of the time and expense re-
quired for human labor.²³

However, these AI technologies come with significant 
drawbacks that must be responsibly addressed. This is where 
privacy-preserving mechanisms can be employed, with homo-
morphic encryption being one of the most promising solutions. 
Applying HE to LLMs poses three main challenges. First, 
modern LLMs contain billions of parameters, so encrypting 
every weight and activation vastly increases both memory usage 
and computational cost. Second, core operations such as Soft-
max (involving exponentials and divisions) and LayerNorm 
(involving means and square roots) are non-polynomial and 
thus incompatible with HE’s addition–multiplication frame-
work. Third, managing the accumulated noise in ciphertexts 
to remain below decryption thresholds often requires costly 
bootstrapping, further degrading performance.²⁴ However, 
to successfully implement a Fully Homomorphic Encryption 
(FHE) scheme on an LLM, the model must be reconfigured 
to support secure computations and integrate PPMs, enabling 
operations to be performed on encrypted data without com-
promising its security.²⁵

This can be achieved by transforming a typical AI or Large 
Language Model (LLM) into a privacy-preserving computa-
tional model. In data-driven and model-driven computation 
scenarios, two primary components exist: the user’s data, such 
as a query or prompt, and the trained LLM model. Addition-
ally, multiple parties are typically involved, including the user 
(client), the computational model, and the model owner. The 
proposed transformation ensures privacy by encoding and em-
bedding user data into polynomial spaces while representing 
the LLM model as polynomial functions. To encode the user’s 
data, feature extraction and vectorization techniques are em-
ployed using tools like Word2Vec or GloVe to create secure 
representations of the input data. Meanwhile, the model itself 
undergoes compression to reduce its size. Compressed models 
are then converted into polynomial form to facilitate secure 
computations on encrypted data.

The computational workflow follows a systematic process. 
First, features from the user’s input are first extracted and then 
encoded into polynomial spaces. Cryptographic keys are then 
generated to secure operations, followed by encrypting the en-
coded data. The compressed and arithmetic model processes 
this encrypted data securely through privacy-preserving del-
egation, enabling computations without exposing sensitive 
information. The final output is then decrypted to present re-
sults to the user while maintaining privacy throughout. Neural 
networks naturally rely on complex polynomial computations, 
aligning seamlessly with this approach. 

It supports a robust system where user data is secure while 
computations remain efficient. This methodology provides a 
versatile framework for converting LLMs into privacy-pre-
serving models tailored to specific use cases and computational 
requirements. ²⁶  

Homomorphic Encryption in Transformers: 
Transformers, with their advanced capabilities in word pre-

diction, sentence completion, etc., have gained popularity in 
the last few years. However, their reliance on large amounts 
of training data raises significant privacy concerns, just like 
LLMs, due to memorization risks and the inadvertent release 
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of sensitive information. This is why, in recent years, HE has 
been applied to transformers in an attempt to increase privacy 
without degrading the functionality of these models. In this 
subsection, we examine two approaches that both apply FHE 
schemes to transformers, focusing on the tradeoff between pri-
vacy and utility.²⁷

The first method starts by finding the parts of a transformer 
model that are hard to secure with HE, which usually involves 
functions with square roots. These functions are complicated 
and not easy to convert into simple polynomial forms, which 
are necessary for secure computations. To overcome this, re-
searchers redesigned the model by replacing these complex 
functions with simpler, HE-friendly alternatives. For exam-
ple, they introduced a new attention mechanism that uses 
an activation function (σ) along with a length scaling factor 
to stabilize the model. They also added extra training steps 
and loss functions to narrow the range of values in the mod-
el, making it easier to replace non-polynomial functions with 
polynomial approximations. This three-step process—modify-
ing the architecture, retraining with range minimization, and 
finally substituting with polynomial approximations—creates 
a secure, HE-friendly transformer model. The results showed 
that the modified, secure transformer worked almost as well as 
the original model. In natural language tasks, the new atten-
tion mechanism prevented the model's weights from getting 
too big and helped it learn smoothly. In image classification 
tasks, such as on the CIFAR-10 and CIFAR-100 datasets, 
the new method improved accuracy significantly, by over 11% 
on CIFAR-10 and about 2.5% on CIFAR-100. Additional-
ly, when the model was used for secure inference with HE, it 
performed efficiently, even setting a competitive benchmark 
compared to similar models. Overall, the results indicate that it 
is possible to build a secure transformer model that maintains 
high performance while protecting sensitive data.²⁸ 

In the second approach, a small version of BERT (called 
BERTtiny) was run using FHE so that sensitive data remains 
encrypted even while the model processes it. In this setup, a 
client tokenizes a sentence and creates token embeddings, 
which are then encrypted and sent to an "honest-but-curi-
ous" server. This server uses FHE based on the RNS-CKKS 
scheme (an FHE scheme that calculates approximations on 
real or complex numbers) to run the transformer encoder lay-
ers, a pooling layer, and a classification layer—all without ever 
decrypting the data, thus preserving privacy. The results of this 
approach, however, were not as successful as the first approach, 
suggesting that future improvements could include scaling 
their architecture to support larger BERT models, using more 
accurate polynomial approximations of activation functions, or 
designing neural networks that produce well-separated out-
puts. This will allow less precise HE computations to be used, 
leading to faster and more efficient processing. ²⁹

Homomorphic Encryption in Marketing: 
Customer trust is a cornerstone of successful businesses and 

products, as it enables organizations to build a loyal customer 
base and drive sales.³⁰ This is particularly critical in the mar-
keting sector, where trust directly influences the reputation of 
an organization. If trust is broken, it can jeopardize an en-

tire company's future. However, the introduction of LLMs 
and Transformers has raised new privacy concerns regarding 
how and where customer data is handled. This transparency 
is essential for customers, as they may choose to avoid certain 
products or services if they feel their data is not being properly 
protected.³¹

The secure SMS‐targeting framework is designed to send 
messages to a specific audience. It has four main components: 
the owner of consumption data, the user of consumption data, 
a third-party computing center, and an advertising operator. 
The e-commerce entity starts by using encryption techniques 
to encrypt the consumption data. Then, this encrypted data 
is stored in a protected location from which the third-party 
computing center retrieves the ciphertext for further process-
ing. Then, when the merchant sends the personalized SMS 
marketing messages, they just input their desired customer 
categories and marketing content. Through this framework, 
merchants will be unable to access individual information, al-
lowing for personalized messages, without putting the privacy 
of users in jeopardy (Figure 1).

Homomorphic Encryption in Healthcare: 
The healthcare sector processes vast amounts of patient 

data, including highly sensitive PII such as full names, health 
problems, addresses, etc. When this information is shared be-
tween facilities, significant privacy concerns arise regarding 
who has access to what data. Regulations like the Health In-
surance Portability and Accountability Act (HIPAA) require 
that patient data remain unreadable by unauthorized third 
parties.³³ HE and FHE offer a promising solution by enabling 
third parties to perform computations on encrypted data—
allowing analysis to be done without ever accessing the raw 
data—thereby ensuring compliance with privacy regulations.³⁴ 
Although HE faces practical challenges such as excess noise, it 
has already been studied in various healthcare scenarios.

In this approach, researchers said that specialized libraries 
and toolkits—like Microsoft's SEAL and IBM's HELib—
make it much easier for developers to integrate HE into their 
applications by providing prebuilt functions and APIs that 
optimize various encryption schemes. Such resources simplify 
complex tasks such as performing secure computations with-
out decryption. Furthermore, international programs in this 
industry showcase the real-world benefits of HE. For example, 
encryption systems such as CryptDB and Mylar are used to 
secure sensitive patient data, ensuring that even when the data 
is stored or transmitted, it remains unreadable to unauthorized 
users. This means that healthcare providers and researchers 

Figure 1: Overall, this approach provides a robust framework that allows 
marketers to successfully send personalized SMS messages while still 
maintaining customer privacy.
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can analyze confidential data—such as patient records and di-
agnostic results—without ever exposing the raw information, 
helping to meet strict regulations like HIPAA and General 
Data Protection Regulation (GDPR).³⁵ 

Homomorphic Encryption in Finance: 
In the finance sector, huge amounts of data are tracked and 

analyzed that contain PII, such as bank account numbers, 
SSNs, etc. However, with the rise of LLMs and Transformers 
in this sector, privacy risks have started to emerge.³⁶ At the 
same time, some approaches have already been proposed on 
how to make such models secure using HE in this industry. 
In this subsection, we will examine an approach that has been 
proposed.

FinancialCloud leverages HE to allow pricing services to 
perform computations directly on encrypted data, ensuring 
that sensitive financial information is never exposed during 
processing. In this framework, an e-commerce entity encrypts 
its consumption data, which is then stored securely. When 
a merchant needs to send targeted marketing messages, the 
pricing service retrieves the encrypted data and performs all 
necessary computations without decrypting it. European op-
tion pricing is a key example highlighted in the study, where a 
binomial tree method is used. Here, the system first computes 
all possible future stock prices in an encrypted domain, ap-
plies HE-based arithmetic (addition, multiplication, division) 
to evaluate option values at terminal nodes, and then works 
backward to determine the option price. Experimental results 
demonstrate that while HE significantly increases computa-
tion time compared to non-encrypted methods, it also provides 
strong data security. The improved algorithm achieves better 
performance, reducing the computation time from 1835.17 
seconds to 1375.59 seconds.³⁷
� Differential Privacy
Differential privacy (DP) was first formalized in 2006 by 

Cynthia Dwork and her colleagues, who introduced rigorous 
mathematical frameworks to measure and guarantee privacy 
protection.³⁸ At its core, DP balances the trade-off between 
privacy and utility by carefully calibrating noise to provide 
quantifiable privacy guarantees while preserving as much data 
accuracy as possible. Over the years, DP has been adopted by 
major organizations, including Apple and Google, to safeguard 
user data while still enabling valuable insights. DP has the po-
tential to transform privacy across various domains. This PPM 
ensures that sensitive information within a dataset remains 
protected, even when the dataset is queried or analyzed.³⁹ By 
introducing a controlled amount of random noise to the result 
of queries, DP obscures the contribution of a single data point, 
making it close to impossible to identify individual records. 
This enables organizations to extract useful insights from large 
datasets—such as those containing PII, healthcare records, or 
financial data—without exposing sensitive details about indi-
viduals.⁴⁰

Differential privacy is not the default solution for all priva-
cy concerns because of its inherent trade-offs between privacy 
and utility. The answer lies in the inherent trade-offs between 
privacy and utility. While DP can effectively shield individual 
data points, the added noise can sometimes reduce the accura-

cy of the results. The more privacy that is preserved, the more 
noise is introduced, which can then potentially compromise 
the dataset's utility for certain applications. Striking the right 
balance between privacy and data usability requires careful cal-
ibration, often tailored to the specific context and sensitivity 
of the data.

Despite its promises, challenges remain in scaling DP to 
complex use cases, such as real-time data streams or applica-
tions requiring high accuracy. Moreover, its implementation 
can be computationally expensive and requires specialized ex-
pertise to integrate into large-scale analytics systems. 

This is why Federated Learning is often paired with Dif-
ferential Privacy solutions to create more secure models. FL is 
another privacy-preserving mechanism that will be discussed 
in greater detail later; however, understanding FL is crucial for 
comprehending some of the DP approaches mentioned in this 
section. In FL, multiple devices collaboratively train a model 
without ever sharing their raw data. Instead, each device trains 
a local model on its private data and then sends its encrypted 
model parameters to a central server. The server then decrypts, 
averages, and integrates those parameters to update a central-
ized model. This updated model’s parameters are then sent 
back to the local devices, which further train it on their pri-
vate data. This iterative process continues until the centralized 
model is fully trained, ensuring that sensitive data remains on 
local devices throughout the process.⁴¹

Differential Privacy in LLMs: 
To provide actionable guidance for deploying differential 

privacy in real‐world LLM fine‐tuning—where practitioners 
must balance privacy budgets against model performance 
under diverse operational constraints—we compare four DP 
approaches that have been applied to improving privacy in 
LLMs: BFL-LLM,⁴² EW-Tune,⁴³ Whispered Tuning,⁴⁴ and 
variants of DP-SGD (ELS and ULS).⁴⁵ Throughout, we an-
alyze each method’s position on the privacy–utility spectrum 
to identify the most practical balance for different deployment 
scenarios.

The BFL-LLM model integrates differential privacy, fed-
erated learning, blockchain technology, and secure multi-party 
computation (SMPC). It starts by encoding raw user data at 
the device layer to secure cross-silo FL environments, ensuring 
that the raw data is protected before it gets transmitted for lo-
cal model training. Then it employs secret sharing and SMPC 
at the edge layer, where local models are trained to prevent any 
single entity from accessing complete user data. Then, in the 
cloud layer, blockchain technology is employed to encrypt and 
aggregate the locally trained models. Results showed that this 
model balanced privacy with data utility through multi-feature 
encoding and adjustable noise parameters. This was demon-
strated on various datasets as it rejected poisoned submissions, 
increasing the global model accuracy. 

EW-Tune, on the other hand, offers DP in situations with 
a finite number of compositions–i.e., iterations of Stochas-
tic Gradient Descent (SGD) (ML algorithm that optimizes 
models by using small batches of data to update parameters)–
rather than asymptotic privacy bounds. This requires less noise 
during SGD, which then directly improves model accuracy. 
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This model offers a clearer improvement by reducing the noise 
introduced during SGD by up to 5.6% and also gaining model 
accuracy by 1.1%. 

The Whispered Tuning model combines PII redaction, 
differential privacy, output filtering, and architectural improve-
ments. In order for their approach to work, they had to first 
manufacture their own dataset with fake PII. They created two 
hundred and two stories with PII (full name, SSN, credit card 
number, phone number, etc.). They begin by first fine-tuning 
DistilBERT to redact PII from their dataset in order to create 
a new redacted dataset with only the PII. Then they fine-
tuned two pre-trained models on this redacted dataset to adapt 
them to domain-specific language nuances. They continued by 
further fine-tuning using the Supervised Fine-Tuning Trainer 
(SFTTrainer). Next, masked models were fine-tuned on the 
unredacted dataset using DP techniques through the Opacus 
library. This process utilizes an "Epsilon Dial" (ε) to customize 
privacy budgets, where a lower ε level offers stronger privacy 
with reduced data utility, but a higher ε level offers more utility 
for roles that do not require as much privacy. The final phase is 
the “self-reflection filter” that scans and replaces any leaked PII 
using artificial and non-sensitive data from the Faker library. 
In this framework, the ClearView model provides highly en-
gaging and personalized responses while leaking PII, whereas 
the SecureNLP models generate more generic outputs that 
better protect user privacy, which is not a great tradeoff be-
tween privacy and utility.

Finally, the DP-SGD approach is evaluated in two variants–
Example-Level Sampling (ELS) and User-Level Sampling 
(ULS). DP-SGD-ELS protects individual examples using a 
key group size parameter (GELS) that determines the number 
of examples that should be used per computation. If GELS 
is set too low, the resulting dataset may also be too small and 
have less diversity because many users contribute more ex-
amples than the allowed group size. But, if GELS is set too 
high, more noise needs to be added to maintain privacy for 
users who contribute many examples, which can then degrade 
the accuracy of the model. So, the optimal setting for GELS 
should be close to the median user dataset size. On the other 
hand, DP-SGD-ULS protects all contributions of a user by 
tuning group size (GULS) and cohort size (M). The optimal 
setting for these two key parameters is to increase M up to 
some limit first and then increase GULS, with GULS staying 
much lower than M. These approaches on DP-SGD, showed 
that by adjusting group and cohort sizes based on budget and 
privacy parameters (ε), minimizing utility degradation while 
still maintaining privacy is attainable.

Differential Privacy in Transformers: 
In this subsection, we compare three DP approaches that 

have been applied to Transformers–Phantom Clipping, 
Re-Attention Mechanism,⁴⁶ and Privately Pre-Training 
Transformers⁴⁷–focusing once again, on the trade-offs be-
tween privacy and utility.

To start, Phantom Clipping calculates the per-sample gra-
dient norm needed for DP-SGD in a way that mimics the 
standard DP-SGD process, so it naturally retains the same 
privacy guarantees. It determines how much each data sample 

influences the model's update without compromising privacy, 
and it does so using a predictable amount of memory for the 
embedding layer. This method avoids creating separate gradi-
ents for each sample (which is what older methods like Ghost 
Clipping do), thus speeding up the process and reducing mem-
ory usage. The results show that the trade-off is that careful 
tuning is needed to ensure that the reduced noise still offers 
strong privacy protection without compromising utility. The 
benefits of Phantom Clipping are most noticeable in smaller, 
resource-constrained models, as this approach provides effi-
ciency, which is especially beneficial for such models, where 
keeping data local is crucial for privacy. However, the approx-
imations it uses may introduce small inaccuracies that can 
slightly affect overall model performance. For larger models, 
the efficiency gains might be less significant, and fine-tuning 
becomes more complex, potentially affecting the delicate bal-
ance between privacy and performance. 

Next, the Re-Attention Mechanism changes how their 
model processes input compared to standard DP-SGD, but 
these changes do not cause samples in a mini-batch to de-
pend on each other, which is important because each sample's 
contribution must remain isolated, so any noise added to pro-
tect one sample does not inadvertently impact the others. This 
independence helps ensure that the privacy guarantees apply 
uniformly to each data point in the mini-batch. This means 
that the sensitivity of the model–how much one sample influ-
ences the output–can still be controlled using gradient clipping 
as in DP-SGD. Additionally, this method uses techniques 
from Bayesian deep learning (a framework that incorporates 
uncertainty when training models) to approximate a diffi-
cult-to-compute variance term in a "black-box" way, meaning 
these techniques can be swapped with others if needed, as long 
as they effectively estimate the variance. This model’s results 
help strike a better balance between protecting data and main-
taining model accuracy as the model reduces distraction with 
the additional noise that comes along with stronger privacy, 
which is what can hurt the performance of the model. This 
model stays stable and learns consistently even when extra 
noise is added for privacy, which is crucial since higher privacy 
often means more noise and potential learning issues. 

Finally, the last approach focuses on privately pre-training a 
model rather than fine-tuning a publicly pre-trained model to 
see if that yields a better tradeoff between privacy and utility. 
The results of this model found that using a specialized DP 
technique, DP-SP, as a regularizer during pre-training sig-
nificantly improves performance (about 13% better in optimal 
settings). Additionally, models fine-tuned with DP techniques 
show that even with a drop in pre-training accuracy, the fi-
nal fine-tuned performance on tasks remains close to that of 
non-private models. However, experiments revealed that when 
randomly selected token spans are replaced with a special 
mask token, it is highly effective at preventing the model from 
memorizing and outputting training data verbatim, while 
models using prefix training (a fine-tuning technique where a 
small, trainable "prefix" of continuous vectors is added to the 
input) leak more training data. When their approach is fully 
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implemented, memorization is reduced considerably, especial-
ly when combined with deduplication techniques.

All three studies corroborate that stronger privacy invari-
ably introduces some performance degradation, but they differ 
in their strategy: Phantom Clipping prioritizes efficiency in 
small-scale setups, Re-Attention Mechanism balances noise 
injection with Bayesian approximations for stability, and Pri-
vately Pre-Training emphasizes end-to-end privacy at the cost 
of significant compute overhead. Yet, each approach’s empirical 
validations span different model sizes and tasks, underscoring 
the need for future work to benchmark these methods under 
uniform criteria to guide real-world adoption.

Differential Privacy in Marketing: 
In this subsection, a DP application in a bid optimization 

is examined to shed light on the broader digital marketing 
trends.

This approach analyzes three different techniques of DP. 
Noise addition is a method that adds random noise to each 
bid using a function that generates values based on a specified 
mean and variance. By modifying the original bid amounts 
with this random noise, the exact bid values are obscured. This 
ensures that while the bidding strategy remains competitive, 
the precise information about each bid is hidden, protecting 
sensitive user data. Similarly, in data perturbation, the origi-
nal bid data is transformed using a perturbation function. This 
function introduces uncertainty into the data representation 
by altering the bids in a controlled manner. The result is a set 
of modified bids that maintain the overall statistical proper-
ties needed for effective bidding but make it more difficult for 
adversaries to extract specific, sensitive details from the data. 
Finally, anonymization is a technique that further protects pri-
vacy by aggregating bids across similar user profiles. Instead 
of dealing with individual bid values, the data is grouped into 
clusters where each group contains similar bids. This process 
effectively hides the identity of individual bids by making it 
impossible to trace any specific bid back to a particular user, 
thereby enhancing overall data privacy. In this approach, re-
ducing noise-induced performance loss while still ensuring 
strong privacy guarantees is the optimal setting. Overall, de-
spite the inherent trade-off where stronger privacy measures 
typically reduce accuracy compared to non-private base-
lines, the evaluated approaches effectively mitigate this loss, 
achieving competitive bid optimization performance while 
preserving user privacy.⁴⁸ 

Differential Privacy in Healthcare: 
The application of DP in this sector has become increasingly 

important to safeguard sensitive information while preserving 
the overall usefulness of the data. In this subsection, two dif-
ferent DP approaches will be examined to analyze the tradeoff 
between privacy and utility.

The first approach focuses on cohort identification for clin-
ical trials, where the goal is to count eligible patients without 
exposing sensitive patient data. Traditional methods only offer 
approximate privacy guarantees. On the other hand, this new 
method modifies the exponential mechanism to incorporate 
user preferences, favoring more accurate outputs while still 
protecting privacy. It also introduces predefined query bud-

gets and sets the overall privacy budget (ε) to match existing 
standards, aiming to balance accuracy with strong privacy. The 
results used predefined query budgets to manage noise based 
on expected counts, and it proposes a way to set the overall 
privacy budget (ε) to match the protection level of I2B2, even 
though it does not fully address all challenges of differential 
privacy.⁴⁹

The second approach applies DP in an FL context to pre-
dict adverse drug reactions (ADR) using the LCED dataset 
and in-hospital mortality using the MIMIC III dataset. Here, 
three classifiers—perceptron, support vector machine (SVM), 
and logistic regression—are trained using 5-fold cross-valida-
tion across 10 sites. Their experiments measured the trade-off 
between privacy and utility by varying ε. The results for this 
approach show that as ε increases (privacy relaxes), the model’s 
F1 score improves. Even though FL performance is com-
parable to centralized learning, applying DP in real-world 
healthcare settings with a limited number of sites leads to a 
significant loss in utility. Overall, both approaches illustrate 
the current challenge of balancing robust privacy protection 
with high model performance in sensitive healthcare applica-
tions (Figure 2).⁵⁰

Differential Privacy in Finance: 
In this subsection, three different approaches will be an-

alyzed to understand how the tradeoff between privacy and 
utility can best be balanced.

The first approach is the DP-LSTM model, which is de-
signed for predicting S&P 500 stock prices. The evaluation 
uses mean prediction accuracy (MPA), which is calculated 
by comparing the predicted stock prices to the actual prices 
across all stocks. The results are based on multiple runs (451 
in total) to account for variations in individual stock patterns, 
achieving an average prediction accuracy that was 0.32% high-
er than that of the standard LSTM model that uses news data, 
indicating that the added DP measures not only protect data 
but also improve robustness and accuracy. Furthermore, DP-
LSTM consistently outperformed the standard LSTM across 
different time durations and settings.⁵¹ 

The next approach, Private Aggregation of Teacher Ensem-
bles (PATE), protects sensitive data by splitting the private 
dataset into separate parts and training a different teacher 
model on each part. Each teacher then makes predictions on 
public data, and these predictions are aggregated—while add-
ing a controlled amount of noise—to create labels for training 
a final "student" model. Since the student model is only trained 

Figure 2: F1 scores measure utility for adverse drug reaction and in-hospital 
mortality prediction under centralized and federated learning. Across 
both LCED and MIMIC datasets—and for all three classifiers—applying 
ε-differential privacy yields a monotonic increase in F1 as ε rises (i.e., as 
privacy constraints relax), with FL models closely matching centralized 
baselines at higher ε values.
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on the aggregated and noisy outputs rather than directly on 
private data, it becomes much harder for an attacker to recover 
any sensitive information. In the results for this model, the 
researchers revealed that fewer teacher models (N=10) led to a 
more consistently high accuracy in the student model. How-
ever, as N increases, training becomes less stable due to the 
reduced number of samples per teacher. Additionally, when the 
privacy parameter (ε) is set lower (indicating stronger privacy), 
the student model's accuracy is higher (up to 91.92%), but as 
ε increases (weaker privacy), accuracy drops sharply, highlight-
ing a clear trade-off between privacy and accuracy. When ε is 
below 14, the model becomes nearly impracticable, showing 
that balancing privacy and performance in the PATE frame-
work is quite challenging.

Finally, DP-SGD is examined, which has already been ex-
plained in section 4.2. This approach evaluated two different 
gradient clipping sizes (1 and 1.5), revealing that a clipping 
size of 1.5 results in more stable accuracy across different pri-
vacy levels. With DP-SGD, even when the privacy parameter 
is set to a low value (indicating strong privacy), the models 
maintain an accuracy of 88%, which is close to the non-pri-
vate baseline. This performance demonstrates that DP-SGD 
can effectively balance privacy and utility, outperforming the 
PATE approach. The differences in noise scales between these 
methods contribute significantly to their varying performance, 
with DP-SGD showing better overall stability and higher ac-
curacy under tight privacy requirements.⁵²
� Federated Learning
Federated Learning (FL) is a machine learning method that 

lets multiple clients train a shared global model without send-
ing their raw data to a central server. Instead, each client trains 
its own model using its local data and then sends only the 
updated model parameters (such as weights or gradients) to 
the server. The server then combines these updates to improve 
the global model, ensuring that sensitive data never leaves the 
client devices (Figure 3).⁵³

Figure 3: Federated Learning system design: (1) the server initializes 
and broadcasts a global model to all clients, (2) each client trains the 
model locally on its private data and sends only model updates back, (3) 
the server aggregates these updates to refine the global model, which is 
then redistributed for the next training round—this cycle repeats until 
convergence.

In FL, a global model is considered valid if it performs better 
than at least one of the individual local models. Another mea-
sure, δ-Accuracy, compares the global model's performance 
to that of a model trained on the combined dataset, with a 
small difference indicating good performance. The FL train-
ing process generally involves three key steps: the server first 
initializes the model and distributes it to selected clients; the 
clients then update their local models using their own data; 
and finally, the server aggregates these updates to form a new 
global model. The FedAvg algorithm is a well-known example 
of this approach, where the server averages the model updates 
from multiple clients to improve the overall model accuracy 
while keeping each client's data private.⁵⁴ 

FL comes in various forms, each for a specific type of data 
distribution. Vertical Federated Learning is used when differ-
ent organizations have different sets of features or information 
on the same individuals. For example, if one company has 
healthcare information and another one has financial informa-
tion on the same set of individuals, they can collaborate without 
ever sharing their raw data. Horizontal Federated Learning 
is when all participants have the same information on differ-
ent individuals. A common example is mobile devices, where 
each phone collects similar data (i.e., keyboard usage) from its 
various users. Federated Transfer Learning is used when par-
ticipating entities have different feature spaces. This method 
helps them transfer knowledge from one domain to another, 
effectively introducing new data to a model. Cross-silo Feder-
ated Learning is when a small number of organizations (silos) 
consistently participate in the training process. This is typical-
ly used by healthcare or financial institutions that have access 
to rich datasets. Finally, Cross-Device Federated Learning is 
when a large number of devices (i.e., phones) train a mod-
el together. Since such devices often have limited resources, 
techniques like client selection are used to ensure an efficient 
training process.⁵⁵

Federated Learning in LLMs: 
In this subsection, we will discuss two approaches of FL ap-

plied in LLMs in order to alleviate the arising privacy risks. 
FATE-LLM is an FL system designed for training LLMs 

securely and efficiently in a distributed environment. The sys-
tem consists of three main parts: the Communication-Efficient 
Hub, the FedLLM Model Hub, and the FedLLM Privacy 
Hub. The Communication-Efficient Hub incorporates various 
techniques to reduce the amount of data exchanged between 
clients and the server. The FedLLM Model Hub gathers 
different popular LLMs so that they can be used for various 
applications. The FedLLM Privacy Hub adds extra layers of 
security to ensure that sensitive data remains private during 
training. FATE-LLM also supports different training scenar-
ios. Through their experiments on fine-tuning models, both 
LoRA Federated and P-Tuning-v2 Federated methods per-
form better than when these methods are applied separately on 
individual clients. However, the federated approaches fall short 
on all performance metrics, indicating that while FL improves 
client performance, there is still significant room for improve-
ment to match the efficiency of centralized methods.⁵⁶
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The second approach of FL in LLMs is FEDBiOT, which 
compresses a pre-trained LLM by splitting it into two parts: 
an adapter and an emulator. First, the bottom few layers of the 
original LLM (near the output) are extracted as the adapter, 
which captures the domain-specific features and is the only 
part that is fine-tuned locally. The rest of the model forms 
the non-compressed portion, which is then reduced using 
uniform layer dropout to create the emulator. To ensure that 
this compressed emulator behaves similarly to the full model, 
a pre-alignment step is performed using knowledge distilla-
tion on a public dataset, where the emulator is tuned to closely 
mimic the activations and output distribution of the original 
model. Finally, LoRA (Low-Rank Adaptation) is applied to 
both the adapter and the emulator to further reduce commu-
nication and computation costs during the federated learning 
process. Experimental results show that FeDBiOT was able 
to balance privacy and utility well in FL environments, even 
when strong privacy measures, such as dropout, are applied. 
Overall, FedBiOT outperforms baseline methods by main-
taining more stable and accurate predictions across different 
privacy settings. Adjusting the size of the adapter further 
improves performance, indicating that a larger, more flexible 
adapter can capture more knowledge from the data while still 
meeting privacy requirements.⁵⁷

Federated Learning in Transformers: 
In this subsection, we will examine two approaches to Fed-

erated Learning applied to Transformers.
FedYolo is a multitask FL algorithm that is designed to 

reduce communication costs and improve robustness when 
training transformer models. Traditional FedAvg requires 
sending the full model parameters back and forth, which can 
be slow and sensitive to differences between clients. In con-
trast, FedYolo uses a frozen pre-trained transformer (PTF) as 
a backbone that is loaded once by each client, and then each 
client only updates small, task-specific modules for their partic-
ular tasks. This means that instead of sharing the entire model, 
clients only send these smaller modules during training, which 
lowers communication costs. To address potential privacy is-
sues (since the server might learn which client is working on 
which task), the approach can be modified so that clients send 
a sparse vector representing their modules, and secure aggre-
gation techniques are used to keep individual contributions 
private. Experimental results show that FedYolo consistently 
outperformed the conventional FedAvg method, especially 
when there were more tasks or when using smaller pre-trained 
transformer models. When additional local training (person-
alization) was applied after the federated training, FedYolo 
still achieved higher accuracy compared to both FedAvg and 
models that were trained only locally. The performance differ-
ence between FedYolo and the other methods became smaller, 
though, as the size of the PTF increased, which suggests that 
larger models cannot balance local and federated training as 
effectively as smaller models.⁵⁸

The second approach is FedPerfix, which is designed to bal-
ance global and local learning by only updating the sensitive 
parts of the model while keeping a frozen PTF backbone. This 
design helps reduce communication costs and resource usage 

while still capturing task-specific details from local data, mak-
ing it especially effective in scenarios with diverse data. The 
experimental results demonstrate that FedPerfix consistently 
outperforms the baseline methods, achieving the highest av-
erage Top-1 accuracy across the three datasets tested. This 
approach shows notable improvements in performance, par-
ticularly in challenging settings where data distributions 
are skewed. Client-wise performance analysis reveals that 
FedPerfix delivers significant accuracy gains—up to a 30% im-
provement for some clients, indicating huge benefits for most 
participants. Additionally, a resource analysis shows that Fed-
Perfix significantly reduces communication costs compared to 
other methods, even though it requires slightly more storage 
and computation.⁵⁹

Federated Learning in Marketing: 
Privacy is a cornerstone in marketing because if customers 

lose their trust in a company, that is a potential revenue loss, 
and with the rise of LLMs and Transformers, this risk has 
only been increasing. In this subsection, we will analyze an ap-
proach to FL in this industry.

The AROUND system is designed as a social network 
focused on small- and medium-sized businesses, using an 
intelligent advertising platform to deliver personalized shop-
ping experiences. The system divides its users into two groups: 
traders (business owners) and customers. The traders use 
physical beacons that are placed in various locations to send 
location-based notifications to nearby customers. When a 
customer comes within range, their app connects to a cen-
tral cloud server, which then collects their current location, 
profile, and even their selected daily mood. Using this infor-
mation, the system employs a clustering model to determine 
the most appropriate advertisement for that customer based 
on past behavior and preferences. This setup allows for local-
ized and personalized ad recommendations while maintaining 
a streamlined and efficient communication process between 
the devices, beacons, and cloud. The experimental results re-
veal several key findings about this approach. Firstly, as the 
number of devices increases from 25 to 100, the average device 
usage time drops significantly (a 64% decrease). This shows 
that the architecture effectively distributes the workload. Sec-
ond, while FL does result in slightly higher communication 
overhead compared to a centralized approach, this increase is 
manageable for this approach as it scales well with the num-
ber of users. Third, the recommender system's performance 
improved remarkably, with both higher F1 scores and click-
through rates (CTR). For instance, the FL approach achieves 
an average CTR of 53.9%, outperforming both central ML 
and random ad selections. Additionally, user engagement met-
rics such as the time spent on ads and interaction rates are 
also notably better in the FL mode. Finally, the opt-out rates 
are lower, indicating that personalized ads are more effective.⁶⁰

Federated Learning in Healthcare: 
Next, we will examine a Federated Learning approach that 

has been applied to Healthcare, along with some real-world 
applications that have already occurred in places like the U.S. 
and the U.K. 
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In the first approach, each hospital or lab (the data owner) 
keeps its own electronic health records (EHRs) in a private 
format while training a local model on its data. These lo-
cal models, which might include various types of medical 
information like imaging results, diagnostic reports, and pre-
scriptions, are then combined by a central or decentralized 
manager using secure aggregation techniques. In addition, the 
system includes modules to process and convert the data into 
a consistent format, verifying that learning algorithms do not 
leak private information, and enforcing strict access controls 
and encryption. This ensures that even as data is used for anal-
ysis, patient data remains secure. Their results indicate that the 
proposed setup effectively maintains data privacy while still 
allowing for meaningful and accurate analysis across multiple 
institutions. It highlights that by keeping data local and only 
sharing aggregated model updates, the architecture minimizes 
the risk of data breaches, supports robust analysis, and meets 
regulatory requirements.⁶¹ 

In one project in the US, a group of institutions, including 
the University of Pennsylvania, used powerful Intel processors 
and special security tools (Intel SGX) to run FL for image 
analysis. Hospitals run the FL tasks locally on their own data 
and then share only the updated model information with a 
central server. In another project in the UK, Nvidia partnered 
with King’s College London and Owkin to build an FL plat-
form for the National Health Service. This setup uses Nvidia’s 
technology to allow hospitals to collaborate on important 
medical problems like cancer and heart disease while keep-
ing their patient data private. There was also an international 
FL project done for COVID-19, where hospitals from China, 
Italy, and Japan combined their CT scan data to create mod-
els that better segment COVID-19 regions in chest scans. By 
pooling data in this way, the FL method helps overcome the 
lack of data available at individual hospitals while maintaining 
strict privacy.⁶²

Federated Learning in Finance: 
Finally, we will take a look at one last FL approach applied to 

the finance industry. By combining SMPC with FL, financial 
institutions can collaboratively train robust models for tasks 
like fraud detection and credit risk assessment without trans-
ferring sensitive customer data, thereby simplifying compliance 
with regulations and enhancing predictive performance across 
diverse datasets. In this approach, each client first computes 
its own model weights from its local data. Then, each client 
masks its weight by adding and subtracting random values 
before sending it to the central server. This masking ensures 
that the individual weights are hidden. The server then aggre-
gates these masked weights—typically by taking a weighted 
average—resulting in a global model that is equivalent to what 
would have been obtained without masking/encryption, but 
without exposing any client's private data. Furthermore, the 
protocol is designed to work iteratively, where the clients only 
need to set up the secure randomness once at the beginning, 
and then update it in each round using a pseudorandom gen-
erator.⁶³

� Discussion
Analysis: 

Homomorphic Encryption (HE) Limitations
HE enables computation on encrypted data, but faces sev-

eral bottlenecks:
● Computational Overhead: Encrypted operations can be

tens to thousands of times slower than plaintext equivalents, 
making HE impractical for large‐scale or real‐time applica-
tions (see Sections 3.4, 3.5, 3.6).
● Ciphertext Expansion: Encrypting data typically inflates

ciphertext size, leading to higher storage and transmission 
costs—another barrier for resource‐constrained environments.
● Noise Management: Each homomorphic operation in-

troduces noise; fully homomorphic schemes require expensive 
bootstrapping to control this noise, further degrading perfor-
mance. Without bootstrapping, HE schemes can support only 
a limited number of operations.
● Engineering Complexity: Efficient, secure HE (especially

FHE) implementations are intricate and demand significant 
engineering effort. Deploying these schemes at scale remains 
challenging, though Sections 3.2 and 3.3 demonstrate that 
smaller models (e.g., BERTtiny) can successfully leverage HE 
without sacrificing utility.

Differential Privacy (DP) Limitations
DP protects individual data points by adding noise to query 

results, but entails trade‐offs:
● Privacy–Utility Trade‐off: Stronger privacy (lower ε)

requires more noise, which can degrade model accuracy. Con-
versely, reducing noise (higher ε) weakens privacy guarantees.
● Cumulative Loss: Every query on the same dataset

consumes part of the privacy budget; repeated queries can 
eventually erode the overall privacy guarantee if not carefully 
managed.
● Integration Overhead: Incorporating DP into complex

ML pipelines—particularly deep learning—adds computa-
tional cost and necessitates expertise to tune ε and stabilize 
training. Nevertheless, techniques like Re‐Attention (Section 
4.4) and DP‐SGD variants (Section 4.6) show that practical 
DP implementations are achievable without crippling utility.

Federated Learning (FL) Limitations

Table 2: This table contrasts three key PPMs. Homomorphic Encryption 
delivers the strongest confidentiality by keeping data encrypted at all times, 
but at the cost of heavy computation and storage overhead. Differential 
Privacy offers a configurable privacy–utility balance by adding noise, which 
can modestly reduce accuracy. Federated Learning ensures data never leaves 
devices, enabling collaborative model training with moderate communication 
burdens and challenges from non-IID data.
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FL lets multiple clients train a shared model without cen-
tralizing raw data, but introduces its own challenges:
● Data Heterogeneity: Clients often hold non‐IID data,

leading to convergence issues and inconsistent model perfor-
mance across nodes.
● System Heterogeneity: Differences in client compute

power, network quality, and data volumes can hinder synchro-
nization and slow down training.
● Communication Overhead: Frequent exchange of model

updates between many clients and a central server generates 
substantial bandwidth consumption, especially as participant 
count grows.
● Residual Privacy Risks: Although raw data stays local,

model updates themselves can leak sensitive information if ad-
versaries launch inference attacks.
● Participation and Incentives: Ensuring enough clients

contribute high‐quality data is difficult—clients may lack mo-
tivation, resources, or trust in the process. Despite these issues, 
Sections 5.2–5.6 survey FL approaches that mitigate such 
concerns, and real‐world healthcare deployments (Section 5.5) 
illustrate practical FL success.

Overall Comparison
Each mechanism—HE, DP, and FL—offers unique 

strengths and faces distinct limitations. HE delivers the 
strongest confidentiality, but at high computational and en-
gineering costs. DP provides quantifiable privacy guarantees 
but can reduce data utility and requires careful budget man-
agement. FL allows collaborative training without central data 
pooling but must contend with heterogeneity, communication 
overhead, and residual privacy risks. Recent advances across all 
three fields show promising directions, yet no single approach 
fully addresses end‐to‐end privacy, utility, and scalability re-
quirements for high‐stake applications (Table 2).
� Further Research Pathways
We propose a comprehensive solution that combines Ho-

momorphic Encryption, Differential Privacy, and Federated 
Learning in a complementary way. During the training phase, 
we propose using an FL base where each client trains its local 
model. However, each local model would also be using DP 
techniques, ensuring that sensitive data remains protected by 
adding controlled noise. These locally trained models then share 
their updates with a central server through federated learning, 
where the server aggregates the model parameters to create a 
global model, all without ever accessing the raw data. In prac-
tice, this requires careful tuning of the DP noise budget at each 
client to avoid excessive utility loss, as well as ensuring that 
client devices have sufficient CPU/GPU resources to handle 
on‐device DP mechanisms. Finally, at the end of the training 
process—when model parameters need to be transmitted and 
potentially used in downstream applications—homomorphic 
encryption is applied. This final step secures the transmission 
of model parameters, ensuring that any sensitive information 
is protected even during communication. Implementing HE 
at this stage introduces additional computational and laten-
cy overhead, particularly for larger model sizes, necessitating 
optimized key‐management schemes and potential batching 
strategies. By integrating these methods, the proposed ap-

proach could potentially achieve a stronger balance between 
privacy guarantees and model utility, making it a promising 
solution for sensitive domains such as healthcare, finance, and 
marketing.

In a real-world healthcare application, imagine that several 
hospitals want to work together to develop a predictive model 
for patient readmission risk without sharing sensitive patient 
details (Figure 4). Using this proposed system design, each hos-
pital would train its own local model on its own private data 
while also using differential privacy techniques, meaning that 
the patient data would be perturbed with controlled noise so 
that individual records cannot be reidentified. The local models 
would then be combined using federated learning techniques, 
where the hospitals would only send their encrypted model 
parameters to a central server, which would then aggregate 
them to form a global model. However, in a large federation 
of hospitals, data heterogeneity (non‐IID distributions) and 
intermittent network connectivity can challenge convergence; 
robust aggregation methods and mechanisms for handling 
straggler clients are required to mitigate these issues. Finally, 
once this training is complete, homomorphic encryption tech-
niques will be applied when transmitting and using the global 
model parameters, ensuring that even during communication, 
data remains secure and private. Nevertheless, end‐to‐end HE 
can impose significant bandwidth costs and decryption de-
lays—especially if real‐time inference is needed—so practical 
deployments must weigh encryption parameters against ac-
ceptable latency. This system would allow hospitals to develop 
a robust predictive model without ever needing to share their 
raw sensitive data, ensuring privacy from the start to the end. 

Figure 4: Three-step integrated privacy pipeline where clients train locally 
with Differential Privacy, share only noisy updates via Federated Learning 
for secure aggregation, and then encrypt the final model parameters with 
Homomorphic Encryption before any transmission.
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� Conclusion
In conclusion, this paper has examined how three key 

PPMs–Homomorphic Encryption, Differential Privacy, and 
Federated Learning–are being applied to Large-Language 
Models and Transformers in the marketing, healthcare, and 
finance industries. The reviewed approaches demonstrate 
promising capabilities in safeguarding sensitive data while 
maintaining high model performance, yet they also highlight 
ongoing challenges such as trade-offs between privacy and 
utility, computational overhead, and scalability concerns. Poli-
cy frameworks should be updated to recognize and incentivize 
the adoption of PPMs, providing clear guidelines on accept-
able privacy thresholds and compliance requirements. Industry 
practitioners are encouraged to establish cross-functional 
teams that include legal, technical, and operational stakehold-
ers to streamline implementation and ensure alignment with 
regulatory mandates. Moving forward, further research is 
needed to refine these methods, explore new applications, and 
develop robust frameworks that can be seamlessly deployed 
in real-world scenarios. Ultimately, our findings underscore 
the importance of continuing to innovate in the field of priva-
cy-preserving machine learning to meet the evolving demands 
of secure and ethical data utilization. Practitioners should pilot 
integrated PPM solutions in controlled environments, mea-
sure performance against privacy objectives, and share best 
practices across sectors to accelerate broader adoption.
� Acknowledgments
I would like to express my deepest gratitude to Dr. Siddharth 

Krishnan for his unwavering support, invaluable guidance, and 
dedicated time throughout this research project.  
� References

1. Melillio, Pietro. “Massive Data Exposure on X (Twitter) Affects
200 Million Users.” RedHotCyber, 2024. https://www.redhotcyber.
com/en/post/massive-data-exposure-on-x-twitter-affects-200-
million-users/.

2. Alder, Steve. “The Biggest Healthcare Data Breaches of 2024.”
TheHIPAAJournal, 2025. https://www.hipaajournal.com/
biggest-healthcare-data-breaches-2024/#:~:text=The%20larg-
est%20healthcare%20data%20breach,paid%20a%20$22%20
million%20ransom.

3.	Mascellino, Alessandro. “Cyber-Attack on Evolve Bank Exposed
Data of 7.6 Million Customers.” InfoSecurity Magazine, 2024.
https://www.infosecurity-magazine.com/news/cyber-attack-
evolve-bank-exposed/.

4. “Key Issues.” General Data Protection Regulation (GDPR), 9 Oct.
2018, gdpr-info.eu/issues/. 

5. Yang, et. al. “Harnessing the Power of LLMs in Practice: A Survey 
on ChatGPT and Beyond.” ACM Digital Library, 2024. https://
dl.acm.org/doi/10.1145/3649506#sec-5-3. 

6. Carlini, et. al. “The Secret Sharer: Evaluating and Testing
Unintended Memorization in Neural Networks.” USENIX
SECURITY SYMPOSIUM, 2019. https://www.usenix.org/con-
ference/usenixsecurity19/presentation/carlini. 

7. Chen, et. al. “A Survey on Large Language Models for Critical
Societal Domains: Finance, Healthcare, and Law.” arXiv, 2024.
https://arxiv.org/abs/2405.01769. 

8. Kandpal, et. al. “Deduplicating Training Data Mitigates Priva-
cy Risks in Language Models.” arXiv, 2022. https://arxiv.org/
abs/2202.06539. 

9. Okta. “Privacy vs. Security: Exploring the Differences & Re-
lationship.” Okta, 2024. https://www.okta.com/identity-101/
privacy-vs-security/.

10. Solove, J. Daniel. “Understanding Privacy.” Google Books, 2008.
https://books.google.com/books?hl=en&lr=&id=eSrnEAAAQ-
BAJ&oi=fnd&pg=PT7&ots=MdrSiI0z2i&sig=r6-DSqav2Buly-
CVMHwEaHayrHOk#v=onepage&q&f=false.

11.Rosenbush, Steven. “Large Language Models Pose Grow-
ing Security Risks.” Mint, 21 Feb. 2025, www.livemint.com/
technology/large-language-models-pose-growing-securi-
ty-risks-11740100764542.html. 

12. Unknown. “How does cybersecurity affect marketers? 5 tips to
keep your brand safe and strong.” Exclaimer, 2024. https://ex-
claimer.com/blog/how-does-cybersecurity-affect-marketers/. 

13. Kshetri, Nir. “Generative artificial intelligence in marketing:
Applications, opportunities, challenges, and research agenda.”
ScienceDirect, 2024. https://www.sciencedirect.com/science/arti-
cle/abs/pii/S026840122300097X. 

14. Cunha, et. al. “A survey of privacy-preserving mechanisms for
heterogenous data types.” ScienceDirect, 2021. https://www.sci-
encedirect.com/science/article/pii/S1574013721000435. 

15. IBM. “What is cryptography?” IBM. https://www.ibm.com/
think/topics/cryptography. 

16.Devane, Heather. “Everything You Need to Know About
K-Anonymity.” Immuta, 2021. https://www.immuta.com/blog/k-
anonymity-everything-you-need-to-know-2021-guide/. 

17. Niculaescu, Oana. “K-Anonymity and cluster based methods for
privacy.” GitHub, 2017. https://elf11.github.io/2017/04/22/kan-
onymity.html.

18.Olzak, Tom. “Homomorphic Encryption: How It Chang-
es the Way We Protect Data.” SpiceWorks, 2022. https://www.
spiceworks.com/it-security/data-security/articles/how-homo-
morphic-encryption-protects-data/. 

19.Ogburn, et. al. “Homomormphic Encryption.” ScienceDi-
rect, 2013. https://www.sciencedirect.com/science/article/pii/
S1877050913011101. 

20. Can Homomorphic Encryption Be Practical? | Proceedings of the
3rd ACM Workshop on Cloud Computing Security Workshop, dl.acm.
org/doi/abs/10.1145/2046660.2046682. Accessed 10 June 2025. 

21. Brown University. “Applying Fully Homormophic Encryption
(Part I).” Brown University, 2012. https://esl.cs.brown.edu/blog/
applying-fully-homomorphic-encryption-part-1/. 

22. Geelen, et. al. “BASALISC: Programmable Hardware Accelar-
ator for BGV Fully Homomorphic Encryption.” arXiv, 2023.
https://esl.cs.brown.edu/blog/applying-fully-homomorphic-en-
cryption-part-1/. 

23. Applications of Homomorphic Encryption, www.researchgate.
net/profile/Roger_Hallman2/publication/320976976_APPLI-
CATIONS_OF_HOMOMORPHIC_ENCRYPTION/
links/5a051f4ca6fdcceda0303e3f/APPLICATIONS-OF-HO-
MOMORPHIC-ENCRYPTION.pdf. Accessed 10 June 2025. 

24. Encryption-Friendly LLM Architecture, arxiv.org/pdf/2410.02486. 
Accessed 10 June 2025. 

25. A Fully Homomorphic Encryption Scheme a ..., crypto.stanford.
edu/craig/craig-thesis.pdf. Accessed 10 June 2025. 

26.Raeini, et. al “Privacy-Preserving Large-Language Models
(PPLLMs).” SSRN, 2023. https://papers.ssrn.com/sol3/papers.
cfm?abstract_id=4512071. 

27. Macdonald-Ross, Michael, and Robert Waller. “The Transform-
er Revisited.” Information Design Journal, John Benjamins, 1 Jan.
1998, www.jbe-platform.com/content/journals/10.1075/idj.9.2-
3.06mac. 

ijhighschoolresearch.org

DOI: 10.36838/v7i10.18



	

28. Zimerman, et. al. “Converting Transformers to Polynomial Form 
for Secure Inference Over Homomorphic Encryption.” arXiv,
2023. https://arxiv.org/abs/2311.08610. 

29. Rovida, et. al. “Transfomer-based Language Models and
Homomorphic Encryption: An Intersection with BERT-ti-
ny.” ACM, Digital Library, 2024. https://dl.acm.org/doi/
abs/10.1145/3643651.3659893. 

30. Mittal, Rohit. “Improving Inference Privacy for Large Language
Models using Fully Homomorphic Encryption.” University of
California, Berkeley, 2024. https://www2.eecs.berkeley.edu/Pubs/
TechRpts/2024/EECS-2024-225.pdf. 

31. Principles of Management - Cloudfront.Net, d3bxy9euw4e147.
cloudfront.net/oscms-prodcms/media/documents/Principle-
sofManagement-OP.pdf. Accessed 10 June 2025. 

32. Cui, et. al. “Digital marketing program design based on ab-
normal consumer behavior data classification and improved
homomorphic encryption algorithm.” PeerJ, 2023. https://peerj.
com/articles/cs-1690/. 

33. Dash, Sabyasachi, et al. “Big Data in Healthcare: Management,
Analysis and Future Prospects - Journal of Big Data.” SpringerLink, 
Springer International Publishing, 19 June 2019, link.springer.com/
article/10.1186/s40537-019-0217-0?utm_campaign=scm&cam-
paignid=70161000001CouwAAC%3FStartPage. 

34. Influence of the HIPAA Privacy Rule on Health Research | Law and 
Medicine | JAMA | Jama Network, jamanetwork.com/journals/
jama/fullarticle/209447. Accessed 10 June 2025. 

35. Roumpies, et. al. “A Review of Homomorphic Encryption and its 
Contribution to the Sector of Health Services.” ACMDL, 2024.
https://dl.acm.org/doi/pdf/10.1145/3635059.3635096. 

36. Avanidhar, Subrahmanyam. “Big Data in Finance: Evidence and
Challenges.” Borsa Istanbul Review, Elsevier, 8 Aug. 2019, www.
sciencedirect.com/science/article/pii/S2214845019302650. 

37. Peng, et. al. “Homomorphic Encryption Application on Finan-
cialCloud Framework.” IEEE Xplore, 2016. https://ieeexplore.
ieee.org/abstract/document/7850013. 

38. Alizadeh, Essi. “The ABCs of Differential Privacy.” Towards
Data Science, 2023. https://towardsdatascience.com/abcs-of-dif-
ferential-privacy-8dc709a3a6b3/. 

39. “What is Differential Privacy?” IEEE Digital Privacy.  https://
digitalprivacy.ieee.org/publications/topics/what-is-differen-
tial-privacy. 

40. Stalla-Bourdillon, Sophie. “What is Differential Privacy? A
Guide for Data Teams.” IMMUTA, 2024. https://www.immuta.
com/blog/why-differential-privacy-should-be-top-of-mind-for-
data-science-and-governance-teams/. 

41. Martineau, Kim. “What is federated learning?” IBM, 2022.
https://research.ibm.com/blog/what-is-federated-learning. 

42. Salim, et. al. “A Privacy-Preserving Local Differential Pri-
vacy-Based Federated Learning Model to Secure LLM from
Adversarial Attacks.” Human-centric Computing and Infor-
mation Sciences, 2024. https://hcisj.com/articles/issue_view.
php?wr_id=533&page=&ckattempt=2. 

43. Behnia, et. al. “EW-Tune: A Framework for Privately Fine-Tuning 
Large Language Models with Differential Privacy.” IEEE Xplore, 
2022. https://ieeexplore.ieee.org/abstract/document/10031034. 

44. Singh, et. al. “Whispered Tuning: Data Privacy Preservation
in Fine-Tuning LLMs through Differential Privacy.” Scientif ic
Research, 2024. https://www.scirp.org/journal/paperinformation?-
paperid=130659. 

45. Charles, et. al. “Fine-Tuning Large Language Models with Us-
er-Level Differential Privacy.” arXiv, 2024. https://arxiv.org/
abs/2407.07737. 

46. Ding, et. al. “Delving into Differentially Private Transformer.”
arXiv, 2024. https://arxiv.org/abs/2405.18194. 

47. Ponomareva, et. al. “Training Text-to-Text Transformers with
Privacy Guarantees.” ACL Anthology, 2022. https://aclanthology.
org/2022.findings-acl.171/. 

48. Brown, et. al. “Exploring Differentially Privacy Approach-
es for Bid Optimization in Digital Marketing.” ResearchGate, 
2024. https://www.researchgate.net/profile/Sophia-Lee-32/
publication/387946664_Exploring_Differential_Privacy_Ap-
proaches_for_Bid_Optimization_in_Digital_Marketing/
links/67837b9f8210a977a183ac2f/Exploring-Differential-Pri-
vacy-Approaches-for-Bid-Optimization-in-Digital-Marketing.
pdf. 

49. Dankar, et. al. “Practicing Differential Privacy in Health Care:
A Review.” Microsoft Word, 2013. https://www.tdp.cat/issues11/
tdp.a129a13.pdf. 

50. Choudhury, et. al. “Differential Privacy-enabled Federated
Learning for Sensitive Health Data.” arXiv, 2020. https://arxiv.
org/pdf/1910.02578. 

51. Li, et. al. “DP-LSTM: Differential Privacy-inspired LSTM for
Stock Prediction Using Financial News.” arXiv, 2019. https://
arxiv.org/abs/1912.10806. 

52. Chen, et. al. “Financial Vision Based Differentially Private Ap-
plications.” arXiv, 2021. https://arxiv.org/abs/1912.10806. 

53. Mothukuri, Viraaji, et al. “A Survey on Security and Privacy
of Federated Learning.” Future Generation Computer Systems,
North-Holland, 10 Oct. 2020, www.sciencedirect.com/science/
article/abs/pii/S0167739X20329848. 

54. Yin, et. al. “A Comprehensive Survey of Privacy-preserving Fed-
erated Learning: A Taxonomy, Review, and Future Directions.”
ACMDL, 2021. https://dl.acm.org/doi/10.1145/3460427. 

55. Mammen, Priyanka Mary. “Federated Learning: Opportunities
and Challenges.” arXiv, 2021. https://arxiv.org/pdf/2101.05428/. 

56. Fan, et. al. “FATE-LLM: An Industrial Grade Federated
Learning Framework for Large Language Models.” arXiv, 2023. 
https://arxiv.org/pdf/2310.10049. 

57. Wu, et. al. “FedBiOT: LLM Local Fine-tuning in Federated
Learning without Full Model.” ACMDL, 2024. https://dl.acm.
org/doi/pdf/10.1145/3637528.3671897. 

58.Zhang, et. al. “FedYolo: Augmenting Federated Learning
with Pretrained Transformers.” arXiv, 2023. https://arxiv.org/
pdf/2307.04905. 

59. Sun, et. al. “FedPerfix: Towards Partial Model Personalization
of Vision Transformers in Federated Learning.” arXiv, 2023.
https://arxiv.org/pdf/2308.09160. 

60. Seyghaly, et. al. “A Comprehensive Architecture for Federated
Learning-Based Smart Advertising.” MDPI, 2024. https://www.
mdpi.com/1424-8220/24/12/3765. 

61. Antunes, et. al. “Federated Learning for Healthcare: Systemat-
ic Review and Architecture Proposal.” ACMDL, 2022. https://
dl.acm.org/doi/abs/10.1145/3501813. 

62.Nguyen, et. al. “Federated Learning for Smart Health-
care: A Survey.” ACMDL, 2022. https://dl.acm.org/doi/
abs/10.1145/3501296. 

63. Byrd, et. al. “Differentially private secure multi-party computa-
tion for federated learning in financial applications.” ACMDL, 
2021. https://dl.acm.org/doi/abs/10.1145/3383455.3422562. 

� Author
Avani is a 11th grader at Saint Francis High School in Califor-

nia with a strong passion for security in Generative AI. She is also 
intrigued by the intersection of technology and management, and 
she hopes to explore how AI systems can be integrated into business 
strategies while maintaining robust privacy.

ijhighschoolresearch.org

DOI: 10.36838/v7i10.18



© 2024 Terra Science and Education	 	

Comparative Analysis of Ascorbic Acid Content in Fruits: 
Impact of Temperature and Storage Conditions 

Dhruv S. Prashant
Oberoi International School, JVLR, Jogeshwari East, Mumbai, 400060 India; dhruv.s.prashant@gmail.com

ABSTRACT: Ascorbic Acid (Vitamin C) is an indispensable nutrient for its crucial role in immune functions, as well as a 
multitude of other health benefits. This study aims to compare the ascorbic acid content of 3 fruits (orange, guava, lemon) using 
a redox titration method using Iodine. Among the fruits analyzed, guava contained the highest amount of Vitamin C (307 mg/ 
100 g of fruit sample), followed by orange (142 mg/ 100 g) and lemon (103 mg/ 100 g). All three fruits exhibited a reduction in 
ascorbic acid content after boiling for 3 minutes. The observed reduction in ascorbic acid concentration was 8% for guava, 13% 
for orange, and 4.6% for lemon. Additionally, storing fruits for 3 days in an open container at an ambient temperature of 28 °C 
also led to degradation with a reduction of 8% for guava, 20.7% for orange, and 6.6% for lemon. The present study suggests that 
storage conditions and processing methods impact the retention of ascorbic acid, and the extent of reduction differs depending 
on the type of fruit. 

KEYWORDS: Biochemistry, General Biochemistry, Ascorbic Acid, Fruits, Temperature.

� Introduction
Vitamins are a group of organic compounds that are need-

ed for the healthy functioning of the body. Vitamins are 
categorized as fat-soluble (Vitamins A, D, E, and K) and wa-
ter-soluble (Vitamins B and C). L-Ascorbic acid (Vitamin C) 
is an important vitamin essential for various metabolic pro-
cesses and is primarily considered a potent antioxidant. Its 
physiological role is extensive and includes various processes 
such as the absorption of iron as a key facilitator, hormone 
synthesis, and playing significant roles in wound healing and 
collagen production. Humans cannot synthesize Vitamin C 
and hence are fully dependent on its intake from diet.¹ Citrus 
fruits, which belong to the genus Citrus of the family Rutaceae, 
such as oranges, lemons, are well established sources of Vitamin 
C.² Apart from Citrus fruits, there are fruits like guava, which
also have significant amounts of Vitamin C. Guava belongs to
the genus Psidium guajava in the family Myrtaceae. There have
been extensive studies on the Vitamin C content in guava, and
it has been established as a potent source of Vitamin C.3-5 In
addition, commercial fruit juices contain added Vitamin C to
enhance nutritional value. 

The stability of Vitamin C is dependent on several factors, 
including exposure to oxygen, temperature, light, and storage 
conditions. These parameters can affect Vitamin C concentra-
tion during processing and storage. 

Given the vital role of this vitamin in metabolism and its 
exclusive dietary origin, this study aims to quantitatively com-
pare the levels of ascorbic acid in commonly consumed fruits 
(oranges, lemons, and guavas). Further, the study estimates the 
impact of heat treatment and ambient storage duration on the 
degradation of ascorbic acid. This study will provide insight 

into how processing and storage conditions influence nutrient 
conservation.
� Methods
Preparation of fresh fruit samples: 
Mandarin Oranges, Thai Pink Guava, and Indian Lemon 

were procured from an online vendor. Details of the procure-
ment are as below.

100 g sample of 3 fruits (Mandarin Oranges, Thai Guava, or 
Lemon) was cut into small pieces (without the peel for orange 
and lemon) and blended in an electric blender. 10 ml portions 
of distilled water were repeatedly added multiple times, and 
the liquid was subsequently carefully decanted into a conical 
flask. Finally, the blended fruit juice was strained through a 
cheesecloth, rinsing the pulp with 10 ml portions of water. The 
extracted solution was made up to 100 mL with distilled water.

Preparation of the standard iodine solution: 
Analytical-grade Potassium Iodide was procured from Nice 

Chemicals (Pvt) Ltd. Analytical-grade Iodine crystals (I2) 
were procured from Research-Lab Fine Chem Industries. 2 g 
of Potassium iodide was added to a 100 ml beaker. 1.3 g of io-
dine crystals were weighed on an electronic weighing scale and 
added to the same beaker, and swirled until the iodine crystals 
were fully dissolved. The solution was transferred to a 1-liter 
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Table 1: Details of the sourcing of fruit samples for the experiments.
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volumetric flask, and the resulting solution was made up to the 
1-liter mark with distilled water. 

Preparation of the starch indicator: 
Soluble Starch was procured from Spectrum Reagents and

Chemicals Pvt Ltd. 0.25g of soluble starch was added to 50 ml 
of near-boiling water in a 100 ml conical flask and stirred until 
it was fully dissolved. 

Redox titration using iodine solution:
The method for determining the ascorbic acid (Vitamin C) 

content in solution uses redox titration using iodine solution 
(Redox titration method, University of Canterbury). Upon the 
addition of iodine during titration, the ascorbic acid is oxi-
dized to dehydroascorbic acid, and the iodine is reduced to 
iodide ions. 

Ascorbic acid + I2 → I- + dehydroascorbic acid
Standard Vitamin C tablets were procured from Abbot 

Healthcare Limited (Brand Limcee® 500 mg, Batch No. 
HAJA4137, Expiry date, April 2026). 1 Limcee® (500 mg) Vi-
tamin C Chewable tablet was dissolved in 200 ml of distilled 
water to make the standard solution. In the first experiment, 
a 20 ml aliquot of the standard solution (50 mg of Vitamin C 
from Limcee® 500 mg) was added into a 250 ml conical flask 
using a pipette, and 150 ml of distilled water was added. 1 ml 
of starch indicator solution was added. This was titrated with 
the prepared iodine solution (0.005 mol/ litre) and the end 
point was identified with the first permanent trace of the dark 
blue-black colour. The standard titer value (Cstandard) for 50 
mg of Vitamin C was determined. 

In the second experiment, a 20 ml aliquot of the fruit sample 
solution was added to a 250 ml conical flask using a pipette, 
and 150 ml of distilled water was added. 1 ml of starch indi-
cator solution was added. This was titrated with the prepared 
iodine solution (0.005 mol/ Litre), and the endpoint was iden-
tified as the first permanent trace of the dark blue-black colour. 
This was done for all three fruits (orange, guava, lemon) until 
the endpoint was reached.

Preparation of samples for high temperature and extend-
ed storage:

In the third experiment, the fruit samples were boiled for 
3 minutes at 100 degrees, and the titration was carried out as 
mentioned previously with 20 ml aliquots. In the fourth exper-
iment, the fruit samples were stored in open conical flasks for 
3 days, at a temperature of 28 °C, to study the effects of storage 
on the concentration of ascorbic acid. The titration was carried 
out as mentioned previously with 20 ml aliquots. 

Determination of ascorbic acid concentration:
The titer volume for each sample in all the above exper-

iments was compared against the standard Vitamin C titer 
value (Cstandard) for determining the concentration of ascorbic 
acid in the samples (Csample)

The calculation of the amount of ascorbic acid in the sam-
ples (Csample) was calculated using the formula below.

 Csample = (Observed titer value / Cstandard) X (250) mg / 100g 
of the sample

� RESULTS
Ascorbic acid concentration varies in different freshly 

prepared fruit juices:
Ascorbic acid is a water-soluble micronutrient that is essen-

tial for the growth of healthy cells. First, the concentration of 
ascorbic acid in Limcee® Tablet was estimated, which served 
as a positive control. Titration results are shown in Figure 1. 
Titer value was determined to be 24.4 ml. This titer value rep-
resents the equivalent of 50 mg of ascorbic acid. Subsequently, 
the concentration of ascorbic acid in freshly prepared juices of 
different fruits was estimated by the redox titration method. 
Titration start and end point images for orange, guava, and 
lemon are presented in Figures 2, 3, and 4, respectively. The 
endpoint for the fresh orange sample (Figure 2) was achieved 
at a titer value of 13.8 mL, translating to ascorbic acid content 
of 142.07 mg/ 100 g. The endpoint for the fresh guava sample 
(Figure 3) was achieved at a titer value of 30 ml, translating to 
ascorbic acid content of 307.3 mg/ 100 g. The endpoint for the 
fresh lemon sample (Figure 4) was achieved at a titer value of 
10.06 ml, translating to ascorbic acid content of 103.14 mg/ 
100 g. Figure 5 represents the concentration of ascorbic acid 
in mg per 100 g of the fruit samples. Table 1 mentions the 
calculated values of the concentration of ascorbic acid. Among 
the 3 fruits, guava juice contained the highest levels of ascorbic 
acid (307.3 mg/ 100 g), followed by orange (142.07 mg/ 100 
g) and lemon (103.14 mg/ 100g). This is in line with similar
research done earlier.⁵
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Figure 1: Redox titration results for ascorbic acid standard (Limcee® 
Tablet): A) Titration start point. B) Titration endpoint. The blue-black color 
indicates the endpoint of the titration.

Figure 2: Redox titration results for a freshly prepared orange juice sample: 
A) Titration start point. B) Titration endpoint. The appearance of the blue-
black complex indicates the endpoint of the titration.
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Boiling fruit samples reduces the ascorbic acid concentra-
tion: 

Ascorbic acid is a temperature-sensitive vitamin, and an in-
crease in temperature significantly reduces the concentration 
of ascorbic acid. To study the effect of temperature, separate 
fresh juice of orange, guava, and lemon, each followed by 
boiling for 3 minutes, was prepared. Redox titration of both 
freshly prepared juice and boiled juice was carried out. Boiling 

of fruit juice samples reduced the concentration of ascorbic 
acid as compared to freshly prepared fruit juice samples (Fig-
ure 6 and Table 2). All the samples showed a degradation of 
ascorbic acid after boiling for 3 minutes. The concentration 
of ascorbic acid was estimated to be 123.63 mg/ 100 g for the 
boiled orange juice sample, 282.79 mg/ 100 g for the boiled 
guava juice sample, and 98.361 mg/ 100 g for the boiled lemon 
juice sample. These values indicate a reduction of 13%, 8%, and 
4.6% of ascorbic acid content for orange, guava, and lemon, 
respectively, when subjected to boiling for 3 minutes. 

Storage at ambient temperature reduces the ascorbic acid 
concentration: 

To retain the concentration of ascorbic acid in fruits, it is 
important to store fruits at an optimum temperature. To study 
the effect of storage conditions on ascorbic acid concentration, 
redox titration was carried out on two experimental groups. 
The first group consisted of freshly prepared juice of orange, 
guava, and lemon. The second group consisted of fruit juice 
samples, which were stored at 28°C for 3 days. It was observed 
that there was a reduction in ascorbic acid concentration in 
3-day stored samples as compared to freshly prepared fruit
juices (Figure 7 and Table 3). The concentration of ascorbic
acid was estimated to be 112.7 mg/ 100 g for the orange juice
sample, 282.79 mg/ 100 g for the guava juice sample, and
96.311 mg/ 100 g for the lemon juice sample. Exposure to
the atmosphere in ambient conditions reflects a degradation
of ascorbic acid, and the extent of degradation was 20.7% for
orange, 8% for guava, and 6.6% for lemon. 

Figure 3: Redox titration results for freshly prepared guava juice sample: A) 
Titration start point. B) Titration endpoint. The appearance of a blue-black 
complex indicates the titration endpoint.

Figure 4: Redox titration results for a freshly prepared lemon juice sample: 
A) Titration start point. B) Titration endpoint. The appearance of a blue-
black complex indicates the endpoint of the titration.

Figure 5: The concentration of ascorbic acid varies in different fruit 
juice samples. The bar graph represents the concentration of ascorbic acid 
(mg) per 100 g of fruit sample. The figure indicates the highest amount of 
Vitamin C in guava, followed by orange, and then lemon.

Table 2: The concentration of ascorbic acid (in mg) in 100 g of freshly 
prepared fruit samples indicates the highest concentration in guava, followed 
by orange and lemon.

Figure 6: Boiling degrades ascorbic acid concentration in fruit juice 
samples. The bar graph represents the concentration of ascorbic acid (mg) 
per 100 g of fruit sample in freshly prepared and boiled fruit juices of orange, 
guava, and lemon. The figure indicates the reduction in Vitamin C content in 
the boiled samples across all 3 fruits.

Table 3: Concentration of ascorbic acid in 100 g of freshly prepared fruit 
juice and 100 g of fruit juice samples boiled at 100 °C for 3 minutes (orange, 
guava, lemon).
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� Discussion
Vitamin C plays a crucial role in forming collagen, support-

ing immune functions, and cyto-protection. Our body cannot 
produce Vitamin C; thus, we need to be dependent on differ-
ent dietary sources of Vitamin C, like citrus fruits, vegetables, 
etc. Vitamin C is an extremely sensitive Vitamin, and thus 
maintaining optimum temperature and storage conditions is 
crucial to retain the concentration of this Vitamin. The present 
study aims to estimate the concentration of Vitamin C in dif-
ferent fruit samples and to study the effect of temperature and 
storage conditions on the concentration of Vitamin C. 

The study shows that the concentration of ascorbic acid 
(Vitamin C) varies across different fruits. The study showed 
that guava has the highest concentration of Vitamin C (307.38 
mg/ 100 g), followed by orange (142.07 mg/100 g) and lemon 
(103.14 mg/100 g). In prior studies, the Vitamin C content 
in orange was estimated to be (58.304 mg/ 100 g) by Najwa 
et al.,⁶ (42.7 mg/100 g) by Tee et al.,7 (56.020 mg/100 g) by 
Cioroi et al.,⁸ and (56.4 mg/100 g) by Bungau et al.⁹ The con-
centration of Vitamin C in orange is lower by 59%-70% across 
these aforementioned studies compared to the observed con-
centration in these experiments. Lack of standardization of 
fruit sourcing (species, extent of ripening, storage conditions) 
as well as different testing methodologies (High Performance 
Liquid Chromatography⁶, Microfluorometry⁷, dye-based ti-
tration⁶) are reasons for this variation compared to earlier 
studies. For guava, the Vitamin C content was estimated to be 
(206-334 mg/100 g) in prior studies by Ghani et al.,10 (330.77 
mg/100 g) by Alok et al.,11 and (181.6 mg/100 g) by Simran et 
al.³ in prior studies. The observed concentration of Vitamin C 
in guava is lower by 12% compared to the estimates by Ghani 
et al.10 and higher by 7% compared to the estimates by Alok 
et al.11.For lemon, the Vitamin C content was estimated to be 
(43.956 mg/100 g) by Najwa et al.,⁵ (46.8 mg/ 100 g) by Tee 
et al.,⁷ (51.78 mg/100 g) by Cioroi et al.,⁸ and (49 mg/100 

g) by Bungau et al.10 in earlier studies. The observed concen-
tration of Vitamin C in lemon is lower by 57% compared to
the estimates by Najwa et al.,⁵ lower by 55% compared to the
estimates by Tee et al.,⁷ lower by 50% compared to estimates
by Cioroi et al.,⁸ and lower by 52% compared to estimates by
Bungau et al.10 These differences are due to the lack of stan-
dardization of the fruit sources, stage of ripening, and storage
conditions of the different samples. The testing methods used
across these studies are also varied (High Performance Liquid
Chromatography,⁶ Microfluorometry,⁷ dye-based titration.⁶
However, guava has been shown to have the highest concen-
tration of ascorbic acid across these three fruits, and this is
consistent with prior studies.

All the citrus fruits show a degradation of ascorbic acid even 
when subjected to short durations of boiling temperatures. Pri-
or studies also demonstrated similar results where boiling fruit 
juices resulted in the reduction of Vitamin C content. In an 
earlier study, a 10% reduction of ascorbic content was shown 
when orange samples were boiled/ exposed to heat.12 Simi-
larly, a degradation of 18% was reported for guava samples at 
boiling temperatures.13 In the case of lemon, earlier studies by 
Njoku et al.12 have shown a reduction of 18%, while another 
study showed a reduction of 13% when exposed to a boiling 
temperature.14 The extent of degradation is directionally in 
line with other studies; however, other studies did pursue the 
extent of degradation for much larger time durations. Ascorbic 
acid is sensitive to temperature, both while cooking, food pro-
cessing, as well as transport and storage conditions, and this is 
reflected in the varied levels of ascorbic acid when subjected to 
higher temperatures. 

Storage conditions in the open also lead to degradation of 
ascorbic acid, resulting in reduced concentrations across fruits. 
In a prior study, reduction of ascorbic acid was shown to the 
extent of 16.27% when orange samples were stored.15 For gua-
va, this was reported to be 28% in a prior study.16 For lemon, 
there was a reduction of 10% reported in an earlier study.17 It 
is to be noted that the duration of storage was varied in the 
prior studies, but all studies were consistent in the reduction of 
ascorbic acid over time. Thus, the present study indicates that 
the concentration of Vitamin C varies in different samples, 
and high temperature and adverse storage conditions reduce 
the concentration of this Vitamin.

The limitations of this study are the lack of experimental 
replicates and statistical analysis. This study does not have 
enough experimental data points for robust statistical analy-
sis. It is recommended that, for more robust data and analysis, 
experiments should be performed in triplicate and should 
include basic statistical analysis (means, standard deviations, 
statistical significance). 
� Conclusion
Vitamin C (ascorbic acid) is an important micronutrient 

that plays a crucial role in maintaining human health. Dietary 
guidelines recommend the consumption of Vitamin C-rich 
fruits to meet daily dietary requirements. The present findings 
demonstrate that the concentration of Vitamin C is influenced 
by external factors such as the source, storage, and transport 
conditions of the fruit. Boiling for 3 minutes and incubation 

Table 4: Concentration of ascorbic acid in 100 g of freshly prepared fruit 
samples and 100 g of fruit samples stored at an ambient temperature of 28 
°C for 3 days.

Figure 7: Storage at ambient temperature degrades ascorbic acid 
concentration in fruit juice samples. The bar graph represents the 
concentration of ascorbic acid (mg) per 100 g of fruit sample in freshly 
prepared and stored juices at ambient temperature, 28 °C, for 3 days of 
orange, guava, and lemon.
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of fresh juice for 3 days at an ambient temperature of 28 °C 
significantly reduced Vitamin C concentration. Optimum 
temperature and storage conditions are critical for preserving 
Vitamin C content in fruits since this vitamin is highly sen-
sitive to heat, light, and oxygen. Thus, optimum temperature 
and storage conditions should be maintained to reduce degra-
dation of Vitamin C, thereby reducing the nutritional value of 
the fruit. 

The practical implications of this study can broadly be sum-
marized into three broad areas: choice of fruits for Vitamin 
C supplementation, cooking and food processing implica-
tions, and storage implications. Firstly, from a nutritional 
supplementation perspective, guava, followed by orange, and 
subsequently lemon, provide the greatest amount of Vitamin 
C supplementation based on the results of the study. These 
fruits can therefore be the choice of Vitamin C supplemen-
tation based on patient/ consumer needs. Secondly, cooking 
and exposure of these fruits to boiling temperatures results in 
degradation and lesser availability of Vitamin C. High tem-
perature food processing should be avoided on these fruits, to 
maximize nutritional availability of Vitamin C. Thirdly, the 
storage of these fruits for extended periods at 28 °C or higher 
results in degradation of Vitamin C. These fruits should ide-
ally be kept in cold storage to maximize the concentration of 
Vitamin C in these fruits, and should be consumed immedi-
ately after being removed from cold storage. 
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ABSTRACT: Nanoparticles have been reported to potentially cause a detrimental effect on fertility and physical fitness in 
humans. This is a concern due to an increasing exposure of nanoparticles in our daily environment. Previous studies have also 
shown that antioxidant compounds increased longevity and fertility in model organisms. In this study, we used a Drosophila 
melanogaster model to examine the combinatorial effects of nanoparticles and antioxidants. First, using a climbing motility assay 
and a larvae count fertility assay, we looked at three commonly found nanoparticles: gold, silver, and titanium, and established 
a working concentration where they exerted a negative influence on the physical fitness and fertility of Drosophila adult flies. 
We then determined the beneficial effect of antioxidants melatonin, N-acetylcysteine (NAC), and quercetin. Subsequently, we 
examined the combined effects of nanoparticles and antioxidants on Drosophila physical fitness and fertility. Furthermore, we 
examined the transgenerational effect of these chemical combinations on the first generation of progeny flies. In our studies, 
we found that, to varying degrees, each nanoparticle and antioxidant has a detrimental or beneficial effect, respectively, on both 
mobility and fertility of Drosophila melanogaster transgenerationally, with silver nanoparticles being the most detrimental, and 
melatonin being the most beneficial.

KEYWORDS: Biochemistry, Medical Biochemistry, Nanoparticles, Antioxidants, Drosophila melanogaster.

� Introduction
Nanoparticles (NPs) have biological impacts that raise 

sizable concerns due to their increasing prevalence in in-
dustrial, medical, and consumer applications. While several 
nanoparticles are biocompatible and have revolutionized 
medical and industrial fields, metal-based nanoparticles have 
displayed potentially hazardous effects on biological systems. 
These particles, as a result of their minuscule size, have the 
potential to disrupt crucial physiological processes via direct 
interaction with cellular structures.1-3 Research has shown that 
metal-based nanoparticles, such as gold (Au), silver (Ag), and 
titanium dioxide (TiO2), can exert detrimental effects on the 
fertility, development, and overall health of organisms such as 
Drosophila melanogaster. 4-7

Drosophila melanogaster was the ideal model organism for this 
project for various reasons. Its short life cycle, fecundity, and 
genomic structure have made it desirable for a large portion of 
toxicological studies.8 However, its most attractive trait for this 
project was its commercial availability to the general public. 
Drosophila melanogaster is useful for observing the toxicological 
impacts of NPs and has demonstrated severe developmen-
tal delays in response to exposure to TiO2 NPs.9,10 Previous 
research has also shown that larval stages of Drosophila mela-
nogaster are particularly susceptible to nanoparticle-induced 
genotoxicity.11 This genotoxicity can result in aberrant pheno-
types, as well as increased susceptibility to DNA damage and 
behavioral changes that could alter reproductive efficacy over 
generations. These findings are concerning, especially concern-
ing the safety considerations of these materials in consumer 
products.

Numerous antioxidants have been the subject of the lime-
light in recent years. Commercially available compounds 
such as N-acetylcysteine (NAC), melatonin, and quercetin 
show promise in oxidative stress mitigation.12, 13 NAC acts as 
a glutathione precursor and is applicable in detoxification.14,15 
Melatonin and quercetin, in addition to their antioxidant 
properties, have been found to ameliorate the neurotoxic effect 
induced by TiO2 NPs exposure, potentially allowing them to 
have a similar impact on the neurotoxic effect of AgNPs.16-19

This study aims to evaluate and compare the effects of Au, 
Ag, and TiO2 nanoparticles on the physical fitness and fertil-
ity of Drosophila melanogaster, while simultaneously measuring 
the extent to which antioxidants, NAC, melatonin, and quer-
cetin, can mitigate the adverse effects. We hypothesize that 
Beneficial compounds such as NAC, quercetin, and melatonin 
can reverse the detrimental effects from nanoparticles such as 
silver, gold, and titanium dioxide, on fertility and physical capa-
bilities of Drosophila melanogaster. Using established mobility 
and fertility assays, the study aims to contribute to a deeper 
understanding of nanoparticle toxicity and possible counter-
actants.
� Methods
Drosophila melanogaster maintenance: 
Wingless Drosophila melanogaster specimens were obtained 

from a commercial supplier, Josh’s Frogs, and maintained un-
der strictly controlled environmental conditions (Figure 1). 
The fruit flies are maintained on a culture medium that was 
obtained from the same manufacturer. Josh’s Frogs Culture 
media is primarily powdered-potato-based, while using vita-
mins and antifungal ingredients. The powdered culture media 
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were reconstituted with water according to the manufacturer's 
instructions. The flies were housed at a steady temperature of 
25°C with a photoperiod consisting of 16 hours of light and 
8 hours of dark. A regulated thermal environment was estab-
lished inside a 20-gallon glass reptile terrarium equipped with 
a standard heating apparatus. Humidity of the thermal envi-
ronment was maintained at 65%. Temperature and humidity 
were monitored using a digital thermometer and a smart hy-
grometer used in conjunction. 

Reconstitution of chemicals: 
To assess the impact of the various chemicals, melatonin 

(Sierra Life Sciences), N-Acetyl L-Cysteine (NAC) (Bulk-
Supplements.com), quercetin dihydrate (Micro Ingredients), 
gold (Au) nanoparticles (NutriNoche), silver (Ag) nanoparti-
cles (XFNANO), and titanium dioxide (TiO2) nanoparticles 
(Alexes) were obtained from reputable vendors in powdered 
or liquid form. From a literature search, three different con-
centrations were tested for each chemical.9,21-25 The chemicals 
are mixed thoroughly into the culture media reconstituted as 
described above. Three replicates were performed for each 
chemical condition using identical 95mm polystyrene culture 
vials. Chemicals were dissolved in water as a stock solution. 
Serial dilutions were then used to create solutions of applicable 
concentrations. 

Selection of optimal chemical concentrations:
The prepared solutions were thoroughly incorporated into 

the culture media within the designated culture vials, ensuring 
uniform exposure for all experimental groups. Experimental 
groups were composed of ten flies per culture vial, with a 5:5 
male-to-female ratio. The flies were placed into 95mm poly-
styrene vials containing a culture medium supplemented with 
precise concentrations of experimental compounds. These 
vials were labeled according to their experimental conditions 
and maintained within the controlled environment. Follow-
ing the initial exposure period, the optimal concentration was 
determined for each chemical based on maximum observ-
able effects on the flies while minimizing lethality (Table 1). 
Only the optimal conditions (highest concentration with no 
observed fly fatalities) of each chemical were used for further 
studies. Vials that contained suboptimal concentrations were 

not analyzed further. This process ensured that all experiments 
utilized the most effective dosages for measurement (Table 2)

Experimental Groups: 
There are four main experimental groups used in this ex-

periment, each of which is staggered apart by a week (Figure 
2). P1 refers to the first experimental group for the parent 
generation and contains all of the individual culture vials that 
test how each chemical alone affects Drosophila melanogaster 
(Figure 2, Table 1). Three replicates were performed for each 
chemical condition. P2 refers to the second experimental group 
of the parent generation, which is subjected to a different 
combination of chemicals (Figure 2, Table 2). The combined 
conditions examine whether each nanoparticle's effect on 
Drosophila melanogaster can be mitigated by each antioxidant 
reversal compound. Due to the large number of permutations, 
only two replicates of each vial are used in P2. F1 refers to the 
first experimental group of the filial generation. F1 consists 
of the offspring of P1 that matured in an environment with 
only food and no added chemicals. The goal is to measure the 
potential transgenerational effects that each chemical has on 
the progeny after the parents were exposed to chemicals. The 
final group is F2, the second group in the filial generation. F2 
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Figure 1: Images of the experimental set up.(a) A controlled tank 
environment at 25 deg Celsius containing culture vials labelled by food 
conditions. (b) A culture vial containing food culture and Drosophila 
melanogaster.

Table 1: List of chemicals used and the concentrations tested. The 
highest concentration with no fatalities observed were used in subsequent 
experiments.

Table 2: Combinations of Antioxcidants and nanoparticles used.
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is the offspring of P2 that matured in a food-only medium 
with no chemicals. Thus, this condition examines whether the 
transgenerational effect of each nanoparticle on Drosophila 
melanogaster can be mitigated by the antioxidant reversal com-
pounds. All experimental groups contain at least one control 
vial that only contains regular food. The conditions with dif-
ferent combinations of chemicals are labeled A-I in Table 2.

Physical mobility assay: 
The locomotor activity of the flies was assessed daily for 

five days. Five randomly selected files from each condition 
were placed into a fresh empty vial, where they were allowed 
a brief acclimatization period of 5 minutes. Following accli-
matization, the vial was gently tapped so that the flies were at 
the bottom of the vial. The number of flies that successfully 
climbed to three-quarters of the vial's height within 1 minute 
was recorded. This procedure is repeated for replicates of each 
condition daily to monitor the changes over 5 days.

Fertility Assay: 
Fertility was assessed after the physical mobility assay. On 

the sixth day, all adult flies are removed from each exper-
imental group, and the larval progeny are counted to assess 
reproductive output. For the parent generation, the adults are 
placed into clean culture vials containing normal culture me-
dium and given 4 days for reproduction before being removed 
and disposed of. The new larvae in the food-only vials are giv-
en 8 days to develop into adults before being transferred, in 
groups of ten with a 5:5 male-to-female ratio, into new culture 
vials. These new cultures are the first filial generation. They 
are then assessed under the same 6-day timeline as the pre-
vious generation to assess fertility. The remaining adult and 
larva vials are disposed of. All culture vials containing flies, 
after their usage, were frozen overnight, wrapped in disposable 
paper towels, and discarded via standard disposal channels.  

� Results and Discussion
Optimization of Chemical Concentrations to be used: 
The optimal concentrations of each chemical used in the ex-

periment were determined based on the largest impact without 
fatalities. Table 1 shows all chemical concentrations tested in 
the initial exposure. Even for the beneficial antioxidant com-
pounds melatonin, NAC, and quercetin, all chemicals resulted 
in fatalities when administered in doses of high concentra-

tions. This initial exposure was done using the same flies that 
would later be assayed. Suboptimal concentrations and their 
duplicates were subsequently disposed of prior to the start 
of the experiment. The optimal chemical concentrations uti-
lized for the subsequent experiments are as follows: melatonin 
0.1mg/mL, N-Acetyl L-Cysteine (NAC) 0.1mg/mL, querce-
tin dihydrate 0.1mg/mL, gold (Au) nanoparticles 20.5ppm (or 
0.025mg/mL), silver (Ag) nanoparticles 1mg/mL, and titani-
um dioxide (TiO2) nanoparticles 0.00014mg/mL (Table 1).

Group P1 – Mobility Assay: 
In the control group of the first parent generation P1, 4 out 

of 5 flies climbed to ¾ of the tube in the mobility assay, which 
is in line with the standard geotaxis of Drosophila melanogas-
ter. Flies kept in food containing antioxidants showed a higher 
proportion of flies climbing than the control group, with mel-
atonin being the highest by far in the initial days, followed by 
NAC and quercetin. Flies in all 3 antioxidant groups showed 
better mobility performance than the control group.

For the nanoparticles, flies grown in AuNPs conditions 
performed the worst out of all conditions, with as low as an 
average of 2 displaying geotaxis during the later days of their 
testing cycle. TiO2 had similar results to AuNPs; however, it 
did not decline as rapidly in its later days. Silver had the least 
effect on Drosophila melanogaster as files in the AgNPS showed 
the highest mobility out of all 3 NPS conditions, but still low-
er than the control group (Figure 3). This was surprising as 
silver's neurotoxic effect was reported to have a significant det-
rimental effect on the flies, especially at the concentration it 
was administered.

Figure 2: Flowchart illustrating experimental procedures and naming of 
different groups of files.

Figure 3: Mobility assy of parent flies exposed to individual compounds. 
Files exposed to nanoparticles exhibit significant decreased mobility from 
control (food only) except silver. For antioxidants, no significant changes 
were observed except in the condition with melatonin.
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Group P1 – Fertility Assay: 
In the fertility assay, flies in the antioxidant groups produced 

more larvae than the control group, with the quercetin con-
dition producing the highest number of larvae, followed by 
melatonin and NAC. On the other hand, files in NPS groups 
predictably produced fewer larvae, with gold having the largest 
detrimental effect of reducing the average larvae count to 64.3 
(Figure 4).

Group P2 – Mobility Assay: 
The second experiment, done using the parent generation, 

is named P2. In this experiment, flies are exposed to different 
combinations of nanoparticles (Table 2). Flies in the different 
combinations performed similarly in the mobility assay. When 
interpreted in conjunction with the P1 data, we observed that 
despite being the most detrimental nanoparticle when ex-
posed individually, the effect of gold was greatly mitigated by 
the antioxidants. The antioxidant that was most effective in 
counteracting the oxidative stress caused by the AuNPs was 
melatonin, restoring flies’ locomotion to even above the con-
trol group during the initial days of the experiment. Following 
melatonin, the NAC, and Quercetin groups also significantly 
decreased the mobility defect from oxidative stress that AuNPs 
caused (Figures 5, 6).

TiO2 had similar results with some notable discrepan-
cies: Melatonin rescued some locomotion defects, but overall 
mobility was still lower than the control group.  NAC and 
quercetin were similar in terms of mitigation, with NAC still 
being more effective. We also observed that while the effect of 
TiO2 is mitigated by the antioxidants, the mitigation effect 
was less than what was observed in AuNPS (Figure 5,7).

The combination of AgNPs and antioxidant exposure yield-
ed the most interesting results. While there was no noticeable 
mitigation from either quercetin or NAC, the addition of 
melatonin improved mobility to almost the same extent as the 
TiO2 group, mitigated by melatonin (Figures 7, 8). This sug-
gests that melatonin might be able to counteract the effects of 
Silver due to its protective properties against neurotoxicity in 
addition to its antioxidant properties. We speculate that sil-
ver has a neurotoxic effect on Drosophila melanogaster, causing 
a decrease in fitness. This would also explain why quercetin 
consistently performed marginally better than NAC despite 
causing worse mobility in the individual conditions group, as 
quercetin has also been linked to ameliorating neurotoxic ef-
fects. This would also give an insight into the marginally worse 
performance of the antioxidants in counteracting TiO2, which 

Figure 4: Fertility assay counting larvae from parent flies exposed to 
individual compounds. Flies exposed to nanoparticles exhibit significant 
decrease from control, while flies exposed to antioxcidants exhibit a 
significant increase. Statistical analysis was performed using one-way 
ANOVA followed by post-hoc Turkey's test with ** p 0.01, ***p 0.001 and 
****p 0.0001.

Figure 5: Mobility of parent flies exposed to combinations of compounds. 
All combinations demonstrate a non-significant difference, suggesting a 
revearsal effect from the antioxidants on the detrimental effect from exposure 
to nanoparticles.

Figure 6: Mobility assay of parent flies exposed to AuNPs in combination 
with different antioxidants. The AuNPs-only group showd the lowest 
mobility, while every other combination showed a non-significant difference 
from the control. This suggests a reversal effect from the antioxidants in 
mediating the effect of AuNPs.
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has a verified neurotoxic effect as well, due to triggering neu-
roinflammation.

Group P2 – Fertility Assay: 
In the fertility analysis of P2, we observed that all Groups 

A-H showed lower larval count than the control. Group I (Ag-
NPS + Melatonin) was the only group with a larval count of 
83.5, close to the control group larval count of 84. Compared 
to other oxidants (Groups C and F), melatonin is potentially 
more effective in counteracting the negative effects of AgNPs. 
Other groups performed similarly, with larval count lower than 
the control group. Groups treated with melatonin (Groups G, 
H, I) generally showed a higher larval count (Figure 9).

Group F1 – Mobility Assay:
In the F1 group, we examined the first generation of off-

spring for mobility effects after the parent generations had 
been exposed to the individual compound. Offspring flies from 
conditions containing AuNPS, AgNPS, and TiO2 continued 
to show reduced mobility. Offspring from the AgNPS con-
dition have the lowest mobility. On the other hand, offspring 
flies from Quercetin, melatonin, and NAC showed mobility 
similar to the control group (Figure 10).

Group F1 – Fertility Assay:
In the F1 group, offspring flies from the quercetin and mel-

atonin conditions showed a noticeable increase in larval count 
compared to the control group. On the other hand, NAC 
and TiO2 conditions have larvae count similar to the control 
group. The largest decrease in larval counts was observed in the 
offspring from the AuNPS and AgNPS conditions. This sug-
gests to us that the detrimental impact of AgNPs and AuNPs 
is exerted transgenerationally on the fertility capability of the 
offspring (Figure 11). Together with the mobility assay data, 
AgNPs and AuNPs seem to exert detrimental transgenera-
tional effects on both the fertility and mobility of Drosophila 

Figure 7: Mobility assay of parent flies exposed to TiO2 NPs in 
combination with different antioxidants. The TiO2 NPs-only group showed 
the lowest mobility, while every other combination showed a non-significant 
difference from the control. This suggests a reversal effect from the 
antioxidants in mediating the effect of TiO2 NPs.

Figure 8: Mobility assay of parent flies exposed to Ag NPs in combination 
with different antioxidants. The Ag NPs-only and the Ag + NAC 
combination group showed the lowest mobility, while every other group 
showing a non-significant difference from the control. This suggests a 
reversal effect from the antioxidants, while also demonstrating silver's 
resistance.

Figure 9: Mobility assay of parent flies exposed to different chemical 
combinations. All combinations demonstrate a non-significant difference 
compared to the control, indicating a reversal effect from the antioxidants. 
Statistical analysis was performed using one-way ANOVA followed by post-
hoc Tukey's test.

Figure 10: Mobility assay of spring flies from parent flies exposed to 
individual compounds. Offspring of parents exposed to melatonin, gold, 
and titanium showed significant differences from control. Silver also 
demonstrated a significant decrease from the control. 
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melanogaster (Figures 10, 11). Melatonin and quercetin, on the 
other hand, also have a transgenerational impact, with mela-
tonin affecting fertility and mobility, and quercetin impacting 
mainly fertility (Figures 10, 11).

Group F2 – Mobility Assay: 
In the F2 group, we examined the first generation of off-

spring for mobility effects after the parent generations had 
been exposed to combinations of different compounds (Fig-
ure 12). The F2 group yielded interesting and exciting results. 
While the Au nanoparticles performed lower in the F1 group, 
all groups treated with antioxidants performed similarly to the 
control group in mobility assays (Figure 13). For both AuNPs 
and TiO2 nanoparticles conditions, offspring flies exhibit a 
higher performance in mobility with all three antioxidants 
(Figures 14, 15). Despite not demonstrating a clear trans-
generational impact on F2 flies, TiO2 still scored lower in all 
categories when compared to the antioxidant-treated vials in 
F2. AgNPs were the only nanoparticles that seemed to dis-
play persistent effects despite being treated with antioxidants. 
Both the quercetin and the NAC-treated silver groups showed 
no discernible improvements in mobility. However, the mela-
tonin-treated groups did score very close to the control group 
in mobility assessments. These results are significant because 
they suggest a clear reversal of the transgenerational damage 
caused by every nanoparticle. This data suggests that the an-
tioxidants tested can reverse the transgenerational damage 
caused by both titanium and gold nanoparticles, while mel-
atonin appears to have the unique ability to counteract the 
effects of silver nanoparticles, likely due to its research link to 
counteracting neurotoxic effects (Figures 12, 13, 14, 15).

Figure 11: Fertility assay of offspring flies from parent flies exposed to 
individual compounds. Flies from parents exposed to nanoparticles exhibit 
a significant decrease from control, except for TiO2 NPs. Flies from parents 
exposed to antioxidants exhibited a significant increase from the control, 
except for NAC. Statistical anlaysis was performed using one way ANOVA 
followed by post-hoc Tukey's test with ***p<0.0001.

Figure 12: Mobility assay of offspring flies from parent flies exposed to 
combinations of chemicals. All combinations except C, F, and G demonstrate 
a non-significant difference compared to control, suggesting a reversal effect 
from the antioxidants. Conditions C, F, and G showed a significant decrease 
from the control. Statistical analysis was performed using one-way ANOVA 
followed by post-hoc Tukey's test.

Figure 13: Mobility assay of offspring flies from parent flies exposed 
to AuNPs in combination with different antioxidants. The AuNPs-only 
group showed the lowest mobility, with other combinations showed a non-
significant difference from the control. This suggests a reversal effect from 
the antioxidants.

Figure 14: Mobility assay of offspring flies from flies exposed to AgNPs 
in combination with different antioxidants. The AgNPs-only group showed 
the lowest mobility. Other combinations except for Melatonin showed a 
significant decrease from the control.
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Group F2 – Fertility Assay: 
In the F2 group, offspring flies from the TiO2 groups, when 

combined with NAC and Melatonin (Figure 16, Conditions 
A and G), showed a recovery of fertility, while the combina-
tion with Quercetin did not (Figure 16, Condition D). The 
offspring flies from the AuNPs group in combination with 
NAC and quercetin (Figure 16, Conditions B and E) exhibit-
ed recovered fertility compared to the control group. AuNPs in 
combination with melatonin did not show a recovery in fertil-
ity rate (Figure 16, Condition H). Lastly, offspring flies from 
AgNPs, when in combination with quercetin and NAC (Fig-
ure 16, Conditions C, F), did not show any recovery of fertility. 
However, the exposure of melatonin in combination with Ag-
NPs results in a fertility rate close to that of the control group.

� Results and Data Analysis
In our studies, we observed that each nanoparticle has ex-

erted a detrimental effect on both the mobility and fertility of 
Drosophila melanogaster. Residual effect was still observed in 
the next generation on mobility, and to a lesser extent, fertility. 
Interestingly, the reverse was observed on antioxidant com-
pounds. Antioxidants improved both mobility and fertility 
in the parent flies, and quercetin and melatonin continued to 
have that beneficial effect on the offspring’s fertility.  

Figure 15: Mobility assay of offspring flies from parent flies exposed to 
TiO2 NPs in combination with different antioxidants. No combinations 
showed any significant difference from the control.

Figure 16: Fertility assay of offspring flieds from parent flies exposed 
to different chemical combinations. All combinations demonstrate a 
nonsignificant difference compared to the control, suggesting a reversal effect 
from the antioxidants.

When nanoparticles and antioxidants were studied in 
combination, our data strongly suggest that AgNPs have the 
strongest detrimental impact on mobility and fertility. AuNPs 
and TiO2 also exert a detrimental effect, but not to the ex-
tent of AgNPs. NAC and quercetin were unable to reverse the 
detrimental effect in both mobility and fertility assays, even 
though they were able to do so when combined with TiO2 and 
AuNPs. Melatonin was the only antioxidant that exhibited a 
reversal effect on the negative impact of AgNPs.

Data was analyzed for statistical significance using one-way 
ANOVA of the trial averages of each replicate. Each replicate, 
using the mean across the trials, was assessed on its signifi-
cance from the control groups using Tukey’s post-hoc test. For 
analyzing the fertility assays, due to the single-time measure-
ment nature of that assay, all raw data were utilized in the data 
analysis. This data analysis was conducted using a significance 
level (α) of 0.05.

The data analysis also brought irregularities in the parent 
generations’ results forward, such as silver performing unusu-
ally high in the P1 mobility assay than what would be expected 
when compared to its results in the other assay. Error bars were 
calculated using n=5.

The results of this data analysis primarily supported our in-
terpretation of the results. Individual conditions demonstrated 
significant differences from the control for all of the nanopar-
ticles across both types of assays, while the positive effect of 
the antioxidants was primarily insignificant in the mobil-
ity assays, except for melatonin, which appeared statistically 
significant in both mobility assays. All chemicals tested were 
significant in at least one of the two fertility assays. Conversely 
to the individual conditions, the combined condition assays 
demonstrated little significant difference from the control in 
mobility, and none in either generation for fertility. The out-
liers in mobility were groups C (Silver + NAC), F (Silver + 
Quercetin), and G (TiO2 + Melatonin), as discussed earlier. 
These results verify our hypothesis and previous postulations 
as they indicate a clear reversal effect from the antioxidants.

Limitations and Further Experimentation: 
These experiments were performed in an informal, at-home 

lab setting with experimental materials limited to commer-
cially available resources. This experiment was conducted on 
a tight 7-week schedule and thus was limited to observing 2 
generations of Drosophila melanogaster. While this setup al-
lowed us to observe and measure the behavior of Drosophila 
flies, we were unable to perform any genetic or biochemical 
experiments to follow up on our observations. The lack of 
microgram-precise measuring tools also made it difficult to 
measure the exact concentrations of all of the vials. We impro-
vised by reconstituting a concentrated solution before further 
serial dilution. Therefore, we need to keep in mind that there 
might be variations resulting from this technical issue. Finally, 
it is important to note that none of the tests are perfect mea-
surements of the physical or reproductive health of Drosophila 
melanogaster and are subject to both human and experimental 
variation. 

Nonetheless, our observations brought up some interest-
ing questions for future experiments. Further experiments 
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on this topic will include an expanded scope of nanoparticles 
and reversal compounds while also studying transgenerational 
impacts across more than 2 generations. If the scope of an-
tioxidants tested were expanded, it would be interesting to 
test compounds reported to alleviate neurotoxic effects. Fur-
thermore, our data raises interesting follow-up questions on 
whether Drosophila genetic variations would give flies an edge 
in survival: Are there any genetic mutations that would allow 
flies to resist nanoparticles’ detrimental effect, or enhance the 
beneficial effect of antioxidants? Advancing this topic into gene 
analysis can give us an insight into genetic variation in flies, 
and the results are potentially translatable to human health. 
Finally, our data identified a few compounds with a significant 
impact on Drosophila health, such as silver nanoparticles and 
melatonin. Further studies can include biochemical assays to 
identify the exact cellular pathways through which these com-
pounds exert their effect.
� Conclusion
This study further verifies the significant impact that the 

tested nanoparticles exhibit on the mobility and fertility of 
Drosophila melanogaster, as well as the potential for mitigat-
ing these effects exhibited by the tested antioxidants. Gold, 
silver, and titanium dioxide nanoparticles exhibited detrimen-
tal effects on both fertility and mobility, with Gold and silver 
demonstrating transgenerational impacts. The antioxidants: 
melatonin, quercetin, and NAC all demonstrated a positive 
effect on these metrics, with melatonin demonstrating these 
effects transgenerationally.

Notably, the results of the second generation of flies sug-
gest that treatment with the tested antioxidants can reverse 
transgenerational impacts in the nanoparticles tested, with 
melatonin being especially effective, as it was the only antiox-
idant to counteract the damaging effects of every nanoparticle 
tested. These findings highlight the potential for antioxi-
dants to counteract the long-term biological consequences of 
nanoparticle exposure. However, considering the limitations of 
this study, including an informal lab setting, lack of genetic 
analysis, and restricted generational scope, further research is 
necessary. Future research might expand the range of nanopar-
ticles tested, assess genetic influences, and expand the analysis 
to cover more generations. These studies would help to better 
understand the long-term implications of nanoparticle expo-
sure.

In summary, this research has offered some valuable insights 
into the interplay between oxidative stress and neurotoxicity 
in the physical and reproductive health of Drosophila melano-
gaster, but given its informal nature, it is my personal opinion 
that further and more thorough research would be beneficial 
in investigating how to mitigate transgenerational toxicity in 
living organisms.
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ABSTRACT: The paper examines the impact of the completion of a new urban rail transit (URT), Line 6, on nearby 
community housing prices between 2011-2014 in Beijing, well ahead of the Chinese government’s repression of speculative 
housing investments and the fall of China’s newborn in 2016, the government restriction on developers’ leverage ratio in 2020, 
and the structural decline of China’s total population in 2022. It estimates empirically the pulling effect of the completion of a 
new urban rail transit on the average housing prices of the communities along the route. The conclusion, with the integration 
of the hedonic pricing method (HPM) and the difference in difference (DiD) method, is that the completion of subway Line 6 
has a significant impact on nearby communities' housing prices. In addition, the difference between walkable and non-walkable 
distances is evaluated, and the clustering effect is refuted. Finally, the difference in impact among urban, semi-urban, and suburban 
areas is quantified with the finding that the completion of a new subway has the most significant impact on the communities 
in semi-urban areas. Based on the findings, advice in urban planning for other big cities with large populations in fast-growing 
economies is provided.  

KEYWORDS: Behavioral and Social Sciences, Sociology and Social Psychology, Urban Rail Transit (URT), Housing Price, 
Urban Planning.

�   Introduction
Although it seems apparent that the addition of a public 

transport line will increase the land value along its route, given 
residents’ reduced cost of commute and improved accessibility 
to the central business district (CBD), it is critical to differenti-
ate between correlation and causality. Whether the completion 
of a new subway fosters more economic activities and then 
causes higher housing prices or economic development is the 
key driver behind the subway construction and housing price 
appreciation remains unclear. In our examination, we try to 
identify and quantify the cause and the result, and we inten-
tionally exclude the first and last stations of the subway line 
that we examine to remove the excess distortion due to specu-
lations on government policy announcements.

Our particular interest in this topic resides in its quantitative 
evaluation of the impact of public transportation investment 
on the urban economy. As of the end of 2024, there are 50 cities 
in the world that have a population of above 7 million, about 
2/3 (34 cities) of these cities are in Asia, among which 56% (19 
cities) are outside of China. With the fast population growth in 
Southeast Asia and the further urbanization of rural migrants 
in these economies, lessons learned from China’s fast urbaniza-
tion period are relevant. Where and how a limited fiscal budget 
should be invested to maximize the outcome and benefit most 
people are puzzling questions facing all policy makers and ur-
ban planners. Our research provides a reference for decision 
makers on these issues.

Another reason for our study is the limited number of com-
parable studies for Mainland China, particularly during the 
specific period examined, right after the completion of a new 
subway line. There are, however, plenty of empirical analyses 

done across many developed countries. Just to name a few, Bal-
dassare1 examined the impact of transit rail on the nearby land 
value based on social elements and environmental attributes, 
while Prior2 and Riley3 investigated property value along the 
new Joban line in Tokyo and the London Metro Jubilee exten-
sion, respectively.

Among the China-focused research, Xiao, Webster, and 
Orford4 explored the linkages between urban configuration 
(including the subway network) and micro-level house price 
movement, taking the case of the city of Nanjing. The paper 
employed a spatial-network analysis method to track chang-
es in transport accessibility and implied a generally positive 
relationship between accessibility and property prices and a 
negative relationship where spillover effects led to new con-
gestion hot spots. Tan, Zhao & Li5 found that the opening of 
new subway stations has led to significant increases in subway 
usage, trip duration, and trip distance within a 2000-m radius, 
and that commuting trips have been more affected than home-
based non-commuting trips.

Lai6 investigated the factors influencing housing prices in 
Beijing using a multiple linear regression model (MLR) and 
found that subway accessibility positively correlates with 
housing prices, while increased square footage is negatively 
associated with price. The paper suggests that smaller homes 
with better subway access are more valuable. Wang7 discussed 
how urban rail transit has influenced China's urban spatial 
structure and real estate supply, and produced externalities on 
real estate value. The impact of rail transit on housing prices 
shows a trend of first increasing and then decreasing, depend-
ing on the distance from the subway stations.
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In our study, we combined the Hedonic Price Model 
(HPM) and Difference in Difference (DiD) method to cap-
ture the price changes in the housing market along the new 
subway line, with particular comparisons between the prior 
and post-completion period, which will be discussed in more 
detail in the later sections.

The Beijing Subway started operations in 1969 and is a 
rapid transit rail network that serves the urban and suburban 
districts of Beijing. As of 2024, the network has 29 lines, 522 
stations, and 879km of track in operation. Beijing’s population 
increased 2.2 million from 19.6 million in 2010 to 21.8 million 
in 2015, and has been range-bound between 21.5-22.2 million 
thereafter. As the capital of China with ~3000 years of history 
and the best education and healthcare resources in the country, 
the stagnation of its population growth was a result of gov-
ernment intentional control since 2015 and the roll out of the 
construction plan of the Xiongan city, a completely new city 
120 km from Beijing, to help promote regional development, 
disperse Beijing’s non-capital function, and ease the pressure 
of Beijing.

The average housing price in Beijing was close to RMB 
20,000/sqm in 2011, RMB 30,000/sqm in 2015, RMB 
40,000/sqm in 2020, and RMB 45,000/sqm in 2024. The pe-
riod we examined, between 2011 and 2014, was less affected 
by speculative investments, government-engineered lending 
crackdowns, or population control. By the end of 2014, the 
Beijing subway network had 23 lines, 340 stations, and 527 km 
of track in operation, and was one of the most loaded in the 
world at 3.4 billion trips per year, averaging 9.3 million per day. 
The existing network still could not sufficiently meet the city's 
mass transportation needs, and the government funded expan-
sion planned for a 1/3 of extension in subway track length by 
2015 and another 1/3 by 2020.

Beijing Subway Line 6 is a rapid transit rail line connect-
ing the west and the east of the city, running north of and in 
parallel to Line 1, the oldest subway line in Beijing, to ease 
the congestion of the latter. Stage I of Line 6 extends between 
Wuluju Station in Haidian District in the west to the Cao-
fang Station in Tongzhou District in the east, spanning 20 
stations and 31km. It officially started operation on December 
30, 2012. Stage II extends to the east, further from Caofang 
station to Lucheng station in Tongzhou District, adding 8 sta-
tions and 12km. It officially started operation on December 
28, 2014. Stage III extends to the west from Wuluju station 
to Jinanqiao station in Shijingshan District, adding 6 stations 
and 10.6km, and started operation on December 30, 2018, 
while Stage IV extends further to the east to Pinggu District 
and started operation on December 31, 2021. As of the end of 
2024, Line 6 has 35 stations in total and spans 53km. It is one 
of the key subway lines in Beijing. Six additional lines were 
built in Beijing after 2014.

The period we examined covers the completion of Stage I 
and the ramp-up of Stage II. The focus of our research is the 
causal effect of the completion of a new subway line on eco-
nomic development. Instead of macro variables such as GDP 
per capita or GDP, we chose micro factors contributing to 
house prices as proxies for the impact of government infra-

structure investments. There are three main reasons for doing 
so. First, GDP is an assessment of overall economic output; it 
cannot reflect in detail the segmented economic development 
driven by a particular subway line completion. Second, the 
Tiebout8 model on local public finance claims that the quality 
of local public service, including public transportation, is capi-
talized into the housing prices through households' residential 
location decisions. Third, the housing prices we use are sup-
ported by market data and are more reliable.

�   Theoretical analysis
Travel costs, as measured by availability and convenience 

of transport, transportation expenses, and travel time, are 
the key elements that urban transit affects house prices. R. F. 
Muth9 developed a theoretical framework to understand how 
households maximize their utility given their income and 
transportation costs. His framework explains the spatial dis-
tribution of population and housing within urban areas and 
shows that the location of a dwelling unit depends on the 
trade-off between transportation expenses and housing ex-
penses.

W. Bruce Allen’s study10 examines the impact of the New 
Jersey Transit System on housing prices in the Philadelphia 
metropolitan area. Using the hedonic pricing model, his study 
finds that housing prices increase significantly with proximity 
to transit stations. Specifically, it reveals that for each dollar 
reduction in transportation expenses, housing values increase 
by approximately $149 (in 1971 dollars). The increase is at-
tributed to the time savings and convenience provided by the 
transit system.

So, Tse & Ganesan11 discovered in their study of the Hong 
Kong housing market that increased transportation facility 
enhances access to employment, and help stimulate economic 
activities through the large stream of people brought by the 
subway, forming new shopping complexes and offering extra 
job opportunities. The model includes structural, physical, and 
environmental attributes, and reveals that the accessibility of 
public transportation is highly valued by residents and is re-
flected in higher housing prices.

Another important factor is the location of the dwelling unit 
in the city, whether it is in the Central Business District (CBD) 
or a suburban area. Li H, Wei Y, Wu Y, & Tian G12 examined 
the spatial variations of housing prices in Shanghai, focusing 
on the relationship between housing prices and distance to the 
CBD. The results show that housing prices generally decay 
with an increase in distance from the CBD. The study also 
highlights the impact of accessibility and service amenities on 
housing prices.

Stegman,13 who researched the construction of a railway 
in San Francisco on the housing price, found that properties 
closer to Bay Area Rapid Transit (BART) stations experienced 
significant increases in value, reflecting the capitalization of re-
duced travel costs and improved accessibility. Separately, Rena 
Sivitanidou14 pointed out that the degree to which the Rail 
Transit in Los Angeles affects the commercial property value 
varies from major CBD to minor CBD.
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Other mechanisms of the subway’s impact on house pric-
es involve commercial speculation and irrational expectations. 
This is most obvious in the case where housing price expe-
riences an abrupt increase upon the announcement of a new 
subway line passing through the neighborhood. DeFusco A, 
Nathanson C, & Zwick E.15 finds, from 50 million home sales 
during the last U.S. housing cycle, that cities with larger specu-
lative booms have sharper increases in unsold listings as the 
market turns, and more severe busts.

� Model and Data
Baseline Model:
In our baseline model, we combine the HPM and the DiD 

method.
Hedonic price analysis is a technique that studies the de-

mand side of housing, assuming that a property is sold as a 
package of inherent attributes (Rosen16). Hedonic prices are, 
in fact, the implicit valuations of the characteristics of the 
housing unit, such as quality, location, etc., which influence 
the market price of the house, and the implicit prices can be 
estimated by regression analysis. The model is particularly use-
ful in understanding how consumers value different attributes 
and how these values are reflected in market prices.

The Difference in Difference method is a statistical tech-
nique used to evaluate the causal effect of a treatment or 
intervention by comparing the changes in outcomes over time 
between a treatment group and a control group. The method 
involves calculating the difference in outcomes between the 
treatment and control groups before and after the interven-
tion. The basic idea is to isolate the effect of the treatment by 
comparing the changes in outcomes for the treatment group 
relative to the control group.

Based on the hedonic hypothesis, we first pinpoint the char-
acteristics that significantly affect the average house price in 
a specific community, and then compare the difference in the 
house prices between the control group and the treatment 
group, before and after the subway's operation. In the baseline 
model, the treatment group includes all the communities near 
the subway station (within 1.5 km), and the control group con-
sists of randomly picked communities, which are far from the 
subway Line 6 and do not have any newly established subway 
stations nearby during the time period.

Our baseline model is described as follows: 
log (Pit) = β0 + β1Treatedi * Postt + β2Postt + δZi + εit

Pit is the dependent variable, and the average house price 
(per square meter) of community i in year t. The key inde-
pendent variables include: 1) Treatedi, the dummy variable for 
the treatment group: 1 for the communities near the subway 
station and 0 for those far away and unlikely to be influenced 
by the subway line. 2) Postt, the dummy for the subway's op-
eration: 1 if later than December 30, 2012, and 0 if earlier. 
3) Zi, a vector of community characteristics attributing to the
house price, among which a) Ageit, is measured by the years
from the establishment of community i to year t; b) Busi, is the
total number of bus lines within 1 kilometer; c) CBDDisti, is
the Euclidean distance from the community to the CBD; d)

Floori is the average floor numbers; e) D1i, D2i, D3i, D4i, are 
the dummy for 4 house types, tower-type, slab-type, bungalow 
and courtyard; f ) Schooli is the dummy for school district; g) 
Transi, is the dummy for transfer station: 1 if the nearest sub-
way station is a transfer station and 0 if not. Lastly, εit is the 
error term.

The data employed in this research were obtained from 
established real estate agent companies and websites. The 
housing attributes were collected through on-site observations 
and surveys. The sample size is 422 communities, over 4 years 
from 2011 to 2014. 

The model measures the effect of the completion of the new 
subway Line 6 on the treated communities. β₁ measures the 
difference between the controlled group and the treatment 
group. β₂ measures the common trend of house prices among 
all the communities during the period; vector δ measures the 
house characteristics' impact on house prices.

Main caveats:
We highlight two main caveats of our baseline model. 
First, the factors we examine are not complete: other hedonic 

pricing models could also incorporate additional characteris-
tics that are positively correlated with house prices, such as 
the garage size, parking area, hospitals nearby, etc. As a result, 
the OLS (Ordinary Least Squares) estimators can be up-bi-
ased. However, during the first two decades of the 21st century, 
particularly in Beijing, location factors were extraordinarily 
significant in housing prices, and the other living conditions’ 
impacts were subdued. In fact, since the commercial housing 
reform in 1998 in China, the apartments built during a cer-
tain period mostly have similar features and living conditions, 
thus most of the omitted attributes related to the communi-
ty's quality can be reflected by the house age. Given that it is 
impossible to include all the characteristics in our model, we 
interpret our estimates as the upper-bound effect of the sub-
way on house prices. 

Second, the most likely limitation on the Hedonic pricing 
model is multicollinearity. Multicollinearity refers to a situa-
tion where two or more independent variables in a regression 
model are highly correlated with each other. This can lead to 
unstable and unreliable estimates of the regression coefficients, 
distort the estimated implicit prices of housing attributes, and 
make it difficult to accurately assess the impact. As Butler17 

comments, one is unlikely to find a fourteen-bedroom proper-
ty with only one bathroom and vice versa! However, whether 
multicollinearity is an issue in concluding any given data set 
can only be tested statistically.

� Results and Discussion
A. Descriptive Statistics:
Tables 1 and 2 display the descriptive statistics of all the

variables used in our empirical analysis, listing the descriptive 
results of the communities along the subway line (treatment 
group in the baseline model) and off the subway line (control 
group), respectively.
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factors, including improved accessibility, reduced commuting 
costs, and enhanced neighborhood desirability. We first exam-
ine the completion of Line 6's impact on average house prices. 
Table 3 shows the time series regression result of our baseline 
model.

As shown in Table 3, columns 1-3, we apply the model 
using the data of 2012 and 2013, 2011 and 2014, and 2011-
2014, respectively, to balance between the pre-treatment and 
post-treatment periods. Not surprisingly, we find positive and 
significant (1% level) coefficients of the Post*Treated term, 
which indicates that the completion of the new subway line 
causes the house price to go up by 40.1% from 2012 to 2013, 
and 34.2% from 2011 to 2014. The immediate price jump was 
mainly due to buyers' irrational expectations and herding be-
havior, while the milder long-run appreciation mainly resulted 
from the improved convenience. 

From the hedonic pricing model statistics, we conclude that, 
when determining the house prices, all the following charac-
teristics play a significantly important role: distance to CBD, 
house age, whether in a school district, whether near a trans-
fer station, floor number, and the number of bus lines around. 
With regard to the house type, whether it is tower-type, slab-
type, or bungalow, does not matter, but given all other factors 
are the same, courtyard houses have significantly higher prices 
(around 70% higher).

     Notes: Standard errors in parentheses ***p<0.01, **p<0.05, *p<0.1

As shown in the exhibits, the average housing prices kept ris-
ing for both groups, but the treatment group's price rose faster. 
The average house price of the control group in Table 2 rose by 
5.2%, 10.3%, and 9.6% in 2012, 2013, and 2014, respectively. 
It is in line with the common trend of house prices in Beijing. 
However, the treatment group's price in Table 1 rose sharply 
from 2012 to 2013, specifically 33.1%, as the subway began 
to operate on December 30, 2012. This timing aligns closely 
with the theoretical expectation outlined in our analysis. The 
housing price growth rate in the treatment group slowed down 
dramatically from 2013 to 2014, to approximately 2.5%, even 
slower than the common trend. It is probably due to buyers' 
overreaction in the previous year, so there likely exists a mean 
reversion process.

B. Pulling Effect on House Prices:
The "pulling effect" of subways on urban housing prices re-

fers to the phenomenon where the construction and operation 
of subway lines significantly increase the market value of near-
by residential properties. This effect is driven by several key 
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Table 1: Descriptive statistics of key variables (along subway communities). 
This table presents the summary statistics of the key characteristics of the 
communities along Beijing subway line 6. House Price 2011-2014 are the 
average house prices (RMB per square meter) of each community in each 
year. The distance to Subway is walking distance from the community center 
to the nearest subway station, measured by Google Maps in meters. Distance 
to CBD is the Euclidean distance from the community to Beijing's Central 
Business District (CBD) area measured in kilometers. House Type is a four-
indicator variable, equal to one if the main building type of the community is 
tower, slab, bungalow, or courtyard, respectively, and zero if otherwise. Year of 
Build is the year when the community was built. Floor Number is the average 
number of floors across all the buildings in the community. The sample 
includes all communities along subway line 6 provided by the real estate agent 
companies. The data span from 2011 to 2014.

Table 2: Descriptive statistics of key variables (off subway communities). 
This table presents the summary statistics of the key characteristics of the 
communities in the control group, which are located off the subway line 6. 
Variable definitions are the same as Table 1.

Table 3: OLS estimation of the completion of the new subway on housing 
prices based on time series. We find positive and significant (1% level) 
coefficients of the Post*Treated term, which indicates that the completion of 
the new subway line causes the house price to go up by 40.1% from 2012 to 
2013, and 34.2% from 2011 to 2014.
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     Notes: Standard errors in parentheses ***p<0.01, **p<0.05, *p<0.1

For this particular analysis, we apply a discrete treatment 
method to the communities along the new subway line and use 
the baseline model again. The treatment groups are <200m, 
<400m, <600m, <800m, and <1000m, respectively, in Table 4, 
columns 1-5. We try to examine the difference in price change 
between the treatment group and the control group. However, 
our empirical results contrast with the common-sense cluster-
ing effect.

The Post*Treated term in these five regression results is 
not statistically significant, which means there is not much 
difference in the price change between the walkable and 
non-walkable distances. The Post terms indicating the com-
mon trend, however, are all significant at the 1% level, which 
implies that the completion of the new subway line has a very 
positive spillover effect on many nearby communities, even 
beyond the walkable distance. The spillover effect may come 
from the increased productivity and the prosperity of com-
merce in the communities.

D. Distance to CBD and Decentralization Effect:
We also examine the completion of the new subway line 

in urban areas, semi-urban areas, and suburban areas, defined 
by their distance to the Central Business District. In partic-
ular, in columns 1-5 of Table 5, we run the regression for the 
communities whose distances to the CBD are: <5km, 5-10km, 
10-15km, 15-20km, and >20km, respectively.

C. Clustering Effect vs. Spillover Effect:
The clustering effect of urban rail transit refers to the ten-

dency of economic activities, population, and development to 
concentrate around rail transit stations. The spillover effect of 
urban rail transit refers to the unintended consequences or im-
pacts that the URT system has on surrounding areas, including 
land use, economic activity, and environmental conditions. 
These effects can be both positive and negative, influencing 
property values, urban development, and overall economic 
growth. 

The common assumption is that the completion of a new 
subway line can mostly affect the house price of the commu-
nities within the walkable distance (0.8 km) of the subway 
stations, because most people in the nearby communities tend 
to walk to the stations instead of driving there, while people 
owning private cars are unlikely to take the subway. People 
could also take buses to the subway stations, but those taking 
buses would then not live within 1.5 km of the stations. 

As the supporter of this perspective, Heenan18 investigated 
the clustering effect of urban rail transit, stating that as the 
distance increases, the houses beyond the walkable range may 
even experience a price decline, because buyers prefer houses 
within walkable distance, and the demand for outer houses will 
drop. The study discusses how rapid transit systems can lead to 
more efficient urban growth patterns and encourages develop-
ment in areas with easy access to transit. Empirically, Cockerill 
and Stanley19 confirmed Heenan's theory that the urban rail 
transits only have a significant influence on the price of the 
houses within 0.8 km of the stations.
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Table 4: OLS estimation of clustering/spillover effect based on distance to 
subway station. The Post terms indicating the common trend are all significant 
at the 1% level, which implies that the completion of the new subway line has 
a very positive spillover effect on many nearby communities, even beyond the 
walkable distance.

Table 5: OLS estimation of the completion of the subway line’s effect on 
house prices based on distance to the CBD. In urban areas (< 5km to CBD), 
the completion of a new subway line's pulling effect on house prices is the 
lowest (19.3%). In a semi-urban area (5-15km to CBD), the effect is most 
significant (42.1% for 5-10 km and 34.8% for 10-15 km). In a suburban area 
(>15 km), the effect falls again (20.4% for 15-20 km and 17.1% for >20 km).

ijhighschoolresearch.org



	 50	

     Notes: Standard errors in parentheses ***p<0.01,**p<0.05,*p<0.1

As shown in Table 5, in urban areas (< 5km to CBD), the 
completion of a new subway line's pulling effect on house 
prices is the lowest (19.3%). In a semi-urban area (5-15km to 
CBD), the effect is most significant (42.1% for 5-10 km and 
34.8% for 10-15 km). In a suburban area (>15 km), the effect 
falls again (20.4% for 15-20 km and 17.1% for >20 km). 

For urban areas, the transportation system, as well as other 
value-added amenities, is already well developed; thus, adding 
a new subway line does not have much impact. For suburb, 
residents’ purchasing power is lower, and buyers’ expectations 
for price appreciation are modest. In a semi-urban area, wage 
earners' residential density is extremely high. As such, people's 
demand for a cheap and convenient transportation system is 
correspondingly high. Thus, the completion of a new subway 
line has the most significant spillover effect on semi-urban ar-
eas.

�   Robustness Test 
First, we pointed out earlier that multicollinearity is an un-

avoidable common problem in the hedonic pricing model. 
We test for collinearity of our model using the variance in-
flation factor (VIF) method, which measures how much the 
variance of an estimated regression coefficient is increased due 
to multicollinearity. A VIF value greater than 10 is generally 
considered indicative of a multicollinearity problem. Table 6 
shows the test result of VIF, a range from 1.02 to 1.9 (less than 
10), which suggests that multicollinearity is not a significant 
issue in our case.

Next, we conduct a homoscedasticity check of our mod-
el using the Cook-Weisberg test. Homoscedasticity is an 
assumption in linear regression models that the variance of 
the error terms is constant across all levels of the independent 
variables. This assumption is crucial for the validity and re-
liability of regression analysis. Violations of homoscedasticity, 
known as heteroscedasticity, can lead to biased standard errors 
and unreliable statistical inferences. The Cook-Weisberg test 
is a statistical test used to detect heteroscedasticity in a linear 
regression model. The results show that our regressions are all 
heteroscedastic. 

We repeated our regressions using the White20 heteroscedas-
ticity correction, with the results shown in Table 7. The White 
heteroscedasticity correction is a method used to adjust the 
standard errors of the regression coefficients in the presence 
of heteroscedasticity. This correction ensures that the stan-
dard errors are robust to the presence of non-constant variance 
in the error terms, thereby providing more reliable statistical 
inferences. By comparing Table 3 and Table 7, we can draw 
similar conclusions. Therefore, despite the heteroscedasticity, 
the analysis results still hold.

    Notes: Standard errors in parentheses ***p<0.01,**p<0.05,*p<0.1

�   Conclusion and Policy Implications 
Our regression analysis results show that the completion of 

the new subway Line 6 has a very significant pulling effect on 
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Table 6: Multicollinearity test - VIF method. This table examines whether 
the variables used in the regression analysis exhibit multicollinearity using the 
Variance Inflation Factor (VIF) test. The VIF of each variable is equal to the 
inverse of (1 - R-squared), where R-squared is the coefficient of determination 
when regressing the variable on all other variables. A VIF value of 1 
demonstrates no multicollinearity, above 5 or 10 suggests a multicollinearity 
problem that leads to unreliable regression output. A range from 1.02 to 1.90 
suggests that multicollinearity is not a significant issue in our case.

Table 7: Heteroscedasticity correction. This table presents the same regression 
output as in Table 3 but relaxes the homoskedasticity assumption. To address 
the fact that residual terms in the regression are potentially heterogeneous 
across communities, we use the heteroskedasticity-robust standard errors 
developed by White to test the statistical significance of regression coefficients. 
The standard errors are reported in parentheses. ***p<0.01, **p<0.05, *p<0.1. 
By comparing Table 3 and Table 7, we can draw similar conclusions. Therefore, 
despite the heteroscedasticity, the analysis results still hold.
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the communities along its route. In addition, the pulling effect 
is approximately the same within 1.5 km, no matter whether 
the community is located within walking distance (0.8 km) or 
not, which is contrary to the clustering effect and implies the 
subway station’s high spillover effect. Lastly, the completion of 
a subway line has the most significant impact on the housing 
prices in the semi-urban areas. 

With regard to policy implications, we summarize some pre-
vious studies below for reference. 

On planning and financing urban transit investment, Ma, 
Ye & Titheridge21 find that properties near rail transit stations 
command a price premium of around 5%, with this effect being 
more pronounced in suburban and low-to-middle-income ar-
eas, where premiums can reach up to 10%. The study concludes 
that rail transit investment can effectively reshape urban spatial 
structures and suggests that a "rail + property development" 
model could be a viable financing solution for rail transit proj-
ects in China. 

In addition, Yang’s findings22 reveal the significantly positive 
effect of improved transport accessibility on property prices, 
with notable variations across different cities and transport 
modes. The research highlights the importance of integrat-
ing environment-friendly transport into urban planning to 
enhance property values and promote sustainable urban de-
velopment. It also suggests that value capture schemes can be 
effective in financing urban infrastructure investments. 

On the relationship between urban planning and transporta-
tion infrastructure development, Pan & Li’s study23 underscores 
the role of urban spatial structure in determining property 
values, suggesting that areas with better connectivity and in-
frastructure tend to have higher property prices. The results 
highlight the importance of integrating urban planning and 
transportation infrastructure development to enhance property 
values and promote sustainable urban growth. 

Yang, Chen, Xu, Zhao, Chau & Hong’s study24 indicates 
that the impact of rail transit on property prices is not uniform 
across the city, with some areas experiencing more significant 
price increases than others. This spatial heterogeneity suggests 
that urban planning and value capture strategies should con-
sider local context and characteristics to maximize the benefits 
of rail transit investments. The study underscores the need for 
tailored approaches to urban development and transit planning.

Similarly, Costa, Sonnenschein & Zheng’s study25 examines 
the effects of subway expansions on the geographic concentra-
tion of consumer amenities in four global cities. It highlights 
that subway expansions can exacerbate spatial disparities with-
in cities, as some areas may experience significant benefits 
while others see little to no improvement. It underscores the 
importance of considering spatial heterogeneity in urban plan-
ning and transit development to ensure equitable distribution 
of opportunities. 

Lastly, in terms of technical suggestions, Li & Huang’s 
findings26 confirm that rail transit accessibility positively im-
pacts housing prices, with a higher premium observed in areas 
with more mixed land uses. They suggest that transit-oriented 
development (TOD) strategies can effectively enhance prop-
erty values by improving transit accessibility and promoting 

mixed-use development. The study also provides policy rec-
ommendations for TOD planning and land value capture near 
transit stations. 

Hu’s research,27 on the other hand, finds that proximity to rail 
transit stations generally increases housing prices and reduces 
dwelling sizes, particularly in suburban areas. This suggests that 
rail transit investments can influence urban spatial structures 
by encouraging denser development near stations. The findings 
highlight the importance of government policies in promoting 
small-sized and affordable housing around suburban stations 
to maximize the benefits of rail transit investments. 

According to the Tiebout model, the level of public goods 
provision is capitalized into the house prices. With budget 
constraints, urban planners aim to maximize social welfare, and 
house price is an effective indicator of the impact of public 
transit spending. Our empirical findings suggest that the sub-
way network in Beijing could be more decentralized. Instead of 
too many subway lines crossing the downtown, building more 
subway lines leading to the semi-urban centers will have the 
most effective outcome. Our findings have significant impli-
cations for urban planning decisions in other fast-expanding 
metropolitan areas.
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ABSTRACT: The global opioid crisis has raised the critical need for effective, safe treatment for opioid use disorder (OUD) 
with minimal side effects. Central to this research are opioid receptors and signaling mechanisms that influence pain relief, reward, 
and addiction. This review examines the connection between opioid receptors and OUD, focusing on the mu-opioid receptor 
(MOR), the delta-opioid receptor (DOR), and the kappa-opioid receptor (KOR). This review also evaluates current medication 
treatments for OUD (methadone, buprenorphine, naltrexone), highlighting their successes and challenges. Exploring how opioid 
receptors and their functions contribute to OUD and treatment options can provide insight into mitigating the opioid crisis, 
guiding the development of safer and more effective OUD therapies.  

KEYWORDS: Cellular and Molecular Biology, Neurobiology, Opioid Receptor, Opioid Use Disorder (OUD), Endogenous 
Opioid System (EOS), Medication-Assisted Treatment (MAT).

�   Introduction
Opioids are a class of natural or synthetic drugs that derive 

from or mimic alkaloids found in opium poppies (Papaver 
somniferum). The medicinal and recreational use of naturally 
occurring opiates for pain relief or to cause euphoria dates back 
thousands of years. However, it was only in the early 1800s 
that morphine was isolated as the most active component of 
opium, making it the first alkaloid to be isolated from a nat-
ural product.1,2 Since then, many more opioids have been 
isolated and developed to be used clinically as treatment for 
moderate to severe pain, often prescribed after surgery, injury, 
or for health conditions like cancer.3 Since the 1990s, opioid 
prescription rates have risen significantly. This surge stemmed 
from the recognition of pain undertreatment as a major clinical 
issue and the misconception that patients were not at risk of 
developing opioid use disorder (OUD).4,5 Despite their side 
effects, including dependence, euphoria, addiction, respirato-
ry depression, constipation, nausea, and vomiting,6 opioid use 
persists today, in part due to the critical need for effective pain 
management. With estimates suggesting that pain affects 20% 
of adults globally,7 opioids are a primary treatment option for 
acute and cancer pain.

In recent decades, a global public health crisis has emerged, 
known as the “opioid epidemic” or “opioid crisis.” Leading fac-
tors of this crisis include the role of pharmaceutical companies, 
poor regulation, overprescription, and the rise in illegal drug 
use. A primary reason for the widespread use and misuse of 
opioids is their high addictive potential. For example, heroin, 
an illegal opioid made from morphine, is one of the most addic-
tive drugs on the planet.8 Opioids are so addictive because they 
interact with the brain’s reward system, triggering euphoria and 
the release of endorphins and dopamine.9 Consequently, 60 
million people worldwide face the addictive effects of opioids,8 

and the crisis is particularly serious in North America. In 2023, 
pharmacies in the United States dispensed around 125 million 

opioid prescriptions.3 Furthermore, in the last two decades, 
the United States and Canada have had nearly 600,000 deaths 
caused by opioid overdose. By 2029, this number is estimated 
to reach 1.2 million.10 A significant portion of these numbers 
are linked to OUD, with over 16 million affected by it globally 
and 2.1 million in the United States.11

Characterized by chronic compulsive or harmful use of 
opioids, OUD is driven by the effects of drugs on the brain, 
mediated by mu (MOR), kappa (KOR), and delta (DOR) 
opioid receptors. These receptors were discovered in the early 
1970s as the binding site of opioids.12 They belong to the G 
protein-coupled receptors (GPCRs) family, the largest class of 
membrane proteins in the human genome, and some of the 
most common drug targets. When activated by opioids, these 
receptors can affect pain perception, mood, and stress, lead-
ing to widespread clinical and recreational use.13 MORs are 
the most researched out of the three main receptors, as they 
have been shown to be responsible for the analgesic, rewarding, 
tolerance-inducing, and withdrawal effects of morphine, a mu 
receptor agonist. This was demonstrated by a study involving 
the deletion of OPRM1, the gene encoding MORs, in mice, 
which subsequently eliminated these effects.14

Current pharmacological treatments for OUD focus on re-
ducing withdrawal symptoms, cravings, and the risk of relapse 
while promoting long-term recovery. So far, three medica-
tions have been approved by the FDA for OUD treatment: 
methadone, buprenorphine, and naltrexone.15,16 Methadone 
is a long-acting full MOR agonist that activates the receptor 
similarly to illicit drugs, but more gradually. Buprenorphine is 
a long-acting partial MOR agonist, meaning it binds to recep-
tors like full agonists, but with less efficacy. It also displaces 
other full agonists from binding to the receptor.17 These two 
medications are based on a treatment approach known as opi-
oid substitution therapy (OST).18 When taken correctly, they 
can reduce withdrawal symptoms and cravings without pro-
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ducing euphoria. On the other hand, naltrexone is an MOR 
antagonist, which inhibits the activation of receptors and their 
effects. It has been used to prolong sobriety, blocking receptors 
and the euphoric effects of opioids and lowering the chance 
of relapse.19,20 However, these current treatments have nota-
ble limitations. For example, the high potency and efficacy of 
methadone increase the risk of overdose, and being a MOR 
agonist, it may be misused. More importantly, the treatments 
are accompanied by significant adverse effects, including nau-
sea, vomiting, constipation, and potentially fatal respiratory 
depression and QT prolongation.15 These limitations high-
light the need for opioid treatments with fewer side effects 
and greater efficacy in managing OUD.

This review discusses the neurobiological basis in which 
opioid receptors and their signaling mechanisms contribute 
to OUD, focusing on their role in reward systems, tolerance, 
dependence, and other mechanisms underlying addiction. It 
will explore the benefits and limitations of current treatments 
of OUD, particularly medication-assisted treatment (MAT). 
By examining these topics, this review aims to provide a deep-
er understanding of how advancements in opioid research can 
address the ongoing opioid crisis.

�  The Endogenous Opioid System and OUD:
The endogenous opioid system (EOS) is widely distributed 

throughout the central nervous system (CNS) and peripheral 
nervous system (PNS), particularly in neural circuits related to 
pain, reward, emotion, and autonomic control.21 It compris-
es three families of receptors (mu, kappa, delta) and opioid 
peptides acting at these receptors. There are >20 different 
identified opioid peptides, all of which are processed from 
three protein precursors: proopiomelanocortin (POMC), pro-
dynorphin (PDYN), and proenkephalin (PENK).22 All opioid 
peptides share a common NH2-terminal Tyr-Gly-Gly-Phe 
signature tetrapeptide sequence known as the “opioid motif ”,23 
which interacts with the receptors.24 However, only three main 
peptides are generally considered to be part of the EOS: β-en-
dorphins, dynorphins, and enkephalins produced through 
proteolytic cleavage of POMC, PDYN, and PENK, respec-
tively.24,25 Each peptide binds to all three receptors, albeit while 
exhibiting different affinities. β-endorphins act primarily on 
MORs, while dynorphins act on KORs, and enkephalins act 
on DORs.26–28

Opioid Receptor Activation and G-Protein Signaling:
As GPCRs, the three main opioid receptors share a sev-

en-transmembrane (7TM) helical structure in the form of 
intracellular and extracellular loops.29 Receptors contain li-
gand-binding pockets, where ligands—such as endogenous 
peptides or synthetic drugs—bind to and activate the receptor 
(see Figure 1). Ligand binding induces conformational chang-
es that enable intracellular coupling of heterotrimeric Gi/o 
proteins to the receptor's C terminus.30 The receptor then pro-
motes the exchange of GDP for GTP on the α subunit of the 
G protein, and the trimeric G protein complex dissociates into 
Gα and Gβγ. The Gα component inhibits adenylyl cyclase 
activation, lowering cAMP production, while the Gβγ compo-

nent interacts with various ion channels.31,32 Calcium channels 
are closed, decreasing Ca²⁺ influx, and G protein-coupled in-
wardly rectifying K+ (GIRK) channels are opened, increasing 
K+ efflux. These combined actions result in analgesia by caus-
ing hyperpolarization and reduced neuronal excitability, as well 
as diminished nociceptive stimuli and pain perception. Opioid 
receptor cellular signaling generally occurs through intracellu-
lar G proteins and GPCR kinases (GRKs) and β-arrestins.33 
GRKs can phosphorylate an active receptor’s C-terminal tail 
or intracellular loops, promoting β-arrestin recruitment. This 
leads to receptor desensitization and internalization, which 
regulates receptor signaling and prevents excessive cellular re-
sponses.1 Repeated opioid use and receptor activation can lead 
to receptor down-regulation, which, when paired with desen-
sitization and internalization, can contribute to tolerance.

Differential Receptor Function:
Opioid receptors can mediate the effects of endogenous 

ligands, such as endorphins, as well as exogenous ligands, in-
cluding morphine and fentanyl.34 As discussed earlier, these 
receptors are classified into three main types: the mu-opioid 
receptor (MOR), kappa-opioid receptor (KOR), and del-
ta-opioid receptor (DOR), each encoded by distinct genes 
(OPRM1, OPRK1, OPRD1, respectively).13 While MORs, 
KORs, and DORs are all implicated in analgesia, studies have 
shown that they each contribute to further distinct physiolog-
ical and behavioral effects. In OPRM1 knockout (KO) mice 
(mice in which the OPRM1 gene has been removed), the ef-
fects of morphine on analgesia, reward, withdrawal, dependence 
development, and respiratory depression were undetected.14,35 
Meanwhile, in OPRK1 KO and OPRD1 KO mice, these ef-
fects remained detectable.36,37 Due to these findings placing 
the MOR as the responsible receptor for both the therapeu-
tic and the adverse effects of morphine, MORs are the main 
target for opioid analgesics. On the other hand, DORs have 
been shown to contribute to mood-related, anxiolytic, and 
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Figure 1: Signal transduction pathway of Gi/o-coupled opioid receptors. 
The figure illustrates how opioid receptor signaling forms the molecular basis 
for opioid-induced analgesia and many of their central effects. Upon ligand 
binding, the receptor undergoes a conformational change that activates the 
associated Gi/o heterotrimeric G protein. This activation promotes GDP–
GTP exchange on the Gα subunit, leading to its dissociation from the Gβγ 
dimer. The Gα subunit inhibits adenylyl cyclase, reducing cAMP production 
and downstream intracellular signaling. Simultaneously, the Gβγ subunit 
modulates ion channel activity by inhibiting voltage-gated calcium (Ca²⁺) 
channels and activating G protein-gated inwardly rectifying potassium 
(GIRK) channels. Created in BioRender. Cui, E. (2025) https://BioRender.
com/4d7fnl1
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antidepressant effects,38 and KORs have been associated with 
dysphoria, as well as aversive and psychotomimetic effects.39,40

Anatomic Distribution of the EOS:
The wide anatomic distribution of the EOS contributes to 

the analgesic and other physiological effects of opioids on the 
human body. For example, opioid receptors can be expressed 
in the lungs, heart, kidneys, pancreas, and small intestine, as 
well as in neuroendocrine, immune, and ectodermal cells.41 As 
a result, they can affect organ function, inflammation, and ho-
meostasis.42 Opioid receptors are also concentrated in areas of 
the brain and spinal cord (periaqueductal grey (PAG), locus 
coeruleus (LC), rostral ventral medulla (RVM), and the spinal 
dorsal horn (SDH)) that help process and manage pain.34 In 
the midbrain, when an opioid binds to the MOR, it triggers 
signals that inhibit certain neurons, leading to a reduction in 
pain transmission from the body to the brain. This effect is 
part of the pain relief system that works through the PAG, 
which communicates with the SDH, controlling pain signals 
as they reach the thalamus. In addition, opioid receptors in the 
dorsal root ganglion (DRG) can help modulate the initial pain 
signals and suppress DRG activity to reduce pain perception.

Neuroadaptations and OUD:
The EOS is crucial in regulating behaviors related to im-

portant survival mechanisms like reward and pain aversion. 
Thus, when the system’s function is compromised, these be-
haviors are as well. For example, one of the main consequences 
of such impairment is the risk of developing OUD. Continu-
ous drug use can lead to neuroadaptations, which are changes 
in the brain's structure and function. This includes the process 
in which the main initial cellular responses of the brain to a 
drug adapt to diminish the drug’s effects.43 This means the 
brain requires more frequent or higher doses of the drug to 
achieve the same effects, leading to tolerance. Neuroadapta-
tions also include individuals becoming used to the presence 
of the drug, meaning that in its absence, users will experience 
withdrawal symptoms like pain, anxiety, and cravings, which 
encourage continued use.44 Long-term use can also lead to 
neuroadaptations in areas of the brain involved in motivation, 
reward processing, habit formation, and motor control, such 
as the ventral tegmental area (VTA) and the striatum. An ex-
ample of a brain alteration caused by a drug of abuse is the 
expression of stable forms of the ΔFosB protein. In a study 
done with mice, repeated substance exposure resulted in accu-
mulating levels of ΔFosB in the nucleus accumbens, leading to 
increased sensitivity to the rewarding effects of the drug. This 
study suggests that ΔFosB may play a role in developing and 
maintaining addiction.45 To conclude, the dysfunction of the 
EOS in conditions like OUD is linked to its role in modulat-
ing the reward-and pain-related effects of substances. These 
adaptations, occurring in key reward and motivation centers, 
are critical in the transition from controlled use to addiction 
and eventually full-blown OUD.

�  Current Pharmacological Treatments for
Opioid Use Disorder:
OUD is defined as chronic opioid use despite significant 

harm or distress and is characterized by neuroadaptation and 
changes in neuronal circuits.11 It involves dependence, in 
which the body adapts to the presence of opioids, which can 
manifest through withdrawal symptoms (e.g., cravings, sweat-
ing, anxiety), prompting one to continue taking opioids. It also 
involves tolerance, requiring higher or more frequent doses to 
maintain effects, whether analgesic or euphoric.46 Treatments 
of OUD include rehabilitation, cognitive behavioral therapy, 
and medication-assisted treatment (MAT), which have proved 
to be particularly effective.47 Currently, three medications have 
been approved by the FDA for OUD treatment: methadone, 
buprenorphine, and naltrexone.15,16 The first two medications 
are based on OST and work by replacing the problematic opi-
oid with a safer one.
Table 1: Overview of FDA-approved medications to treat opioid use 
disorder. The table includes the mechanism of action, effectiveness, benefits, 
adverse effects, and clinical considerations of methadone, buprenorphine, 
and naltrexone. While each drug has distinct clinical profiles, methadone 
and buprenorphine are more strongly associated with reduced mortality and 
higher treatment retention, whereas naltrexone may be useful for abstinence 
prolongation but is limited by poor adherence and initiation challenges.48–57
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for misuse or development of dependence. Naloxone has a 
high affinity for MORs and, acting as an inverse agonist, re-
moves other opioids bound to the receptor.69 Naloxone is also 
available commercially in combination with buprenorphine as 
Suboxone, which is used for maintenance treatment of OUD, 
dependence, and addiction.70

Overall, these medications have proven to be effective in 
treating OUD and its symptoms, allowing patients to main-
tain recovery and supporting social reintegration (see Table 1). 
Substantial evidence has shown that MAT reduces opioid use 
and OUD-related symptoms, as well as the risk of infectious 
disease transmission and drug-associated criminal behavior.20 
OST has been associated with considerably lowered all-cause 
mortality rates58 and has even been shown to preserve immune 
and cognitive functions.71,72 However, they still come with sig-
nificant limitations (see Table 1). Many patients are still likely 
to relapse or quit, particularly with naltrexone, as no euphoric 
or addictive effects are produced. The use of other drugs while 
taking naltrexone can be incredibly dangerous and carries an 
increased risk of fatal overdose.73 Methadone and buprenor-
phine, as MOR agonists, still have risks of misuse or diversion.74 
Methadone, as a full agonist with high potency and efficacy, has 
a substantial risk of overdose and pronounced adverse effects, 
including nausea, vomiting, respiratory depression, pruritus, se-
dation, hypotension, hypogonadism, constipation, diaphoresis, 
and QTc interval prolongation.15,59 Buprenorphine may pre-
cipitate withdrawal if taken too soon after a full agonist (e.g., 
fentanyl, heroin, prescription opioids) by an individual depen-
dent on opioids.75 This is due to the displacement of other 
lower-affinity opioids by buprenorphine. Adverse effects of 
buprenorphine are similar and include nausea, vomiting, mem-
ory loss, dizziness, hypotension, CNS depression, constipation, 
miosis, QTc interval prolongation, respiratory depression, and 
insomnia.17,58 Naltrexone can also cause side effects, includ-
ing nausea, vomiting, anxiety, constipation, insomnia, loss of 
appetite, dizziness, injection site reactions, increased alanine 
transaminase (may indicate liver damage or disease), and in-
creased creatine phosphokinase (may indicate muscle, heart, or 
brain damage).76,77

�   Conclusion 
Opioid use disorder is closely connected to the interactions 

of the EOS, particularly through mu, kappa, and delta opi-
oid receptors and their signaling pathways. This review has 
explored how the EOS and receptors contribute to OUD, 
particularly through neuroadaptations and their roles in the 
brain’s reward system. This review has also evaluated current 
treatments—methadone, buprenorphine, and naltrexone—
which, while beneficial, have notable limitations. Addressing 
the opioid crisis requires advancement in two main directions: 
finding improved analgesics with high efficacy but minimal 
addictive potential and side effects, and developing new and 
better treatments for OUD and those facing effects such as 
dependency, addiction, and withdrawal. In recent years, new 
promising approaches to treating OUD have emerged, such 
as neuromodulation and psychedelics. Neuromodulation 
treatments such as transcranial magnetic stimulation (TMS) 

Methadone:
Methadone works as a full MOR agonist and manages 

withdrawal symptoms (e.g., tachycardia, sweating, nausea, 
vomiting, and diarrhea), reduces cravings, and dulls the effects 
of other opioids.58,59 At a maintenance dose, it does not pro-
duce euphoria. Compared to morphine, methadone produces 
enhanced analgesia with reduced tolerance.60 This may be due 
to its inhibition of serotonin and norepinephrine uptake, as 
well as its role as an antagonist at the N-methyl-D-aspar-
tate (NMDA) receptor, which is involved in pain modulation 
and transmission.61 Methadone also has a longer duration of 
action and half-life, making it a good substitute for pain treat-
ment and for OUD, as fewer doses are required to maintain 
analgesia and prevent withdrawal symptoms.62 The effects of 
methadone will typically last 24-36 hours, while short-acting 
opioids taken to manage withdrawal will often need to be tak-
en three to four times a day.55

Buprenorphine:
Buprenorphine is a partial MOR agonist, meaning the max-

imal effect buprenorphine can produce will always be lower 
than that of a full MOR agonist and is thereby less potent. 
When taken at the proper dosage, buprenorphine can mitigate 
withdrawal symptoms and reduce cravings without causing eu-
phoria.63 Buprenorphine has a high affinity for the MOR but 
lower intrinsic activity compared to full MOR agonists such as 
morphine, heroin, oxycodone, and methadone. This means that 
buprenorphine preferentially binds to and displaces other full 
agonists with lower affinity from the receptor.17,64 Additionally, 
buprenorphine has a very low receptor dissociation rate, as well 
as a long duration of action and half-life.18 Buprenorphine also 
appears to display a “ceiling effect” for respiratory depression, 
euphoria, sedation, and intoxication. This can be beneficial as 
these effects will plateau, leading to lower risks and less severe 
effects of overdose compared to full agonists.19,65

Naltrexone:
Naltrexone is an antagonist preferentially of the MOR 

and, to a lesser extent, of the KOR and DOR.66 Naltrexone 
will block the euphoric and sedative effects of opioids. As an 
antagonist, naltrexone is not addictive and has no abuse or 
diversion potential. Naltrexone is also reported to reduce and 
suppress cravings and may also reduce tolerance. However, this 
lowered tolerance could be dangerous in the case of relapse, as 
taking previous levels of doses could lead to overdose and seri-
ous effects like respiratory arrest and circulatory collapse.67 To 
reduce the risk of withdrawal caused by OUD, patients must 
be opioid-free for at least 7-14 days before starting naltrex-
one.68 Individuals taking naltrexone should also refrain from 
using any other opioids or drugs, consuming alcohol, or taking 
sedatives or tranquilizers. In this way, naltrexone is primarily 
used to prolong abstinence and maintain recovery.

Naloxone:
Naloxone is a fast-acting antagonist used to rapidly and 

temporarily reverse overdose rather than directly treat OUD. 
Naloxone is generally considered to be safe, as there is no risk 
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and deep brain stimulation (DBS) target and modulate neu-
ral circuits and synaptic plasticity.78 A systematic review and 
meta-analysis of neuromodulation therapies for substance use 
disorders found that TMS produced medium to large effect 
sizes in reducing substance use and cravings, particularly when 
multiple stimulation sessions were applied.79 Additionally, psy-
chedelic medicine, such as psilocybin and LSD, has reemerged 
as a topic of discussion and possible therapy. They are gen-
erally considered to have low potential for dependence and 
addiction, and several studies have produced results suggesting 
psychedelic use to be associated with reduced odds of prob-
lematic substance use or OUD.80–83 Other approaches include 
targeting components of the dopamine-dependent reward cir-
cuitry, identifying genetic factors that increase vulnerability to 
OUD, and modulating gene products accordingly. Vaccines are 
also being explored as a form of immunotherapy by reducing 
or slowing drug entry into the brain, thereby reducing effects 
associated with overdose.84–87 While further research and trials 
are necessary to ensure the safety and effectiveness of these 
treatments, they show promise toward offering new methods 
to manage opioid use disorder and the larger opioid crisis.
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ABSTRACT: Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease caused by a combination of risk factors 
such as increasing age, genetic factors, vascular diseases, diabetes, infections, and air pollution. AD is a concerning disease as it is 
the leading cause of dementia and currently lacks a cure. It affects approximately 50 million individuals around the world. Up to 
70% of early-onset Alzheimer’s disease (EOAD) cases had genetic factors that were related to the disease. Mutations in Amyloid 
precursor protein (APP), Presenilin-1 (PSEN-1), and Presenilin-2 (PSEN-2) were linked with the development of familial 
AD. Currently approved drugs are effective only in treating the symptoms of AD, facilitating the synaptic function; they do not 
cure or prevent the disease. In this paper, we detail the current clinical treatments for AD and biomarkers such as cerebrospinal 
fluid (CSF) used to detect the formation of beta-amyloid, which are highly related to mutations. This paper aims to evaluate 
the availability of CRISPR/Cas9 as a treatment for familial Alzheimer’s disease (FAD), exploring the technological challenges 
involved in its implementation. An understanding of potential treatments for AD and their limitations can contribute to the 
future development of a treatment involving CRISPR/Cas9 that cures AD.  

KEYWORDS: Cellular and Molecular Biology, Genetics, Alzheimer’s Disease (AD), CRISPR/Cas9, Gene editing, Mutations, 
Disease Treatment and Therapies.

� Introduction
One of the most concerning types of dementia is Alzheimer’s 

disease (AD).1 AD is a chronic neurodegenerative condition 
characterized by neuronal death, which affects memory and 
cognition.2 Around the world, an estimated 50 million peo-
ple suffer from AD, and projections show that by 2050, the 
number of patients with AD will go up to 150 million. The 
estimated annual cost of AD rises to US$1 trillion, considering 
the individuals affected, their families, and the economy.1,3 A 
major concern is that the causes of AD are multifactorial, with 
increasing age, vascular diseases, and diabetes being major risk 
factors for developing the disease. Most AD cases start after 
65 years of age; however, in early onset AD (EOAD), genetic 
factors were related to 70% in the inheritance of it. AD can be 
divided into early-onset AD (EOAD), which is around 1-6% 
of cases, with a range of 30-60 years old, where most cases are 
related to familial AD. Most FAD cases are inherited in an 
autosomal dominant pattern, with mutations in the dominant 
genes such as Amyloid precursor protein (APP), Preseni-
lin-1 (PSEN-1), and Presenilin-2 (PSEN-2). Late-onset AD 
(LOAD) presents more frequently after 65 years old, the mul-
tifactorial risks were highly related to AD, and less than 1% of 
LOAD cases were related to mutations in the apolipoprotein E 
(ApoE) gene, making gene editing with CRISPR/Cas9 irrele-
vant. AD lacks a cure, and the current available treatments for 
it are limited to just improving the symptoms, including side 
effects such as depression, dizziness, and diarrhea.3-5 In AD, 
the neurons die because of structural and functional damage in 
the central nervous system (CNS), leading to a decrease in the 
brain size (Figure 1b). The Amyloid beta and Tau hypothesis 
pathways were suggested to explain the most common hall-
marks of AD. In amyloid beta hypothesis structural damage is 

caused by neuritic plaques that generate due to the accumula-
tion of amyloid-beta peptide’s (Aβ) (Figure 2a), which gathers 
abnormally outside nerve cells; and neurofibrillary tangles 
(NFT) made up of tau protein, which normally stabilizes the 
microtubules in healthy neurons, but in AD phosphorylated 
Tau protein detaches from the microtubules and forms tan-
gles that blocks the neurons communication system and cause 
their posterior death. (Figure 2b).1,6 Each current potential 
treatment for AD faces challenges, but some treatments are 
more likely to become a cure for AD. A potential treatment 
that could be used for AD is the early detection of mutations 
with biomarkers and the subsequent design of a single-guide 
RNA that recognizes mutated DNA. This will be corrected 
via clustered regularly interspaced short palindromic repeats 
and CRISPR-associated protein 9 (CRISPR/Cas9). Although 
there are some limiting factors for this tool, like the safe deliv-
ery methods that currently exist. Viral and non-viral methods 
are used to deliver CRISPR/Cas9 with a lack of efficiency.3 
CRISPR/Cas9 is a revolutionary tool that targets the mu-
tations that relate to AD; it provides a pathway for treating 
diseases with limited or scarce treatment options, such as AD 
and Huntington's disease (HD).3 Currently, CRISPR/Cas9 
has not yet been successfully used to cure AD, although it has 
been used successfully in other diseases, indicating potential 
for future applications in AD.

In this paper, we first summarize what Alzheimer’s disease 
is, mutations of the presenilin-1 (PSEN1) gene, presenilin 
2 (PSEN2) gene, and amyloid precursor protein (APP) that 
are highly linked with AD. The symptomatic treatments used 
for AD as cholinesterase inhibitors and N-methyl d-aspar-
tate (NMDA) antagonists. We discuss the potential use of 
CRISPR/Cas9 and its challenges as brain delivery via non-vi-
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ral vectors, brain delivery via viral vectors, immunogenicity, 
blood-brain barrier (BBB), and reticuloendothelial system 
(RES). This paper aims to discuss whether CRISPR-Cas9 is 
a viable treatment that could be used for FAD, as this tool 
has been used to cure other diseases, and current technological 
challenges could be addressed in the future by research, bring-
ing a way that alleviate the symptoms of FAD.

�   Discussion
Aβ and Tau protein processing:
Neuritic plaques (NPs) and neurofibrillary tangles (NFTs) 

are highly involved in several neuronal processes, such as al-
teration in the permeability of the blood-brain barrier (BBB), 
mitochondrial disturbance, neuroinflammation, neurovascular 
unit dysfunction, oxidative stress, and synaptic alteration.1

NPs and NFT have been postulated to act as endogenous 
“damage signals” because Aβ oligomers activate microglial cells. 
Once activated, these cells release proinflammatory cytokines 
that contribute to neuronal damage. Tau protein is released 
when neurons die, which can further activate microglial cells, 
perpetuating a cycle of inflammation, tau hyperphosphoryla-
tion, and subsequent aggregation. This self-reinforcing cycle 
leads to progressive neurodegeneration.1

Mutations that cause Alzheimer’s disease:
•	 Presenilin-1 (PSEN1) gene:
A main causative factor of early-onset Alzheimer’s disease 

(EOAD) is the presenilin-1 (PSEN1) gene. The PSEN1 gene 
codes for the core protein presenilin-1, which is responsible 
for cutting longer proteins. Presenilin-1 interacts in this way 
with the amyloid precursor protein (APP), Notch, nicastrin, 
and the modifier of cellular adhesion (MOCA), beta-catenin. 
PSEN1 activates the y-secretase complex that plays a role in 
the production of beta-amyloid from amyloid precursor pro-
tein.1 Mutations of PSEN1 were confirmed to impact long 
amyloid (Aβ42) production and reduce the production of 
short amyloid (Aβ40); these mutations increase the ratio of 
Aβ42/Aβ40.8

Mutations in the PSEN1 gene provoke the overproduction 
of long amyloid Aβ42, which tends to aggregate and depos-
it as plaque in the brain. The cerebrospinal fluid (CSF) is in 
direct communication with the brain, and when there is an 
overproduction of Aβ42 and deposition into plaques, the CSF 
concentration of Aβ42 drops. A low concentration of Aβ42 in 
the CSF is an indicator of AD.

•	 Presenilin 2 (PSEN2) gene:
Presenilin 1 and Presenilin 2 share the catalytic core of the 

y-secretase complex, the enzyme responsible for the generation 
of beta-amyloid peptides.9 Presenilin 2, as Presenilin-1 cuts 
longer proteins. Mutations on PSEN 2 are less common than 
in PSEN 1. About 300 mutations for PSEN 1 have been de-
scribed, and only 58 mutations in PSEN 2, which are described 
as rare and playing a minor role in beta-amyloid production.1,9 
Nevertheless, any mutation in PSEN 2 has severe effects on 
the Ab42/Ab40 ratio level, increasing the production of Ab42, 
building up in the brain and forming amyloid plaques as Aβ42 
is a protein fragment and is more likely to aggregate than 
Aβ40, and reducing the concentration of Aβ42 in the CSF.1-9 
Mutations in PSEN 1 and PSEN 2 affect the production of 
beta-amyloid, leading to the irregular production of long amy-
loid (Aβ42), which forms amyloid plaques in the brain.

Amyloid precursor protein (APP):
The APP gene is encoded on chromosome 21. It is a type 

1 transmembrane protein cleaved by y-secretase to release be-
ta-amyloid and other proteins. Mutations on the APP gene 
are less common than in PSEN1 and PSEN2; around 25 
mutations cause beta-amyloid production and accumulation 
in the brain.1 One protective mutation on the APP gene has 
been identified with the name Icelandic mutation (A673T), 
decreasing beta-amyloid Ab40 and Ab42 secretion into the 
brain, reducing the chance of plaque deposition. Another im-
portant mutation on APP is A673V, which demonstrates the 
presence of NFTs and overproduction of beta-amyloid that 
contribute to neuronal loss.1 Tables 1, 2, and 3 (see Annex) 
summarize key mutations in APP, PSEN 1, and PSEN 2 
genes, including codon positions and associated clinical rele-
vance for potential gene editing using CRISPR/Cas9.

DOI: 10.36838/v7i10.60

Figure 1: Structure of a healthy brain in (a) and structure of a brain with AD 
in (b). The AD brain shows significant atrophy, especially in areas responsible 
for memory and cognition. (Created by author).2

Figure 2: Hypothesis of Aβ relation with AD in (a) and hypothesis of tau 
protein misfolding related to AD in (b). These figures show how abnormal 
protein accumulation contributes to neuronal damage and cognitive decline. 
(Created by author)
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Current Treatments for Alzheimer’s:
The current treatments for AD are reduced to only two 

classes of drugs, one being inhibitors to cholinesterase en-
zymes and antagonists to N-methyl-d-aspartate (NMDA).

One of the multiple factors verified to contribute to the 
development of AD is the reduction in acetylcholine (ACh) 
biosynthesis. The therapeutic strategy used to address this is by 
inhibiting cholinesterase enzymes, also known as acetylcho-
linesterase (AChE), with cholinesterase inhibitors (ChE-Is). 
The inhibition of AChE stops the degradation in synapses. 
The increase in ACh results in its continuous accumulation, 
which activates cholinergic receptors. This treatment was con-
sidered to increase the cognitive and neural cells’ functions.1,6 
NMDA is the other drug approved to treat AD and is believed 
to have an important role in the pathophysiology of the dis-
ease. NMDA is a membrane receptor that participates in the 
transmission of electric pulses into the CNS. The stimulation 
of NMDA results in the formation of long-term potentiation 
(LTP), which is important for synaptic neurotransmission, 
plasticity, and memory formation. Verified side effects are 
caused by the over-activation of NMDAs, which release 
abnormal levels of Ca2+ signaling and overstimulation of glu-
tamate. This overstimulation results in excitotoxicity, synaptic 
dysfunction, neuronal cell death, and a decline in cognitive 
functions. In clinical trials, several NMDA non-competitive 
antagonists have been tested, but most of them have failed due 
to low efficacy and the major concern of the side effects, which 
worsen the disease.1,6 The first drugs licensed for symptomatic 
treatment of AD were ChE-Is, but currently, four drugs (do-
nepezil, memantine, galantamine, rivastigmine) are approved. 
Table 4 (see Annex) outlines the mechanism of current AChE 
inhibitors and NMDA receptor antagonist drugs for Alzhei-
mer’s disease.6

Potential of CRISPR/Cas9 for treating AD:
CRISPR/CAS9 is a potential treatment that could be used 

for AD by gene-editing the mutations that cause it, potential-
ly clearing patients from the disease. CRISPR/Cas9 utilizes 
two components for gene editing, one being the Cas9 enzyme 
and single-guide RNA (sgRNA). The sgRNA recognizes the 
desired DNA sequence to be modified, and the Cas9 protein 
acts as a pair of scissors, breaking the double strands of DNA. 
After this break, two pathways can be chosen to repair it, one 
resulting in the inactivation of the gene and the other in the 
replacement of a mutated sequence with the correct one. Ho-
mology-directed repair (HDR) utilizes a donor DNA template 
to replace a mutation with a correct sequence. As non-homol-
ogous end joining (NHEJ) leads to premature stop codons and 
DNA frameshifts, resulting in gene inactivation.3 As shown 
in Figure 3, CRISPR/Cas9 enables precise gene editing using 
guided RNA and Cas9 protein, and is delivered using viral or 
non-viral vectors.

Treatment with CRISPR/Cas9 might not be as viable as 
other treatments because most AD cases are sporadic, and 
they involve unknown causes. Only less than 1% of familial 
cases of AD (FAD) account for genetic mutations and have 
negligible effects in sporadic AD (SAD). However, CRISPR/
Cas9 might be considered as a therapeutic option to regulate 
beta-amyloid metabolism in FAD and SAD, reducing the 
overproduction of beta-amyloid, reducing the progression of 
the disease, or stopping it.3 Personalized CRISPR has been 
used successfully to treat sickle cell disease (SCD) by gene ed-
iting hematopoietic stem cells.11 Although possible, the major 
challenges for CRISPR/Cas9 in treating both AD and SCD 
are the low editing efficiency and the high off-target. How-
ever, if these challenges for CRISPR/Cas9 are resolved, the 
application of this tool could open new pathways for curing 
various diseases, such as AD and SCD.12 CRISPR/Cas9 opens 
a pathway to reduce the progression or stop AD, but does not 
prevent it, by targeting the mutations that cause the accumula-
tion of beta-amyloid or Tau protein. The modification of these 
genes comes with challenges that are discussed in this paper, as 
the methods of delivery of CRISPR/Cas9. To target the muta-
tions that cause AD, a guide RNA that specifically binds to the 
region of DNA containing the mutation needs to be created. 
The codon where the mutation is can be corrected with HDR 
or deactivated the mutation with NHEJ.

Limitations of CRISPR/Cas9:
CRISPR/Cas9 lacks efficient and safe delivery methods to 

date. Currently, viral and non-viral methodologies are used for 
the delivery of CRISPR/Cas9. For viral methodologies, a con-
cerning point is that they may incorporate mutations that have 
adverse effects on patients.

Viral methodologies:
Adeno-associated viruses (AAV) are frequently used vectors 

because of their high infectivity and low integration into the 
human genome, addressing the problem but lacking in effi-
ciency due to the small amounts of genetic code that can be 
modified. Lentivirus is another type of virus that incorporates 

Figure 3: CRISPR/Cas9 gene editing tool. This figure illustrates the gene 
editing mechanism of CRISPR/Cas9 and the methods used for its delivery 
into cells, including viral and non-viral vectors. (Created by author).10
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efficient and safe delivery methods to edit mutations in hu-
mans. Viral and non-viral vectors are used to deliver CRISPR/
Cas9 for potential therapy use in humans. Non-viral vectors 
are preferred because of their easier delivery methods and safer 
interactions with the receptor system, which do not include 
immunogenic reactions as viral vectors do. The main challenge 
of non-viral vectors is their small capacity to store genetic ma-
terial and deliver it correctly, resulting in an inefficient therapy 
to cure the disease. For the future it is highly important to 
resolve the challenges that present for CRISPR/Cas9 when 
gene-editing for AD, the resolution of the challenges that limit 
this therapy will bring an effective treatment not only for AD 
but also for other diseases due that the challenges that present 
with CRISPR/Cas9 are not exclusive to AD, and present in 
general when gene-editing modification is applied for human 
therapies.

�   Acknowledgments 
The author thanks Hamidreza Shaye, Lauren Tetz, and the 

IRIS program for their guidance in the research process.

�   References
1. Breijyeh, Z., & Karaman, R. (2020). Comprehensive Review on 

Alzheimer’s Disease: Causes and Treatment. Molecules (Basel, 
Switzerland), 25(24), 5789.

2. Created in BioRender. Suárez, I. (2025) 
https://BioRender.com/t67p857

3. Bhardwaj, S., Kesari, K. K., Rachamalla, M., Mani, S., Ashraf, G. 
M., Jha, S. K., Kumar, P., Ambasta, R. K., Dureja, H., Devkota, H. 
P., Gupta, G., Chellappan, D. K., Singh, S. K., Dua, K., Ruoko-
lainen, J., Kamal, M. A., Ojha, S., & Jha, N. K. (2022). CRISPR/
Cas9 gene editing: New hope for Alzheimer’s disease therapeutics. 
Journal of Advanced Research, 40, 207–221.

4. Marucci, G., Buccioni, M., Ben, D. D., Lambertucci, C., Volpini, R., 
& Amenta, F. (2021). Efficacy of acetylcholinesterase inhibitors in 
Alzheimer’s disease. Neuropharmacology, 190, 108352.

5. Pandey, G., & Ramakrishnan, V. (2020). Invasive and non-invasive 
therapies for Alzheimer’s disease and other amyloidosis. Biophysi-
cal Reviews, 12(5), 1175–1186.

6. Li, T., Yang, Y., Qi, H., Cui, W., Zhang, L., Fu, X., He, X., Liu, M., 
Li, P., & Yu, T. (2023). CRISPR/Cas9 therapeutics: Progress and 
prospects. Signal Transduction and Targeted Therapy, 8(1), 36.

7. Created in BioRender. Suárez, I. (2025) 
https://BioRender.com/n98p153

8. Pizzo, P., Basso, E., Filadi, R., Greotti, E., Leparulo, A., Pendin, 
D., Redolfi, N., Rossini, M., Vajente, N., Pozzan, T., & Fasolato, 
C. (2020). Presenilin-2 and Calcium Handling: Molecules, Organ-
elles, Cells and Brain Networks. Cells, 9(10), 2166.

9. Lin, H., Li, G., Peng, X., Deng, A., Ye, L., Shi, L., Wang, T., & He, 
J. (2021). The Use of CRISPR/Cas9 as a Tool to Study Human In-
fectious Viruses. Frontiers in Cellular and Infection Microbiology, 
11, 590989.

10. Created in BioRender. Suárez, I. (2025) 
https://BioRender.com/w86f686

11. Singh, A., Irfan, H., Fatima, E., Nazir, Z., Verma, A., & Akili-
mali, A. (2024). Revolutionary breakthrough: FDA approves 
CASGEVY, the first CRISPR/Cas9 gene therapy for sickle cell 
disease. Annals of medicine and surgery (2012), 86(8), 4555–4559.

12. Park, S. H., & Bao, G. (2021). CRISPR/Cas9 gene editing for cur-
ing sickle cell disease. Transfusion and Apheresis Science: Official 

long DNA inserts, allowing bigger modifications but with 
lower brain dissemination efficiency. The negative factor for 
lentiviruses is the difficulty in the production of large quanti-
ties, and they cannot be incorporated into the human genome 
as easily as AAV, provoking immune reactions that are not 
desired.3 Adenoviruses can’t trespass the blood-brain barrier 
(BBB) by their size; on the other hand, non-viral methodol-
ogies are preferred to target the brain as they are smaller and 
easier to deliver.

Non-viral methodologies:
Non-viral methodologies are more promising to deliver 

CRISPR/Cas9 due to better cost-effectiveness and flexibility. 
They address the problem of mutations better because they are 
less immunogenic than viral vectors, which predispose to more 
immunogenic reactions. The formation of nanocomplexes by 
combining positively charged CRISPR/Cas9 peptides with 
negatively charged nucleic acid cargo doesn’t present a huge 
challenge for the non-viral methodologies. The problem arises 
in the delivery methods of nanocomplexes in the brain, as they 
are unable to cross the blood-brain barrier (BBB) that protects 
the CNS from chemical substances in the blood and limits 
the chance of therapeutic drugs.6 Another important factor is 
the reticuloendothelial system (RES), which actively removes 
nanocomplexes from the blood. Therefore, other delivery 
methods are used for nanocomplexes, such as intracerebro-
ventricular and intrathecal injections. These direct infection 
methods require multiple injections for the proper distribution 
of nanocomplexes across the brain, which results in a compli-
cated application.3 Given current technology, it remains very 
difficult to utilize viral and non-viral methodologies to deliver 
CRISPR/Cas9 into the brain. There is a need to develop bet-
ter technology that can facilitate the application of non-viral 
vectors, presenting a promising treatment for AD.

�   Conclusion 
CRISPR/Cas9 is a novel tool that allows gene editing of 

specific gene sequences. It allows the elimination or replace-
ment of unwanted mutations in genes that contribute to the 
development of diseases. CRISPR/Cas9 is present as a po-
tential treatment for all diseases that have mutations in their 
genes involved such as FAD, a type of AD. AD lacks a cure, 
and the current treatments used for it only center on improving 
the cognition that is affected by AD. Independent of genetic 
factors in SAD and FAD, an altered amyloid beta metabo-
lism is present, which leads to the accumulation of amyloid 
plaque in the brain that reduces synaptic function and causes 
the progressive deterioration of the brain. The causes of AD 
are multifactorial and mainly not related to genes. Mutations 
that provoke AD are only present in FAD, which represents 
6% of all AD cases. CRISPR/Cas9 allows the modification of 
these mutations, presenting them as a potential treatment for 
6% of AD cases, and establishing them as a new treatment that 
will clear the disease in all the patients who suffer from FAD. 
CRISPR/Cas9 could edit mutations that are linked with the 
development of FAD, such as mutations in the APP, PSEN-1, 
and PSEN-2 genes. CRISPR/Cas9 faces challenges such as 

DOI: 10.36838/v7i10.60

ijhighschoolresearch.org



	 64	

26. Shivnaraine, R. V., Kelly, B., Sankar, K. S., Redka, D. S., Han, Y. 
R., Huang, F., Elmslie, G., Pinto, D., Li, Y., Rocheleau, J. V., Gra-
dinaru, C. C., Ellis, J., & Wells, J. W. (2016). Allosteric modulation 
in monomers and oligomers of a G protein-coupled receptor. eLife, 
5, e11685.

27. Stefaniak, O., Dobrzyńska, M., Drzymała-Czyż, S., & Przysławski, 
J. (2022). Diet in the Prevention of Alzheimer’s Disease: Current 
Knowledge and Future Research Requirements. Nutrients, 14(21), 
4564.

28. Stefanoska, K., Gajwani, M., Tan, A. R. P., Ahel, H. I., Asih, P. R., 
Volkerling, A., Poljak, A., & Ittner, A. (n.d.). Alzheimer’s disease: 
Ablating single master site abolishes tau hyperphosphorylation. 
Science Advances, 8(27), eabl8809.

29. Stephens, C. J., Lauron, E. J., Kashentseva, E., Lu, Z. H., Yo-
koyama, W. M., & Curiel, D. T. (2019). Long-term correction of 
hemophilia B using adenoviral delivery of CRISPR/Cas9. Journal 
of Controlled Release, 298, 128–141.

30. Su-Tobon, Q., Fan, J., Goldstein, M., Feeney, K., Ren, H., Au-
tissier, P., Wang, P., Huang, Y., Mohanty, U., & Niu, J. (2025). 
CRISPR-Hybrid: A CRISPR-Mediated Intracellular Directed 
Evolution Platform for RNA Aptamers. Nature Communications, 
16(1), 595.

31. Wu, W., Zhao, Y., Cheng, X., Xie, X., Zeng, Y., Tao, Q., Yang, 
Y., Xiao, C., Zhang, Z., Pang, J., Jin, J., He, H., Lin, Y., Li, B., 
Ma, J., Ye, X., & Lin, W.-J. (2025). Modulation of the glymphatic 
system by visual circuit activation alleviates memory impairment 
and apathy in a mouse model of Alzheimer’s disease. Nature Com-
munications, 16(1), 63. 32. Yang, Y., Bagyinszky, E., & An, S. S. 
A. (2023). Presenilin-1 (PSEN1) Mutations: Clinical Phenotypes 
beyond Alzheimer’s Disease. International Journal of Molecular 
Sciences, 24(9), 8417

�   Authors
Iván, a sophomore at Tecnológico de Monterrey with an in-

terest in biomedical engineering.

�   Annex

Journal of the World Apheresis Association: Official Journal of the 
European Society for Haemapheresis, 60(1), 103060.

13. Andrade-Guerrero, J., Santiago-Balmaseda, A., Jeronimo-Aguilar, 
P., Vargas-Rodríguez, I., Cadena-Suárez, A. R., Sánchez-Garibay, 
C., Pozo-Molina, G., Méndez-Catalá, C. F., Cardenas-Aguayo, 
M.-D.-C., Diaz-Cintra, S., Pacheco-Herrero, M., Luna-Muñoz, 
J., & Soto-Rojas, L. O. (2023). Alzheimer’s Disease: An Updated 
Overview of Its Genetics. International Journal of Molecular Sci-
ences, 24(4), 3754.

14. Arber, C., Lovejoy, C., Harris, L., Willumsen, N., Alatza, A., Ca-
sey, J. M., Lines, G., Kerins, C., Mueller, A. K., Zetterberg, H., 
Hardy, J., Ryan, N. S., Fox, N. C., Lashley, T., & Wray, S. (2021). 
Familial Alzheimer’s Disease Mutations in PSEN1 Lead to Pre-
mature Human Stem Cell Neurogenesis. Cell Reports, 34(2), 
108615.

15. Asanomi, Y., Kimura, T., Shimoda, N., Shigemizu, D., Niida, S., 
& Ozaki, K. (2024). CRISPR/Cas9-mediated knock-in cells of the 
late-onset Alzheimer’s disease-risk variant, SHARPIN G186R, 
reveal reduced NF-κB pathway and accelerated Aβ secretion. Jour-
nal of Human Genetics, 69(5), 171–176.

16. Buccellato, F. R., D’Anca, M., Tartaglia, G. M., Del Fabbro, M., 
Scarpini, E., & Galimberti, D. (2023). Treatment of Alzheimer’s 
Disease: Beyond Symptomatic Therapies. International Journal of 
Molecular Sciences, 24(18), 13900.

17. Devkota, S., Zhou, R., Nagarajan, V., Maesako, M., Do, H., 
Noorani, A., Overmeyer, C., Bhattarai, S., Douglas, J. T., Saraf, A., 
Miao, Y., Ackley, B. D., Shi, Y., & Wolfe, M. S. (2024). Familial 
Alzheimer mutations stabilize synaptotoxic γ-secretase-substrate 
complexes. Cell Reports, 43(2), 113761.

18. Han, J. P., Kim, M., Choi, B. S., Lee, J. H., Lee, G. S., Jeong, M., 
Lee, Y., Kim, E.-A., Oh, H.-K., Go, N., Lee, H., Lee, K. J., Kim, U. 
G., Lee, J. Y., Kim, S., Chang, J., Lee, H., Song, D. W., & Yeom, S. 
C. (2022). In vivo delivery of CRISPR-Cas9 using lipid nanopar-
ticles enables antithrombin gene editing for sustainable hemophilia 
A and B therapy. Science Advances, 8(3), eabj6901.

19. Jucker, M., & Walker, L. C. (2023). Alzheimer’s disease: From 
immunotherapy to immunoprevention. Cell, 186(20), 4260–4270.

20. Melancon, B. J., Tarr, J. C., Panarese, J. D., Wood, M. R., & Lind-
sley, C. W. (2013). Allosteric modulation of the M1 muscarinic 
acetylcholine receptor: Improving cognition and a potential treat-
ment for schizophrenia and Alzheimer’s disease. Drug Discovery 
Today, 18(23–24), 1185–1199.

21. Miller, M. B., Huang, A. Y., Kim, J., Zhou, Z., Kirkham, S. L., 
Maury, E. A., Ziegenfuss, J. S., Reed, H. C., Neil, J. E., Rento, L., 
Ryu, S. C., Ma, C. C., Luquette, L. J., Ames, H. M., Oakley, D. H., 
Frosch, M. P., Hyman, B. T., Lodato, M. A., Lee, E. A., & Walsh, 
C. A. (2022). Somatic genomic changes in single Alzheimer’s dis-
ease neurons. Nature, 604(7907), 714–722.

22. Nithianandam, V., Bukhari, H., Leventhal, M. J., Battaglia, R. A., 
Dong, X., Fraenkel, E., & Feany, M. B. (2023). Integrative analysis 
reveals a conserved role for the amyloid precursor protein in pro-
teostasis during aging. Nature Communications, 14(1), 7034.

23. Passeri, E., Elkhoury, K., Morsink, M., Broersen, K., Linder, M., 
Tamayol, A., Malaplate, C., Yen, F. T., & Arab-Tehrany, E. (2022). 
Alzheimer’s Disease: Treatment Strategies and Their Limitations. 
International Journal of Molecular Sciences, 23(22), 13954.

24. Rossi S (2006) Australian medicines handbook. Australian Med-
icines Handbook, Adelaide, pp 2–3

25. Ruetz, T. J., Pogson, A. N., Kashiwagi, C. M., Gagnon, S. D., 
Morton, B., Sun, E. D., Na, J., Yeo, R. W., Leeman, D. S., Morgens, 
D. W., Tsui, C. K., Li, A., Bassik, M. C., & Brunet, A. (2024). 
CRISPR–Cas9 screens reveal regulators of ageing in neural stem 
cells. Nature, 634(8036), 1150–1159.

DOI: 10.36838/v7i10.60

Table 1: Variants in APP associated with familial Alzheimer’s disease. 
This table lists key mutations in the APP gene associated with familial 
Alzheimer’s disease. Several variants, such as the Swedish and Flemish 
mutations, increase amyloid-beta production or aggregation, contributing to 
early disease onset.
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Table 2: Variants in PSEN 1 are associated with familial Alzheimer’s 
disease.
This table summarizes mutations in the PSEN1 gene linked to familial 
Alzheimer’s disease. Many of these variants increase the Aβ42/Aβ40 ratio, 
disrupt protease activity, and are highly pathogenic.

Table 3: Variants in PSEN 2 associated with familial Alzheimer’s disease.
This table outlines rare PSEN 2 mutations associated with familial Alzheimer’s 
disease. Some of these variants affect calcium regulation and amyloid-beta 
production.
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Table 4: Drugs used for Alzheimer’s disease.
This table summarizes the mechanisms of current treatments that focus on 
symptom management rather than disease modification.
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ABSTRACT: Entrepreneurship is a skill that has been around for centuries and has been practiced in various ways throughout 
the years. After the COVID-19 pandemic, more people have become interested in becoming entrepreneurs. As defined by Bird 
(1988), entrepreneurial intention is “an entrepreneur’s state of mind that directs attention, experience, and action towards a business 
concept.” This paper aims to explore the various environmental factors that might affect a person’s entrepreneurial intent. By 
examining people with entrepreneurial intentions in different countries in the Middle East*, patterns emerge regarding economic 
stability and development in various countries in the Region. Considering the fact that traditional entrepreneurship education 
does not usually expose students to the entrepreneurial process through problem-solving, entrepreneurial education has not had 
major success in helping students start business ventures. Looking at entrepreneurs in the Middle East, this paper will attempt 
to explore how an individual’s environment shapes the entrepreneurial mindset. This will help several institutions and scholars 
determine if further efforts should be implemented to develop future entrepreneurs.  

KEYWORDS: Behavioral and Social Sciences, Sociology, Entrepreneurial Intentions, Regional Environments, Entrepreneurship 
Education, Middle East.

� Introduction
Entrepreneurship is a driving force to economic growth and 

success, and while entrepreneurship has been around for cen-
turies, the term ‘entrepreneur’ is defined differently by many 
scholars. For the sake of this research, an entrepreneur is any in-
dividual with entrepreneurial intent or the intention of starting 
a business.1 Is there a certain psychological aspect that drives 
a person to become an entrepreneur?2 Research suggests there 
is a direct link between personality traits and entrepreneurial 
efficacy.3 Other factors include an entrepreneur’s environment; 
living in economically prosperous countries with financial 
stability is substantially different than living in a developing 
country riddled with chaos. The need to rise above poverty 
must also be considered; when faced with impoverishment, a 
person might turn to take their fate into their own hands and 
aim to start their business solely to survive.3 Of course, person-
ality traits are largely influenced by the cultural beliefs a person 
grows up around, which transitively means that personality 
traits are affected by regional factors. After establishing this 
point, it becomes clear that a person’s psyche is directly linked 
to their environment, which both affect entrepreneurial intent. 
Entrepreneurship is associated with the ability to take risks and 
inventiveness, which suggests that entrepreneurship is not a de-
fault skill in the human mind, but a specialty that some possess, 
which can be nurtured and grown. Another question that raises 
itself is ‘can entrepreneurial education enhance entrepreneur-
ial intention in persons with the entrepreneurial seed planted 
within them because of their upbringing?’

Taking an entrepreneurship course is undoubtedly a better 
option than taking a leap of faith and becoming an entrepreneur 
without any guidance, but one cannot be sure of just how effec-
tive it is in comparison to regional conditions. Entrepreneurial 

learning relies heavily on a linear approach of problem-solving, 
which lacks the suitable tools to solidify a student’s contextual 
understanding of the entrepreneurial process.4 The Middle East 
is a region with many developing countries and unstable econ-
omies, so understanding the effectiveness of entrepreneurial 
programs along with the core drivers for entrepreneurial intent 
would help them encourage entrepreneurship more effective-
ly, thus kickstarting positive changes to the economy. Several 
countries in the Middle East, specifically the Gulf region, have 
launched entrepreneurial education systems with the motive of 
gaining a competitive global advantage. The UAE, in particu-
lar, has launched a program to utilize undergraduates’ ideas into 
businesses, providing a community for students ³ to have access 
to key stakeholders and businessmen, building a collaborative 
environment that helps college students identify key phases of 
the entrepreneurial process including ‘ideation’, ‘incubation’, 
and ‘acceleration’.4 The Gulf region has always had a strong 
stance in wanting to develop future entrepreneurs, 1 and often 
puts resources into the matter. Establishing entrepreneurship 
programs is essential to the prosperity of the Middle East, as 
entrepreneurship often spurs innovation and economic growth.

While some scholars think that reshaping the entrepreneur-
ial education system will result in fostering a more creative 
process, with more innovation and research skills, that does 
not necessarily mean that more people will develop entrepre-
neurial intent. Training students to work more collaboratively, 
giving them tools to create new ideas, and teaching them to an-
alyze information to make quick decisions has an overflow of 
benefits to employability and economic prosperity, yet factors 
such as the need for achievement (nAch) and locus of control 
(LoC) rely solely on a person’s psychological traits and cannot 
be changed by learning mechanisms.3 In a region as variable 
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as the Middle East, one can determine the effect of political 
backgrounds and economies on entrepreneurial intent. The 
Middle East ranges from some of the richest to some of the 
poorest countries in the world, which provides the opportunity 
to analyze how the risk of poverty affects an entrepreneur’s 
actions. This study aims to show the differences a person’s en-
vironment makes on their entrepreneurial intent.

� Literature Review
Entrepreneurial programs often have a positive impact 

on thinking, communication, and time-management skills.2 
Entrepreneurship education provides a space for applying 
divergent creativity thinking tools that enable students to 
acquire competencies to secure employment opportunities 
and have life-long skills of value; having entrepreneurial ed-
ucation based on utilizing divergent creativity processes will 
undoubtedly emerge with confidence in creativity skills that 
allow students to generate advantageous ideas, maximize idea 
breadths, originality and the ability to identify gaps, complex-
ity of schemes, and curiosity about different ventures, among 
other skills.4–6 While all these advantages may seem appealing 
to anybody, these programs will not affect a person with no 
underlying hunger for entrepreneurship. No learning program 
can magically grow the nAch and LOC in a person, no matter 
how effective it is.3

The Middle East, particularly, is a useful region in iden-
tifying the effect of background and upbringing of a person 
in making them an entrepreneur. In the Middle East, coun-
tries like Yemen and Syria are still in an economic crisis and 
have governmental chaos. On the other hand, countries of the 
Gulf are considered relatively safe and stable. So that raises 
the question: how does that affect a person’s entrepreneurial 
mindset? Is desperation a motivator for entrepreneurial intent, 
or is someone living a safe and stable life more likely to start a 
business? Lately, entrepreneurship has stopped becoming sin-
gular to one person, with the focus shifting to entrepreneurial 
ecosystems, and not only a person’s individual characteristics 
and personality.7 The concept of regional social and economic 
environments affecting entrepreneurial growth and intention 
is not new by any means, with the work of Spigel, Malecki, and 
Ritsilä highlighting the geographical perspective.8–10

To understand how regional differences impact entrepre-
neurship, one must analyze the economic standards in different 
countries in the Middle East:

Changes in household income throughout different countries:
As shown in Figure 1, this figure demonstrates that, com-

pared to Level B or Level A economies (relatively prosperous 
economies), low-income economies were significantly more 
likely to have seen a decline in household income in 2023. 
For instance, compared to only four out of seventeen Level 
B economies and none of the Level A economies, adults in 
eleven out of fourteen Level C economies reported that their 
household income had decreased in the previous year by at 
least 40%.11: When a person witnesses significant decreas-
es in their household income from traditional wage-earning 

methods, they might think of turning to starting businesses to 
improve their living standards.

As this graph suggests, Figure 1, that Level C economies 
(developing countries) may have more incentives for business 
startups, as conventional labor has caused significant decreases 
in their earnings. Starting a business would start to look very 
appealing to anybody looking to increase their income.

Entrepreneurial activity in different countries:
Figure 2 displays the TEA and EBO levels for each of the 

46 economies. In four Latin American and Caribbean econ-
omies—Guatemala, Ecuador, Chile, and Panama—more than 
three out of ten adults were launching or operating a new 
company. With a few exceptions in Latin America, levels of 
early-stage entrepreneurial activity generally declined as in-
come increased. There were five Level C economies, with one 
in five or more adults starting or running a new business, com-
pared to four in Level B and just one in Level A. In contrast 
to Levels B and A combined, which had 13 economies out of 
32, Level C had only three economies out of 14, with less than 
10% of adults launching or operating a new business.11 This 
graph demonstrates how popular business startups are in Level 
C economies, cementing the point suggested by Figure 1.

In these graphs (Figures 1-2), countries are separated into 
levels A, B, and C which separates economies into three lev-
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Figure 1: Graphical representation of differences in household incomes 
throughout different economies globally, with many different classes of Middle 
Eastern economies. Low-income economies (Level C) experienced significant 
declines in household income, while Levels A and B showed relative stability 
or growth. Ukraine recorded the highest percentage of households reporting 
income losses, whereas Croatia and Norway had the highest levels of income 
growth.12 

Figure 2: Total early-stage entrepreneurial activity (TEA) and established 
business ownership (EBO) (both % adults). Levels of TEA and EBO across 
46 economies, early stage entrepreneurial activity (TEA) was highest in 
Latin  America & Carribean, with general decline as income increased, while 
established business ownership (EBO) showed less variation and, in some 
Level C economies, matched or exceeded TEA levels.12
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els: level C refers to a level of GDP per capita of less than 
$25,000, level B has a GDP per capita of $25,000-$50,000, 
level A has a GDP per capita of more than $50,000. Middle 
Eastern countries are included in all three categories, showing 
that early-stage entrepreneurial activity is more popular than 
established business ownership.

Statistics suggest that richer economies in the Middle 
East have a higher business start-up rate, which is thanks to 
programs established to create a safe environment for entre-
preneurs to prosper. By using results from a study by Al Qadasi 
et al. (2023), which found that the need for achievement and 
entrepreneurial self-efficacy correlate with political environ-
ments, one can infer that unstable environments might create 
a need for business start-ups, but they still need support from 
experienced individuals.3

One very notable thing is that while most Middle Eastern 
countries dropped in entrepreneurial activity after 2019, Saudi 
Arabia had a significant increase in 2023, which might be be-
cause of the Monsha’at program for entrepreneurship, which 
partnered with Silicon Valley and MIT in 2023, clearly having 
an impact on entrepreneurial activity. Qatar also had an in-
crease in entrepreneurial activity in 2021, then dropped back 
in 2023. The two graphs above show the economic differences 
in different countries in the Middle East, which gives insight 
into whether entrepreneurship programs in said countries have 
helped boost their economic growth and entrepreneurial ac-
tivity.

As Al Qadasi et al. have previously proven in Ye-men, 
socio-political situations can heavily impact a person’s 
entrepreneurial intent; in an unstable environment with high 
unemployment rates, a business start-up is viewed as the best 
source of income.3 If this hypothesis can be proven in Yemen, 
it can be proven in many other Middle Eastern countries with 
similar circumstances, such as Jordan, with a staggering 40.80% 
rate of unemployment among youth in 2023.13 Al Qadasi et 
al. have shown that attitudes, personality traits, and contextual 
factors influence an individual’s entrepreneurial intent.3

Environmental variables interact with a person’s personal-
ity traits to affect entrepreneurial behavior. Entrepreneurial 
ecosystems are crucial for establishing entrepreneurial social 
networks, which could help motivate and fund an entre-
preneur’s business start-up. Entrepreneurial intent in such 
countries is “necessity-based” and shows correlations between 
personality traits and situational factors that affect entrepre-
neurial intent.

� Methodology
This paper combines literature about how environmental 

factors combine with personality traits that might affect en-
trepreneurial intent. By analyzing research conducted in the 
Middle East. This study provides a detailed analysis of the 
different economic situations in the Middle East to help the 
reader understand what affects entrepreneurial intent. For de-
veloping economies in the Middle East, entrepreneurship is a 
much-needed boost for unemployment rates, and the only way 
to nurture entrepreneurship is to identify the factors that push 
entrepreneurial intent.

Most literature has been derived from Google Scholar, be-
tween the time period of 2018 to 2024, only including research 
from before that period if it’s necessary to build a foundation. 
After analyzing data on the effects of the environment on 
entrepreneurial intent, there was also a connection between 
entrepreneurship education, which means that the effec-
tiveness of entrepreneurial education is vital to inspiring an 
entrepreneur to start a business. After evaluating the correla-
tion between socio-political environments, unemployment, 
and entrepreneurship education, it was found that this paper 
needed to include all three factors in order to have a clear study.

This review puts together multiple different perspectives 
on the topic, in order to give the reader an easy introduction 
to the world of entrepreneurial intentions. The research pro-
vides a brief introduction to the effect of environments on 
entrepreneurial intent, proving the significant effect a person’s 
environment has on psychology, which in turn affects entrepre-
neurial intentions. It is recommended to read the cited sources 
as well as other literature for a more in-depth understanding of 
all aspects that affect entrepreneurial intent. The limitations of 
this study include the need for a more comprehensive inquiry 
around testing the effectiveness of entrepreneurship education 
with persons of entrepreneurial intent in more chaotic econ-
omies, and whether entrepreneurship education, as it stands 
today, is effective in building entrepreneurial intent. Further 
research needs to be conducted on necessity and opportuni-
ty-based entrepreneurial intent in different environments. 
Suggestions for future research also include testing the effec-
tiveness of entrepreneurial ecosystems in developing Middle 
Eastern countries. There is a need for more detailed research 
on the effect of a person’s family history and to expand on 
looking into the psychological aspects affecting entrepreneur-
ial intent regionally.

� Results
Psychology plays a huge part in entrepreneurial success, 

with results correlating positively between locus of control and 
entrepreneurial ability. This psychology is largely affected by 
upbringing and cultural standards. Several environmental fac-
tors affect the extent of entrepreneurial intent a person has, 
including living conditions. This shows that entrepreneurship 
cannot be taught, but can be nurtured instead. Current courses 
do not focus on the psychology behind entrepreneurial intent 
but on economic standards regarding entrepreneurship.

A person with no previous interest in entrepreneurship 
will not benefit from said courses. It is still unclear if entre-
preneurial intent can be taught, as several scholars disagree. 
Entrepreneurship greatly impacts economic growth and devel-
opment, specifically in higher-income countries.

The “entrepreneurial economy” is a popular method that 
economies use to improve unemployment problems and en-
rich their economy.14 Highly developed economies tend to tap 
into fostering entrepreneurship more than underdeveloped 
countries, especially in the Middle East, which helps them 
get higher entrepreneurship rates, although based on previous 
studies, countries with economic voids have great potential 
to stabilize their economic status by fostering entrepreneur-
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for university students to foster their entrepreneurial intent 
into a business start-up, which has been known to boost an 
economy’s financial status.

Middle Eastern countries, as countries that have either de-
veloping economies or recently developed ones, served as the 
perfect ground to explore such a topic. Countries like Saudi 
Arabia, with high funding for entrepreneurial programs, have 
experienced high rates of business startups. On the other hand, 
countries like Libya, with not much focus on entrepreneurship, 
have an increasing rate of entrepreneurial intent despite not 
having the proper tools.

Having underdeveloped governments invest in entrepre-
neurial programs may also result in negative consequences if 
the educational programs are not personalized to the country’s 
political and economic environment or individuals’ personali-
ty traits. Financing new business start-ups is also essential to 
encourage new entrepreneurs to start businesses. Entrepre-
neurship has been proven to boost a country’s economy, and 
in cases like Yemen and Libya, entrepreneurship would be a 
long-term solution to their current economic crisis.

The Gulf countries, particularly Saudi Arabia and the UAE, 
have heavily invested in building entrepreneurial environments 
that foster entrepreneurial intention into bigger opportunities 
and business ventures, which has allowed citizens to start their 
own businesses. Confidence-building exercises can also be im-
plemented into entrepreneurial education courses to eliminate 
the fear of failure that accompanies starting a new business. 
After looking at entrepreneurship regionally, it is clear that en-
vironmental aspects affect entrepreneurial intent and the desire 
to start business ventures. Overall, entrepreneurial intent is af-
fected by situational factors as well as psychological aspects.

This review would help policymakers and investors under-
stand how the entrepreneurial mindset is built, in order to put 
forth programs that correctly nurture entrepreneurial environ-
ments. Individuals would also benefit from this paper by having 
a clear layout of how entrepreneurial intention is affected by 
different factors, and whether the current environment they’re 
in positively or negatively impacts their entrepreneurial intent.

� Conclusion
Further research may include looking at a person’s family 

history regarding entrepreneurship, analyzing how the fear of 
failure hinders the desire to start a business, and looking at how 
entrepreneurship education can be improved.

This study compared how the environmental factors of dif-
ferent countries in the Middle East affect a person’s need for 
achievement and entrepreneurial intent. It was found that a 
person in a developing country with challenging living cir-
cumstances is more likely to start a business than one in a 
comfortable living environment with no real need to improve 
their conditions. It was also found that developing coun-
tries can stabilize their economies by focusing on developing 
entrepreneurial intent into a long-term business start-up. En-
trepreneurial ecosystems need to support an entrepreneur and 
guide them in making the right decisions. Without the right 
funding and guidance, governments will not be able to take 
advantage of entrepreneurial intent among youth. For a lasting 

ial ecosystems. Individuals with entrepreneurial intent tend to 
have higher self-efficacy and locus of control rate than oth-
ers.15 Entrepreneurial education can include personality traits 
and personalized courses based on environmental factors to 
encourage entrepreneurship in their country.

Entrepreneurial education may become more effective 
in encouraging business start-ups if the programs focus on 
creativity and situational factors. Entrepreneurial intent in 
developing countries in the Middle East is driven by necessi-
ty, while it is driven by opportunity in richer Middle Eastern 
countries.3 Although countries like the UAE have launched 
several programs to encourage entrepreneurial activity and 
business ventures, only 2% of citizens have the desire to start 
a business, which is caused by the cost of failure, which can be 
monetary, social, or motivational. Individuals are afraid to seize 
the opportunities they have because they fear bringing shame 
and embarrassment to themselves, losing money, and losing 
their motivation after failing.15

Citizens of rich Middle Eastern countries recognize the 
opportunities they have, but are too afraid of taking the risk 
and failing. On the other hand, citizens of developing Middle 
Eastern countries have higher entrepreneurial intent but lack 
the opportunities and support required to start a business. En-
trepreneurs who are business owners have a higher creativity 
rate than employees.15

All in all, all these observations reach one clear point: en-
vironments where low income is available provide a perfect 
breeding ground for entrepreneurial intent, as individuals have 
a larger need for achievement, but the resources provided by 
richer economies often give business start-ups a larger chance 
at succeeding.

� Discussion
It is very important to note that this paper is merely an in-

troduction to a topic that goes far deeper than the scope of this 
review. The author hopes that further research is conducted I 
this field with deeper explorations of cultural norms, internal 
environments, and individual beliefs. That being said, this pa-
per has given rise to a threshold of research possibilities that 
explore this topic justly, and opens up opportunities for people 
to understand the extent of just how impactful their environ-
ment is to their lives.

Increasing attention has been given to entrepreneurs in de-
veloping countries, as it has been found that entrepreneurial 
intentions are a “regional dimension.” 14 This is only the first 
step into something major, and we are severely lacking in re-
search when it comes to entrepreneurial intentions regionally.

Throughout this study, the term entrepreneurial intention 
has been used in the context of an aware person having a con-
scious intention to develop a business start-up. Regional factors 
are not only a person’s living standards, but also whether or not 
they have a family business, or live in a supportive household 
among other factors that can affect an individual’s entrepre-
neurial intent. It has been found that environmental factors 
have an impact on a person’s need for achievement, which in 
turn leads to entrepreneurial intent. With that knowledge, pol-
icymakers may invest in creating entrepreneurial ecosystems 
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Overview of Rocket Engine Cycles and an Analysis of 
Parameters via Proptools Simulations   

Katherine Wang        
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ABSTRACT: Rocket propulsion systems commonly utilize bi-propellant combustion cycles, including open-cycle, closed-
cycle oxygen-rich, closed-cycle fuel-rich, and full-flow staged combustion, each tailored to specific performance and design 
requirements. This paper provides an in-depth review of each combustion cycle, outlining each system’s performance features 
and applications. Additionally, the paper discusses potential future designs, such as nuclear propulsion and tri-propellent liquid 
propulsion. Rocket propulsion systems are developed to maximize the efficiency of the system, ensuring that the rocket can 
produce the most thrust for a certain amount of fuel. The primary goal of this study is to understand which relationships between 
design parameters most significantly contribute to the optimal efficiency of a propulsion system. Simulation analyses conducted 
in Python using the proptools package demonstrate the effects of parameters on specific impulse, mass flow rate, and thrust to 
optimize system performance. The efficiency (i.e., specific impulse) is most influenced by changes in chamber temperature and 
exit pressure. For example, increasing exit pressure from 100 kPa to 500 kPa can reduce specific impulse by over 10%. Additionally, 
changes in throat area and chamber temperature impact mass flow rate, while exit pressure and throat area influence rocket thrust.  

KEYWORDS: Engineering Mechanics, Aerospace and Aeronautical Engineering, Rocket, Rocket Engine Cycles.

�   Introduction
In the 20th-21st century, rocket propulsion is a critical tech-

nology that enables space exploration and advances humanity’s 
understanding of the universe. This research explores the prin-
ciples and performance of bi-propellant combustion cycles, 
including open-cycle, closed-cycle (oxygen-rich and fuel-rich), 
and full-flow staged combustion. By using simulations with 
the proptools library,1 we analyze the impact of key parame-
ters such as chamber temperature, throat area, and exit pressure 
on specific impulse, thrust, and mass flow rate. These insights 
bridge theoretical understanding and practical applications, 
offering a foundation for developing more efficient and reli-
able propulsion systems to meet the evolving demands of space 
missions.

I: Fuel:
Most propulsion systems, specifically chemical propulsion 

systems, rely on the energy released from propellants.2 This 
energy is converted into thrust, governed by the principles of 
fluid dynamics and thermodynamics.

To maximize the efficiency of propulsion systems, several 
key factors must be considered. High combustion chamber 
temperatures are crucial, as they directly correspond to the 
energy released during combustion. This is achieved by using 
propellants with high energy content, where molecules with 
lower bond energy disintegrate more easily, releasing energy 
more effectively.2

Another critical factor is the isentropic coefficient,3 which 
measures the relationship between changes in pressure and 
volume during gas expansion. When there is a small isentro-
pic coefficient, it leads to more efficient energy transfer within 
the exhaust system. Essentially, this means that the system is 

better at managing heat, allowing it to transfer energy more 
effectively and improve overall performance.4 A smaller molec-
ular weight in the exhaust gas mixture is also preferred because 
lighter molecules require less energy to accelerate, leading to 
higher nozzle speeds and more efficient propulsion.5

The propellant's density and temperature are also critical 
factors in determining engine performance. High-density pro-
pellants enable greater mass to be burned per unit volume,6 
increasing the energy output for a given engine size. The 
temperature of the propellant is significant as well, as low-tem-
perature liquids (such as cryogenic fuels) require substantial 
insulation to avoid heat regression. If the propellant has a low 
condensation point, there would be a chance for the liquid fuel 
to turn into a gas, which would negatively impact the fuel’s 
performance. Next, we discuss the 3 most common types of 
fuel in a bi-propellant rocket engine.

Bi-propellent engines use liquid oxygen (LOX) and a fuel 
for combustion.7 One of the most commonly used fuels in 
such systems is RP-1, which stands for Rocket Propellant-1, 
or refined petroleum-1.7 RP-1 is a type of refined kerosene, a 
hydrocarbon fuel that is chosen primarily for its higher density, 
lower specific impulse compared to the more widely used liq-
uid hydrogen (LH2), and more stable storage characteristics at 
room temperature.7 RP-1 presents less of an explosion hazard 
than LH2, making it easier to handle and store. The develop-
ment of RP-1 traces back to early attempts with alcohols, but 
scientists found hydrocarbons like kerosene to be more effi-
cient for rocket engines due to their lack of an oxygen atom and 
negligible water content.

However, early attempts to burn kerosene in rocket engines 
led to unmanageable engine temperatures of ~2000C°.8 Raw 
kerosene polymerizes at high temperatures, causing break-
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downs in engine components, overheating of chamber walls, 
burn-through, and rapid failure. To address this issue, scien-
tists developed RP-1, a heat-resistant hydrocarbon fuel, which 
helped prevent these issues, making it a viable option for use 
in spaceflight.

Recall that LH2 is commonly used for bi-propellant en-
gines as well, providing the highest specific impulse of any 
rocket fuel; however, liquid hydrogen comes with significant 
challenges. For example, LH2 must be stored at extremely 
low temperatures, around -423°F (20K),9 due to its low boil-
ing point. Its low density means that large quantities of liquid 
hydrogen must be used for efficient rocket propulsion, which 
necessitates larger storage tanks in rockets. Hydrogen storage 
also poses a problem in that it can cause hydrogen embrittle-
ment, a phenomenon where metals become brittle and lose 
ductility when exposed to hydrogen, potentially weakening the 
rocket's structural integrity. LH2’s clean combustion process, 
however, is a significant advantage, as it reacts with oxygen to 
produce only water vapor, making it environmentally friendly.9

Liquid methane (LCH4), a newer option for rocket fuel, is 
used in several modern propulsion systems, such as SpaceX's 
Raptor and Blue Origin's BE-4 engines.10 LCH4 has a low-
er specific impulse than liquid hydrogen but is easier to store 
and handle because it has a higher boiling point and density,11 
providing an easier avenue for efficient storage. Additionally, 
LCH4 is a promising option for in situ resource utilization 
(ISRU) on Mars, where it can potentially be produced from 
local resources on the Martian surface.12 Compared to RP-1, 
liquid methane also burns cleaner, leaving less residue, making 
it a more environmentally friendly option while still offering 
sufficient performance for many rocket stages.

II: Rocket cycles:
The basics of a rocket engine essentially follow Newton's 

third law: For every action, there is an equal and opposite 
reaction. As seen in Figure 1, these rocket engines work by 
shooting material from the back of the rocket, whether that 
be through a pressurized vessel or a combustion between an 
oxidizer and fuel. 13,14

The simplest setup is a single-propellant engine that is just 
pressurized gas. When the valve of the tank is open, the gas 
flows out of the tank and into space, propelling the rocket 
forward. The more complex situation is running an engine 
with combustion, i.e., a bi-propellant engine, as mentioned in 
Section 1. This typically involves a fuel and oxidizer (oxidizer 

denoted as LOX). As the fuel and LOX reach the main com-
bustion chamber, they react with each other to produce thrust 
and move the spacecraft forward.

Most of the basic rocket engines are designed for propel-
ling fuel out as fast as possible, either through combustion or 
pressure. However, each of these methods has its own unique 
limitations. For example, combustion temperatures can only 
reach a certain maximum before the engine starts burning it-
self, depending on the alloys used to build it. In a pressurized 
system, there is naturally a pressure limit for the tank —the 
higher the required pressure, the greater the reinforcements 
needed, which leads to heavier rockets, reducing their propul-
sion efficiency.

A. Current Technologies:
The problems mentioned for the pressurized and combus-

tion rocket systems both lead to the engine delivering less 
material for the rocket to propel itself. The bulk of the litera-
ture review portion of this paper focuses on the technological 
advancements being explored for combustion rocket systems 
to overcome the current limitations in the field.

B. The Preburner:
One current method of increasing fuel output is to engineer 

a pump that transfers the fuel into the combustion chamber 
at a higher velocity.15 However, this introduces a new problem 
that must be addressed—powering the pump. Having an ex-
tra battery would increase the weight of the rocket; instead of 
adding a battery, experts designed a way to reroute some of the 
fuel to power the pump with a turbine. This concept is known 
as a preburner, shown in Figure 2. 16

As a little bit of the fuel combusts in the preburner, it turns 
a turbine, which is connected by a shaft to the pump,17 which 
throws all the fuel into the main combustion tank. But the ex-
tra burnt fuel doesn’t just disappear. There are two main ways 
to deal with this exhaust—open-cycle and closed-cycle—and 
they are some of the key distinguishing factors in the four 
main rocket engines we will be discussing in this paper.

C. Open-Cycle:
The open-cycle engine is the most common gas generator 

bi-propellent engine that is running today.18 This cycle engine 
is the most simplistic, as all the preburner exhaust is simply ex-
pelled overboard, as seen in Figure 3. The fuel that powers the 
preburner must have a higher pressure than the combustion 
chamber, as the combustion in the preburner turns the pumps 
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nozzle. 10

Figure 2: A standard preburner that helps spin the turbopumps.10 

ijhighschoolresearch.org



74	 DOI: 10.36838/v7i10.72

that supply the fuel and LOX into the combustion chamber, 
following the principle that pressure flows from high to low.

However, as pressure increases, so does temperature, which 
risks melting the entire engine system. In order to prevent 
this, as the preburner doesn’t have the same cooling systems 
as the main combustion chamber, engineers run the preburner 
at a less stoichiometrically favorable ratio.18 This causes the 
exhaust gas to become sooty, giving it a distinctly dirty ap-
pearance. This sooty residue can contaminate the combustion 
chamber, requiring engineers to carefully address this chal-
lenge in the preburner system. They decided the best design 
would be to dump this exhaust gas outside of the combustion 
chamber.

D. Closed-Cycle Engine:
A closed-cycle engine, unlike an open-cycle bipropellant

engine, recirculates all preburner exhaust into the main cham-
ber, a process that would damage an open-cycle engine due 
to its sooty, fuel-rich exhaust. So, engineers came up with 3 
different solutions to solve this issue: the closed-cycle oxy-
gen-rich (ORSC) engine, the closed-cycle fuel-rich engine, 
and the full-flow staged combustion cycle engine.

Closed Cycle Oxygen-Rich Engine:
In section II.C, it was stated that the preburner is run at a 

less stoichiometrically favorable ratio, which makes the pre-
burner exhaust so sooty. So, engineers changed the design for 
all the oxidizers to be combusted in the preburner. However, 
this causes the temperature inside our preburners to reach up 
to 1383 K (~2030°F).17 To prevent the engine from melting, 
engineers would have to develop an alloy that could with-
stand enormous amounts of heat. The United States couldn’t 
find a way to solve this, as they believed that the alloy needed 
would be extremely difficult or even impossible to make. On 
the other hand, the Soviet Union was able to make this alloy: 
Inconel 718.19 The alloy developed was a titanium alloy that 
could withstand temperatures of up to 973 K. By using this, 
the Soviet Union would be able to design the first closed-cycle 
oxygen-rich engine, shown in Figure 4.

Closed-Cycle Fuel-Rich Engine:
With the US not being able to make a strong enough alloy 

to withstand the temperatures of an ORSC engine, they opted 
to change the fuel and make a closed-cycle fuel-rich engine.

But as said in section II.C, the fuel-rich preburners typically 
produced a lot of “sooty” chemicals. However, this only hap-
pened when kerosene (RP-1), the most common fuel at the 
time, was used. So, the United States opted for a different fuel: 
hydrogen. However, just using hydrogen as a fuel wouldn’t fix 
everything in the engine, and using hydrogen as a fuel came 
with its own set of problems. Hydrogen is a combustible gas, 
which is great for burning as a fuel, but not so great if the 
hydrogen hasn’t even reached the engine yet. If there were any 
hydrogen leaks outside the main combustion chamber, the en-
gine and the rocket would explode. Even worse, hydrogen is 
a hard gas to store, as the gas turns into a liquid at 20.1 K 
(−423°F). Additionally, the density of liquid hydrogen is 70.9 
kg/m³, lower than any other fuel at STP (Standard tempera-
ture and pressure).20 There is not much scientists can do to 
solve this problem, and they can only mitigate it at best. As a 
result, huge insulated tanks are required in order to store the 
highly combustible fuel. Due to the difference in density be-
tween the LOX and hydrogen, two different preburners must 
be engineered—one is attached to the fuel pump, while the 
other is attached to the LOX pump.24 In this system, all of the 
hydrogen gets pumped into the preburners, and that preburn-
er’s exhaust gas is pumped into the main combustion chamber. 
While some of the LOX goes into the preburners, the majority 
of it ends up combusting in the main chamber. This causes 
both preburners to run fuel-rich, creating the closed-cycle fu-
el-rich engine, as seen in Figure 5.

Figure 3: An open-cycle rocket engine that dumps the preburner fuel 
overboard on the side of the main combustion chamber. 10

Figure 3: A closed-cycle fuel-rich engine. Both preburners run fuel-rich. 1

Figure 4: A closed-cycle oxygen-rich engine. Requires extremely strong 
alloys to prevent melting. 10
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E: Future Technologies:
In terms of engine design, there are many more ideas that are 

slowly being tested or have been tested.
Note that the two most common types of rocket engines 

are mono-propellant and bi-propellant systems. Rocketdyne, 
the organization behind the development of the RS-25 and 
F-1 engines, once attempted to develop a tri-propellant en-
gine.22 After extensive testing, it was found that the engine
achieved a specific impulse (ISP) of 542 seconds, the highest
ever recorded. However, the engine's propellant composition,
gaseous hydrogen, liquid fluorine, and liquid lithium, produced
byproducts such as hydrofluoric acid, a highly toxic and corro-
sive substance, making the engine's use in practical applications
extremely hazardous and essentially impossible.

Some other emerging ideas for rocket engine designs are 
plasma rockets, fusion propulsion, and nuclear propulsion.

As for fusion nuclear propulsion, the benefits are huge. They 
can generate large amounts of thrust for extended periods of 
time, and the fuel efficiency is unmatched. They could fin-
ish a Mars mission with five to ten times less propellant than 
chemical rockets. However, there are huge safety and scaling 
challenges.

Plasma rockets may revolutionize rocket engines, as they rely 
on electromagnetic fields rather than chemicals. Plasma rock-
ets are extremely efficient with their fuel compared to chemical 
rockets, as they can send ions at speeds much higher than the 
speed of exhaust from a traditional rocket.23 However, plasma 
rockets cannot generate the same level of thrust as chemical 
rockets. They can produce consistent thrust for long periods 
of time, so the fuel efficiency is extremely high, but the overall 
speed produced is lower.

� Methods
III: Data analysis of propulsion parameters:
A: Introduction to key Equations:
Using the Python proptools package,5 we observe the rela-

tionships between independent variables (Exit Pressure, Throat 
Area, and Chamber Temperature) and their impact on (Thrust, 
Mass Flow, and Specific Impulse) with the goal of understand-
ing which relationships contribute to the optimal efficiency of 
a propulsion system. Though there is no one-size-fits-all, the 
analysis performed allows for a breakdown of the general com-
ponents required for a successful rocket system.

There are many variables used in the calculations of thrust, 
mass flow, and specific impulse. For all calculations, chamber 
pressure, exhaust molar mass, and specific heat ratio were kept 
constant. There are specific equations that help determine dif-
ferent variables involved in calculating the dependent variables.

One variable is Cf, or the thrust coefficient of the rocket 
engine. Some variables used in this calculation were:

• Pe represents the exit pressure of the system.
• Pc represents the chamber pressure of the system. This

is set as a constant of 100 bar in all simulations done.
• γ is the specific heat ratio of the exhaust gas. This is set

as a constant of 1.2 in all simulations done.

Full-Flow Staged Combustion Cycle Engine:
Given the critical role of engine design in optimizing engine 

efficiency, experts are always looking for ways to improve. In 
recent years, there has been a significant advancement in the 
development of one design, the full-flow staged combustion 
cycle engine, shown in Figure 6. The full-flow is similar to 
other staged combustion cycle engines in the sense that it is 
also a closed cycle engine and utilizes preburners. However, 
the specific way they use their fuel and preburners makes it 
unique. While the other combustion cycles have their pre-
burners run either fuel-rich or oxygen-rich, the full-flow 
staged combustion cycle has two preburners, one running fu-
el-rich and the other running oxygen-rich.21 The exhaust of 
both preburners enters the combustion chamber in a gaseous 
state and combusts. Because of this gaseous state, combustion 
becomes much more efficient. 18

One factor that prevented the full-flow staged combustion 
cycle engines from being developed faster was the lack of a 
good fuel and a strong alloy.

As mentioned in II.C, with a fuel-rich preburner, if RP-1 is 
used, then the exhaust gas would be extremely sooty, clogging 
the engine. If we instead run it with hydrogen, then the den-
sity difference between the fuel and oxidizer would force the 
rocket to have two fuel-rich preburners. In the 20th century, 
a total of two of these rocket engines were made. One ran on 
hydrogen, the other on UDMH (unsymmetrical dimethylhy-
drazine). It wasn’t until the 21st century that a third and much 
more efficient fuel would be used, methane.

As mentioned before, in order to run an engine with an ox-
idizer preburner, there needs to be alloys that can withstand 
high pressure and heat. When SpaceX started building their 
full-flow engine, they developed a special alloy called SX500 
that is able to withstand 800 bar of hot gas, suitable for build-
ing this engine.

Since the development of the Raptor engines, much of the 
attention has been focused on the full-flow staged combustion 
cycle engine. As SpaceX continues to make rapid progress on 
its engine, it's apparent how using this design will significantly 
contribute to the efficiency of the rocket.

DOI: 10.36838/v7i10.72

Figure 6: A full-flow staged combustion cycle engine. One preburner runs 
fuel-rich, the other preburner runs oxygen-rich. 10
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which corresponds to the following equation from proptools:

		  (Eq. 4)24

Equation 4: This equation calculates specific impulse using 
characteristic velocity (c*), gravity (g), and thrust coefficient 
(Cf ).

Thrust coefficient is unitless, characteristic velocity is me-
ters per second, and gravity is meters per second squared. 
Therefore, the units cancel out to seconds, which is the unit 
of specific impulse. Here, plots are provided that showcase the 
behavior of specific impulse against various key parameters.

From Equation 1, an increase in exit pressure will decrease 
the thrust coefficient and therefore decrease the specific 
impulse of the system. By graphing this relationship with pro-
ptools (Figure 7), we can confirm that as exit pressure increases, 
specific decreases by smaller and smaller amounts.

It is calculated with the equation:

(Eq. 1)24

Equation 1: This equation calculates the thrust coefficient 
of the engine. The thrust coefficient is unitless.

The thrust coefficient parameter, Cf, characterizes rocket 
nozzle performance to determine how well the nozzle expands 
the exhaust gas. The higher the Cf, the more efficient thrust 
production for a given chamber pressure and nozzle geometry, 
which is seen in output values of specific impulse and, under-
standably, thrust.

Another variable is C*, or characteristic velocity. Some vari-
ables used in this calculation were:

•	 Tc represents chamber temperature
•	 Mmolar represents the exhaust molar mass
It is calculated with the equation:

(Eq. 2)24

Equation 2: This equation is used to calculate characteris-
tic velocity. The units of characteristic velocity are meters per 
second.

The characteristic velocity, denoted as C*, is the effective-
ness with which the combustion in a rocket engine produces 
high temperature and pressure. Another way to describe this 
variable is how efficiently a system converts propellant energy 
to thermal and kinetic energy. This variable is not dependent 
on nozzle geometry, but on gaseous properties.

Key parameters explored in the analysis described in Sec-
tion III.B will be reviewed in Section III.A. Therefore, Section 
III.A provides the foundational relationships between key 
characteristics of an efficient (good to provide some kind of 
metric for efficiency) rocket propulsion system, specifically the 
impact of exit pressure, chamber temperature, and throat area 
on specific impulse, mass flow, and thrust.

B: Predicted/Expected Parameter Relationships:
This section presents the expected relationships between the 

key parameters discussed in Section III.A, using plots generat-
ed with proptools. Each sub-section showcases the impact on 
each parameter that is analyzed further in this project.

B1. Specif ic Impulse:
Specific impulse is a ratio of the thrust produced to the 

weight flow of the propellants. It is a measure of how effective-
ly a rocket engine uses the fuel, with a higher specific impulse 
meaning the same amount of propellant will produce more 
thrust for a different engine. The most widely accepted equa-
tion for specific impulse is:

		  (Eq. 3)24

Equation 3: This equation calculates specific impulse based 
on thrust (F), mass flow (m), and gravity (g0).
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Figure 7: Specific impulse vs exit pressure. Plot depicting the expected 
behavior of specific impulse vs exit pressure for X system. As exit pressure 
increases, specific impulse decreases in a nonlinear manner, indicating 
diminishing performance losses.

Figure 8: Specific impulse vs chamber temperature. Plot depicting the 
expected behavior of specific impulse vs chamber temperature for X system. 
Note that as chamber temperature increases, specific impulse increases by 
smaller and smaller amounts, reflecting diminishing gains in C*.
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From Equation 2, it is seen that chamber temperature has 
an effect on C*. As chamber temperature increases, C* also in-
creases by smaller and smaller amounts, since C* is. By graphing 
this relationship on proptools (Figure 8), it is observed that as 
chamber temperature increases, C* does increase by smaller 
and smaller amounts, confirming the relationship found in the 
equations.

B.2 Mass Flow:
Mass flow is the rate at which a rocket engine uses up fuel to 

produce thrust. The more mass that an engine ejects, the more 
thrust the engine is able to generate.

The equation for mass flow is:
    		  (Eq. 5)24

Equation 5: This equation calculates the mass flow based on 
fluid density (p), velocity (v), and cross-sectional area (a).

The equation used in proptools is:

		  (Eq. 6)24

Equation 6: This equation calculates the mass flow based on 
throat area (At), chamber pressure (pc), which is kept constant, 
and characteristic velocity. 

The equation in proptools is confirmed through dimension-
al analysis. The units of mass flow are kilograms per second. 
The units of area, chamber pressure, and characteristic velocity 
are meters squared, newtons per meter squared, and meters per 
second, respectively. Substituting the units into the equation 
confirms that they simplify to kilograms per second.

Note: Exit Pressure is not a component for calculating mass 
flow, so it is not explored in this section.

As shown in Equation 6, the throat area has a linear relation-
ship with mass flow. By graphing this relationship on proptools 
(Figure 9), we can confirm that as throat area increases, mass 
flow increases by constant amounts.

Chamber temperature is a directly related value in c_star, 
which is inversely related to mass flow. This means that as 
chamber temperature goes up, mass flow goes down. We can 
see this relationship in Figure 10.

B.3: Thrust:
Thrust is a force that propels an object forward. The more 

thrust a rocket can produce, the more work it can complete.
The commonly used thrust equation in rocketry is:

			        (Eq. 7)24

Equation 7: This equation calculates thrust with mass flow 
(m), exhaust velocity (Ve), exit pressure (pe), ambient pressure 
(p0), and nozzle area (Ae).

The equation we used in proptools is:

		   (Eq. 8)24

Equation 8: This equation calculates thrust with throat area 
(At), chamber pressure (Pc), and thrust coefficient.

We can confirm this equation by using dimensional analysis. 
The units of thrust are newtons. The units of area, chamber 
pressure, and thrust coefficient are meters squared, newtons per 
meter squared, and unitless, respectively.

Note: Chamber Temperature is not a component for calcu-
lating thrust, so it is not explored in this section. 
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Figure 9: Mass Flow vs Throat Area. Plot depicting the expected behavior of 
mass flow vs throat area for increasing throat area values at a constant chamber 
pressure. Note that as the throat area increases, mass flow increases linearly, 
confirming the direct relationship predicted by Equation 4.

Figure 10: Mass Flow vs Chamber Temperature. Plot depicting the 
expected behavior of mass flow vs chamber temperature. Note that as chamber 
temperature increases, mass flow decreases at a decreasing rate, reflecting the 
inverse relationship through C*.
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The first independent variable analyzed in relation to thrust 
is throat area. Similar to mass flow, the throat area is linearly 
related to thrust, and therefore would produce a linear line, as 
shown in Figure 11.

The first independent variable analyzed in relation to thrust 
is throat area. Similar to mass flow, the throat area is linearly 
related to thrust, and therefore would produce a linear line, as 
shown in Figure 11.

The next independent variable analyzed is exit pressure. 
From Equation 1, it is seen that increasing exit pressure will 
decrease the thrust coefficient, which will decrease the thrust. 
We can confirm this relationship by plotting with proptools 
(Figure 12).

�   Result and Discussion 
C: Influence of key parameters on gas and engine properties:
This next section demonstrates the effects of 2 independent 

variables on a dependent variable. The lines and curves pro-
duced in this analysis are due to gas properties/conditions and 
engineering components.

While some variables are dependent on the properties of the 
fuel, others are reliant on the engineering components of the 
engine.

Impact of Exit Pressure:

The overall shape of the Specific Impulse VS Chamber 
Temperature is in line with the graph in Figure 8. As seen in 
Figure 7, as exit pressure increases, specific impulse decreases 
by smaller amounts. However, the rate of this decrease becomes 
less steep with each additional increment of 100,000 Pascals, 
as illustrated in Figure 13. This indicates diminishing returns 
at higher exit pressures, while performance continues to drop, 
the marginal loss in specific impulse becomes smaller. This 
trend suggests that although higher exit pressures reduce en-
gine efficiency, the impact lessens at elevated pressures, guiding 
tradeoffs in engine design and helping engineers determine 
how engines should operate under varying conditions.
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Figure 11: Thrust vs Throat Area. Plot depicting the expected behavior of 
thrust vs throat area for X system. Note that thrust increases linearly with 
throat area, confirming the direct relationship between the two variables.

Figure 12: Thrust vs Exit Pressure. Plot depicting the expected behavior 
of thrust vs exit pressure for X system. Note that as exit pressure increases, 
thrust decreases nonlinearly, consistent with the reduction in thrust coefficient 
predicted by Equation 5.

Figure 13: Relationship between Specific impulse and chamber temperature 
as a function of exit pressure. The relationship between specific impulse and 
chamber temperature is seen in this graph, matching the curve in Figure 8. 
As exit pressure increases, it can be seen that specific impulse decreases non-
linearly, as shown in Figure 7. This figure shows that specific impulse increases 
with chamber temperature but decreases nonlinearly with exit pressure, 
highlighting diminishing returns at higher pressures.
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Since changing the exit pressure does not affect the mass 
flow of a rocket, as mentioned in section III.A.2, there is only 
one line displayed in Figure 14 for all the different exit pres-
sures.

The Relationship between Thrust and Throat Area is lin-
ear in this figure, preserving the expected shape seen in Figure 
11. As exit pressure increases, thrust decreases by progressive-
ly smaller amounts, as seen in Figure 12. This is reflected in 
Figure 15, as the slope of the relationship between thrust and 
throat area decreases by smaller and smaller amounts. It is eas-
iest to observe this decrease by looking at the points where the 
throat area is larger.

Since exit pressure does not affect mass flow, as shown in 
section III.A.2, we observed only one line in Figure 16.

Impact of Chamber Temperature:

The overall shape of the line representing the relationship 
between Specific Impulse and Exit Pressure in Figure 17 
remains the same as seen in Figure 7. When plotting the rela-
tionship with different Chamber Temperature values, we can 
see that as Chamber Temperature increases at decreasing in-
tervals, the gaps between the lines decrease. This is in line with 
the relationship we determined in Figure 7, where Specific Im-
pulse decreases by smaller and smaller amounts as exit pressure 
increases at a constant amount. This also implies that there is a 

DOI: 10.36838/v7i10.72

Figure 14: Relationship between Mass Flow and Chamber Temperature as 
a function of exit pressure. The shape of the curve is reflected in Figure 10. 
Since exit pressure doesn’t affect mass flow, there is only one line shown on the 
graph. This figure shows that mass flow decreases with chamber temperature, 
matching the trend in Figure 10, and remains unaffected by changes in exit 
pressure, resulting in a single curve.

Figure 16: Relationship between Mass Flow and Throat Area as a function 
of exit pressure. The shape of the curve is preserved as seen in Figure 9. Since 
exit pressure doesn’t affect mass flow, all the lines overlap. This figure shows 
mass flow increasing linearly with throat area, consistent with Figure 9, while 
exit pressure has no effect, resulting in overlapping lines.

Figure 15: Relationship between Thrust and Throat Area as a function of 
exit pressure. The shape of the curve, a line, is the same as the one shown 
in Figure 11. Increasing the exit pressure decreases the thrust, a relationship 
demonstrated in Figure 12. This figure shows a linear increase in thrust with 
throat area, while rising exit pressure causes a nonlinear reduction in thrust.

Figure 17: Relationship between specific impulse and exit pressure as a 
function of chamber temperature. Here, the shape of the curve between 
impulse and exit pressure remains as expected, as seen in Figure 7; however, as 
we increase chamber temperature, the amplitude of the curve changes, which 
implies that as we increase chamber temperature, we also increase specific 
impulse. This figure shows the expected nonlinear decrease of specific impulse 
with exit pressure, while higher chamber temperatures raise overall specific 
impulse values with diminishing incremental effects, suggesting a plateau at 
high temperatures.
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theoretical limit to how much higher the Chamber Tempera-
ture can be before it has virtually no effect on Specific Impulse. 
This is shown in Figure 8, as Specific Impulse increases at de-
creasing amounts relative to Chamber Temperature, suggesting 
that the value of specific impulse will plateau.

The legend in Figure 18 shows the chamber temperature 
values evaluated on the graph, and as seen, they do not affect 
the relationship between exit pressure in thrust. Since chang-
ing chamber temperature does not affect thrust, this graph has 
overplotted the relationship at various chamber temperatures 
on top of each other, emphasizing the lack of correlation be-
tween chamber temperature and thrust shows one line.

As the throat area increases, mass flow also increases linearly, 
as shown in Figure 9. When the chamber temperature increas-
es, mass flow decreases by smaller and smaller amounts. This 
leads to the slopes of the relationship between mass flow and 
throat area to decrease as chamber temperature increases, as 
seen in Figure 19.

Chamber Temperature does not affect thrust as seen in sec-
tion III.A.3, so there will only be one observable line in Figure 
20.

Impact of  Throat Area:

The legend shows the throat areas tested in this simulation, 
and it is shown that all throat areas plot the same line. So, 
throat diameter also does not affect specific impulse, as seen 
in Figure 21.
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Figure 18: Relationship between Thrust and exit pressure as a function of 
chamber temperature. The shape of the curve between thrust and exit pressure 
is the same as seen in Figure 12. Changing chamber temperature does not 
affect thrust, as all lines with different chamber temperatures overlap with 
each other. This figure shows that thrust decreases nonlinearly with exit 
pressure, consistent with Figure 12, while chamber temperature has no effect, 
resulting in overlapping lines.

Figure 20: Relationship between Thrust and Throat Area as a function of 
chamber temperature. The shape is maintained from the simulation in Figure 
6. Since chamber temperature doesn’t affect thrust, all the lines plotted overlap. 
This figure shows a linear increase in thrust with throat area, unaffected by 
chamber temperature, resulting in overlapping lines.

Figure 21: Relationship between Specific Impulse and exit pressure as a 
function of throat area. The shape of the curve is a reflection of Figure 7, 
which makes sense as it is plotting the same relationship. The throat area is 
determined not to affect the relationship, as all the lines overlap. This figure 
shows the nonlinear decrease of specific impulse with exit pressure, with throat 
area having no effect, resulting in overlapping lines.

Figure 19: Relationship between Mass Flow and Throat Area as a function 
of chamber temperature. The shape of the curve for the relationship between 
mass flow and throat area is maintained as seen in Figure 9. As chamber 
temperature increases, mass flow decreases, as shown in Figure 10. This figure 
shows a linear increase in mass flow with throat area, while rising chamber 
temperature causes a gradual decrease in mass flow, reducing the slope as 
temperature increases.
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The overall shape of the thrust vs exit pressure remains the 
same as seen in Figure 12. When factoring the throat area into 
the relationship between exit pressure and thrust, we can see 
that increasing the throat area increases the thrust of the sys-
tem (plotted in Figure 22 as throat area). It seems that in order 
to increase the thrust, we should just increase the throat area. 
Recall that to generate this plot, chamber pressure was set to 
be a constant value, 100 bar. However, this is one key example 
of the edge cases with simulations/the proptools Python pack-
age; in a realistic setting, any change in throat area will impact 
chamber pressure, and therefore exit pressure. Recall that as the 
throat area increases, chamber pressure/exit pressure will de-
crease. Therefore, increasing the throat area while maintaining 
a high chamber pressure is difficult, making some of the thrust 
values in the graph unrealistic.

Note: Thrust is calculated with the thrust coefficient, which 
has chamber pressure as an input value.

The overall shape of the relationship between mass flow and 
chamber temperature is the same as in Figure 10. The rela-
tionship between mass flow and throat area is linear, as shown 
in Figure 9. The differences between the throat area cases are 
consistent, with uniform offsets separating the curves. There-
fore, we can confirm that Figure 23 follows the same properties 
as Figures 9 and 10.

Since the throat area does not affect specific impulse, as 
shown in section III.A.1, this plot shows that any change in 
throat area will have no impact on the impulse. This may be 
realistically untrue as the throat area would have an impact on 
chamber temperature. Because the throat area is assumed not 
to have an impact, there is only one line for the relationship be-
tween specific impulse and chamber temperature (Figure 24).

Overall, the parameters are impacted by two of the inde-
pendent variables observed. Specific impulse has a nonlinear 
decreasing relationship with exit pressure and a nonlinear in-
creasing relationship with chamber temperature. Mass flow 
is impacted by throat area and chamber temperature. It has a 
linear increasing relationship with throat area and a nonlinear 
decreasing relationship with chamber temperature. Thrust has a 
linear increasing relationship with throat area and a non-linear 
decreasing relationship with exit pressure. These relationships 
result in the graphs seen in Section III.C, with some graphs 
displaying multiple lines and others displaying a single line. 
The errors observed in this analysis result from the variables 
kept constant. For all relationships, chamber pressure, exhaust 
molar mass, and γ were kept constant, even if they would have 
been impacted by the changing independent variable.

�   Conclusion 
In conclusion, propulsion systems, specifically chemical 

ones, rely on the energy from propellants, converting this en-
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Figure 22: Relationship between Thrust and exit pressure as a function of 
throat area. The shape of the curve for the thrust vs exit pressure relationship 
is in line with Figure 12. As the throat area increases, it can be seen that 
thrust also increases, which is a relationship confirmed in Figure 11. This 
figure shows that thrust decreases nonlinearly with exit pressure and increases 
linearly with throat area.

Figure 24: Relationship between Specific Impulse and Chamber 
Temperature as a function of throat area. The curve has the same shape as 
the simulation in Figure 7, which confirms the relationship between specific 
impulse and chamber temperature. Changing the throat area does not 
affect this relationship, as the throat area does not affect specific impulse, as 
mentioned in section III.A.1. This figure shows that specific impulse increases 
with chamber temperature while remaining unaffected by throat area, resulting 
in a single overlapping curve.

Figure 23: Relationship between Mass Flow and Chamber Temperature as a 
function of throat area. The shape is maintained from the simulation in Figure 
10. As the throat area increases, mass flow increases, as shown in Figure 9. This 
figure shows mass flow decreasing with chamber temperature and increasing 
linearly with throat area.
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ergy into thrust through fluid dynamics and thermodynamics. 
Factors such as high combustion chamber temperatures, high 
energy content propellants, small isentropic coefficients, and 
lower molecular weight in exhaust gases improve propulsion 
efficiency. The type of fuel used in bi-propellent engines also 
significantly affects performance, with RP-1, liquid hydrogen, 
and liquid methane being the most common options, each 
with its own advantages and disadvantages. Rocket engine 
designs, including open-cycle and closed-cycle engines, con-
tinue to evolve, with advancements in designs such as full-flow 
staged combustion cycle engines. Future propulsion technol-
ogies, such as plasma rockets, fusion propulsion, and nuclear 
propulsion, hold great potential, though they face challenges in 
scalability and safety.

This paper also analyzed how key propulsion parameters, 
specifically specific impulse, mass flow, and thrust, are influ-
enced by variables like exit pressure, chamber temperature, and 
throat area. Using theoretical analysis and simulations with 
Python’s Proptools library, we were able to examine the rela-
tionships between these factors and rocket engine performance.

Some conclusions made are that specific impulse is most 
affected by changes in chamber temperature and exit pres-
sure. For example, at a fixed chamber temperature of 3000 K, 
specific impulse decreases from ~290 seconds at 100 kPa to 
~250 seconds at 500 kPa, confirming the inverse relationship 
between exit pressure and specific impulse. However, this de-
crease is non-linear, and the rate of decrease diminishes with 
each 100 kPa increment, indicating diminishing returns at 
higher exit pressures.

On the other hand, exit pressure does not impact mass flow. 
Mass flow is directly proportional to throat area, increasing lin-
early as throat area expands. For instance, increasing the throat 
area from 0.1 m² to 0.5 m² raises mass flow from approximately 
600 kg/s to 3000 kg/s, depending on chamber temperature.

Thrust also follows a similar linear trend with throat area, in-
creasing significantly as throat area increases. However, unlike 
mass flow, thrust is influenced by exit pressure. At a chamber 
temperature of 3000 K, thrust decreases as exit pressure in-
creases, dropping from about 1.3 MN to 1.1 MN between 100 
kPa and 500 kPa, though again, the decline becomes less steep 
at higher pressures. This shows that while increasing throat 
area can improve thrust, optimizing exit pressure is crucial for 
maintaining or boosting performance.

Overall, this research provides a deeper understanding of 
how specific impulse, mass flow, and thrust interact in a rocket 
engine system. While the throat area plays a key role in mass 
flow and thrust, optimizing specific impulse requires more fo-
cus on exit pressure and chamber temperature. These findings 
are useful for future advancements in propulsion technology, as 
balancing these parameters will be important for building more 
efficient and effective rocket engines.
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ABSTRACT: There are more than a hundred mountain towns across the United States, each with its own unique town culture, 
history, and natural amenities. Still, they share distinct economic dynamics like seasonal revenues and reliance on the tourism 
industry. Tourism drives business revenues, job opportunities, and overall economic prosperity, but it also has its drawbacks, 
especially when demand outstrips supply. A particular challenge is the housing shortage and rising prices, which threaten the 
accessibility and affordability of mountain towns. The development is primarily driven by the towns’ growing popularity and 
a housing supply constricted by environmental, financial, and regulatory constraints, pressuring prices upward. The housing 
development threatens affordability and the displacement of long-standing community members, essential workers like teachers, 
firefighters, and medical workers, and the service workers who support the tourism industry that attracts economic revenues in 
the first place. These potential consequences highlight the delicate balance between economic growth and long-term sustainability 
in mountain towns. In response to the affordable housing concerns, many mountain towns have adopted or emphasized policies 
across the spectrum of command-and-control to market-based solutions. Examples of such public policies include more lenient 
regulations, deed restrictions, and financial incentives through tax credits, rebates, or direct subsidies.  

KEYWORDS: Behavioral and Social Sciences, Sociology and Social Psychology, Tourism Economics, Affordable Housing, 
Sustainable Development.

�   Introduction
Mountain towns are distinctive landmarks to the U.S.’s 

terrain; nestled within various mountain ranges like the Ap-
palachians, Sierra Nevada, and Rocky Mountains, mountain 
towns offer scenic landscapes, natural beauty, adventurous 
opportunities, and often culturally charming towns with deep 
history.1 Their beauty does not go unnoticed, and yearly, 
mountain towns in the United States attract millions of visitors 
through their enticing outdoor recreation activities; the Unit-
ed Nations Environmental Programme estimates mountain 
towns make up about 15-20 percent of all tourism worldwide.2 
In 2023 alone, outdoor recreation generated $1.2 trillion in 
economic revenue and provided five million jobs.3 These towns 
play a vital role in the U.S. economy, providing memorable and 
exciting experiences for many and driving the tourism indus-
try, which supports local businesses, service jobs, and brings 
life to many longstanding and charming communities. Yet, all 
great things come with a cost, and beneath the idyllic exteriors 
lie economic and social complexities that threaten the towns’ 
long-term sustainability and accessibility.

The cultural and economic importance of mountain towns 
extends beyond their tourism appeal. Their long-term success 
depends on maintaining a balance between fostering economic 
growth, supporting tourism, preserving attractive environmen-
tal quality, and protecting the needs of existing communities. 
The local economies depend greatly on their natural ameni-
ties and service workers. A prime example of this reliance is 
the popular skiing and snowboarding industry, which hinges 
greatly on ideal climate and environmental preservation. In 
the 2022-2023 season, ski resorts experienced a record 65.4 
million visitors.4 However, unchecked growth in these areas 

presents a tradeoff. As the popularity of outdoor recreation and 
mountain towns increases, more visitors can strain local infra-
structure, cause housing affordability to fall, and even promote 
environmental degradation.5 Without proper management and 
vigilance, these potential consequences threaten a prosperous 
future for mountain towns.

This paper is a policy review, examining the intersection be-
tween environmental economics in U.S. mountain towns and 
the challenges they face. It begins by defining mountain towns 
based on geographic, environmental, and economic criteria, 
particularly the prominent tourism industry. The paper then 
delves into the benefits and drawbacks of a tourism-centric 
economy, focusing on the tension between growth and social 
equity. The primary focus of this paper is the challenge of hous-
ing affordability in mountain towns and the various policies 
intended to address the negative impact on local workers and 
the long-term accessibility of mountain towns. Policy analy-
sis covers market-based, command-and-control, and hybrid 
policies, exploring how mountain towns approach a balance 
between economic growth and social goals. By presenting this 
information and analysis, this paper intends to offer readers a 
detailed understanding of the importance of mountain towns, 
the challenges they face, and current policies to guide construc-
tive steps forward.

�   Result and Discussion 
Def ining Mountain Towns in the United States:
Mountain towns are renowned for their natural wonders and 

seeming escape from urban society and bustling cities. They 
are often romanticized for providing a quieter lifestyle marked 
by awe-inspiring scenery, abundant wildlife, and outdoor rec-
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reation across grand mountains, through deep forests, and by 
pristine rivers and lakes. Mountain towns are hubs of envi-
ronmental and cultural elements that cultivate their popularity 
among many. No two mountain towns are the same; each pro-
vides diverse natural landscapes, opportunities, and beauty.6 

However, mountain towns do share some similarities across 
the United States, and this paper will seek to define mountain 
towns in the United States by drawing parallels between their 
geographical, population, and economic qualities.

Geographic elements define mountain towns in the United 
States. The most obvious is that a mountain town must be 
situated near or within a mountain or mountainous region.7 
To qualify as a mountain, the United Nations Environment 
Programme and its work with the World Conservation Moni-
toring Centre use elevation to classify mountain-town regions 
between 300 and 2500 meters. To account for some highland 
plateaus or tablelands, mountain towns are further defined as 
having access to mountains and their region marked by steep 
slopes and a high variance in elevation within a small area.8 
Mountain towns are also identified by being near natural ame-
nities that provide both visual contentment and the possibility 
for outdoor recreation. Amenities like rivers, lakes, bodies of 
water, forests, mountains, and wildlife are primary drivers for 
mountain towns’ popularity.9

Many U.S. mountain towns experience unique population 
dynamics. Research done in Colorado’s major mountain towns 
suggests the populations of mountain towns are made up of 
permanent residents, second homeowners and part-time res-
idents, and tourists.10 These observations are not isolated to 
Colorado’s towns but apply to mountain towns all across the 
United States. Recent changes in population and economic 
dynamics are largely attributed to the COVID-19 pandem-
ic accelerating the adoption of remote working for many and 
shifting preferences toward second homes in mountain towns. 
In Colorado’s Routt, Grand, Eagle, Summit, and Pitkin coun-
ties, a 2021 study reported that about 50% of households in 
these mountain towns have at least one person working from 
home; that statistic rose to 58% in a 2023 survey.11 Although 
the number has dropped since the peak of the pandemic, 37% 
of Colorado residents report a remote working schedule for 
at least one day a week.12 Consequently, second homeowners, 
part-time residents, and visitors have become a growing pop-
ulation in mountain towns, exacerbating the influx of visitors 
experiencing mountain towns. Mountain towns face distinct 
seasonality, driving visitor trends; colder seasons attract visitors 
for winter sports like skiing and snowboarding, while warm-
er seasons attract hikers and mountain bikers. The population 
dynamics in mountain towns are uncommon and changing, 
but they also strongly influence the economic activity, trends, 
and culture in mountain towns.

A notable attribute of mountain towns is their distinct eco-
nomic drivers and activities. Economic growth in mountain 
towns is spearheaded by tourism and other part-time visitors, 
most of whom participate in the outdoor recreation industry, 
which contributes to economic revenue and supports jobs.13 
The growing number of visitors in recent years has brought 
unprecedented growth and development to mountain towns, 

generating a large proportion of their revenue through outdoor 
recreation and related activities.14 However, economic growth 
does not come without growing pains, and in many towns, 
more visitors result in overstressed public infrastructure, envi-
ronmental degradation, rising prices, and public frustration. A 
leading concern is the skyrocketing housing and living prices 
that are making the lives of the local workforce unsustainable. 
The duality between rapid development and a sustainable way 
of life prompts a need for review. This paper intends to un-
pack the economics of mountain towns to assess current and 
potential threats and evaluate and propose constructive steps 
forward.

Social and population dynamics work together closely to 
produce economic development in mountain towns. A recent 
development is the introduction of more visitors and residents 
from urban areas and cities, who have jobs outside the moun-
tain regions and are of a higher socio-economic class than 
the local workforce. The introduction of wealthier people has 
paradoxical effects. Their growing presence fuels economic 
growth but also brings various developmental challenges, as 
these new visitors have higher incomes than most locals.

The General Economics and Challenges of Mountain Towns:
The economics of mountain towns are complex and concern 

geographical, social, and environmental constraints. Notably, 
tourism and related activities surrounding outdoor recreation 
are the chief economic engines for mountain towns and their 
development. Tourism has many drivers, like family, business, 
or culture, but economically, tourism is the activity of indi-
viduals traveling to a different location for less than a year, 
bringing economic, environmental, and social consequences 
by influencing the supply and demand for goods and services, 
subsequently allocating resources toward specific needs.15 The 
United Nations World Tourism Organization furthers this 
definition by classifying “mountain tourism” as a unique form 
of tourism existing specifically within mountainous areas with 
distinct climates, biodiversity, and natural amenities, as defined 
in earlier paragraphs.16 For mountain towns, fast-growing 
popularity draws in more visitors from non-mountain-town 
native areas, affecting the economic and social dynamics 
within mountain towns, ultimately exposing many towns to 
unique and burdensome problems as infrastructure is stressed, 
community priorities are challenged, and the trajectory of the 
towns’ futures evolves.17

Tourism growth in mountain towns is because of the 
unique natural amenities available. Mountain towns and es-
pecially those near national and state parks act as “gateway 
communities” for tourists to connect with attractive land-
scapes.17 Preferences for the outdoors, nature, and recreation 
pair well with mountain towns’ provision of clean and fresh air, 
water, varied terrain, scenic views, and natural resources to fos-
ter exciting outdoor adventure. Popular recreation that brings 
economic activity includes hiking, sightseeing, swimming, vis-
iting national parks, water sports, visiting and touring cultural 
locations, snowboarding, skiing, photography, wildlife watch-
ing, mountaineering, and more.18 The challenging balance 
comes from tourism and the environment’s strong interrela-
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tion, representing a delicate balance that generates tremendous 
economic revenue for mountain towns.

The tourism industry generates tremendous economic rev-
enue for mountain towns, especially those in mountain states 
like Montana, Colorado, Wyoming, and Utah. In Montana, 
from 2020 to 2021, the outdoor recreation economy grew by al-
most 30%, and in 2021 alone, real gross output for the outdoor 
recreation economy grew by 22%, providing a rise in employ-
ment by 13% and compensation by 16% in the industry.19 In 
Colorado’s Estes Park, a 2021 report recorded $3,270 in local 
tax receipts per resident household generated by travel-relat-
ed spending. The travel-related economic activity generated 
3,100 jobs in Estes Park alone, and in the entire state of Colo-
rado, the travel industry grew by 42% in 2020.20 Wyoming and 
its mountain towns, it is no different. In 2023, travel spending 
totaled $4.8 billion, a 7% increase from the previous year, and 
33,470 jobs were a result of travel spending.21 In the popular 
mountain state of Utah, tourism and visitors spent a record 
$12 billion in 2022, directly generating 98,600 jobs and indi-
rectly supporting another 53,200 jobs. The majority of visitor 
spending in 2022 was on lodging, transportation, and dining 
out expenses, emphasizing the importance of local infrastruc-
ture and businesses to support increased tourism.22 From a 
broader perspective, tourism and travel-related economic ac-
tivity are instrumental to the development of mountain towns.

Winter sports and recreation are a critical component in 
tourism revenue for mountain towns, as demonstrated in states 
like Colorado, Utah, and North Carolina. An economic impact 
report from the National Ski Areas Association on the 2023-
2024 season reveals that across the United States, downhill 
snow sports generated $58.9 billion in economic revenue and 
supported 533,000 snowsport jobs.23 The growing popularity 
in the industry supported wage growth of 49% over the past 
five seasons and has attracted an investment of $757 million 
to set.23 A 2015 study revealed that Colorado’s downhill sports 
industry generated $4.8 billion in economic activity, directly 
supporting over 46,000 jobs in recreation, retail, lodging, and 
services, and the industry has grown since.24 In Utah, one of the 
most popular states for skiing, snowboarding, and winter rec-
reation, a phenomenal 2022-2023 season brought $2.6 billion 
in skier spending, representing almost a 32% increase com-
pared to pre-pandemic rates in 2019-2022, highlighting the 
economic transformation the Covid-19 pandemic contributed 
to for U.S. mountain regions.22 In North Carolina, home of 
popular resorts like Sugar Mountain Resort, Wolf Ridge, and 
Cataloochee, the total economic impact from direct spending 
for the state’s ski industry in the 2022-2023 season was $148 
million, but after considering both direct and indirect spend-
ing, the total economic value amounted to $244 million.25 
Beyond aggregate value, the 2022-2023 winter season in 
North Carolina fostered 1,760 jobs and more than $16 million 
in capital expenditures for ski resorts in the region, marking 
successful reinvestment into the industry.25 Across the United 
States’ mountainous regions, mountain towns prosper from the 
ski industry and the economic activity it attracts.

Increased tourism and subsequent economic development 
often come at the cost of negative environmental externalities. 

Additional man-made structures are constructed to sustain 
tourist activities, threatening the mountains’ many unique 
ecosystems and habitats, plants, and animals. Infrastructure 
like roads, tracks, pathways, slopes, and other clearings used 
for transport, travel, or recreation incur the cost of habitat 
destruction, soil erosion, deforestation, and potentially water 
pollution. In response to surging demand, construction for 
new housing is necessary but can come at a high cost depend-
ing on its execution. New housing construction directly alters 
existing ecosystems through deforestation, soil erosion, and 
other alterations. In theory, constructing more housing will 
ameliorate the current housing shortage burdening many U.S. 
mountain towns, but may also enable further overcrowding of 
roads, public spaces, and other infrastructure by increasing the 
residential population size.26

Another environmental concern is that business people 
and firms in the tourism industry can damage the environ-
ment if they are hyper-focused on generating profit, and the 
market misrepresents all relevant factors. In mountain towns, 
hyper-competitive and profit-oriented behavior will bring 
economic growth, but such behavior frequently overlooks en-
vironmental costs.27

Empirical research in Tanzania, a country where tourism 
contributed 10.7% to GDP and 11.1% to national employ-
ment in 2020, illustrates this connection.28 As tourism grows, 
so does the demand for housing, through hotels, vacation rent-
als, and resorts, along with transportation, energy, and waste 
services. Without the proper policies to regulate economic 
development, expansion leads to deforestation, habitat de-
struction and displacement, ecosystem disruption, pollution, 
and numerous other drivers of environmental degradation. 
The study in Tanzania provides empirical evidence suggest-
ing that increasing tourism revenue leads to higher ecological 
footprints and larger energy consumption, particularly when 
development relies on fossil fuels.28

These outcomes stem from a traditional market failure: en-
vironmental externalities. Firms and individuals hyper-focused 
on profit often capitalize on the opportunities from climbing 
tourism without addressing costs not explicitly reflected in the 
price system. Costs not fully represented in the price system 
are pollution, land degradation, and biodiversity loss. These 
costs affect the broader community, especially in the future, 
but are not fully reflected in the market.29 Because the market 
fails to price all the costs into such actions, firms and individu-
als may over- or under-allocate resources toward such actions, 
leading to exaggerated consequences. A relevant example of an 
environmental externality is air pollution from increased pro-
duction and energy usage. Without regulatory foundations in 
place to force actors in the market to internalize these costs, 
firms and individuals may not directly assume the long-term 
environmental cost of air pollution, and thus may overproduce 
and overconsume. When all the factors in a decision are not 
reflected in the market, decisions become less efficient.30

Although tourism benefits mountain towns in terms of 
economic activity and growth, the nature of tourism creates 
seasonal economies that stress mountain towns and their local 
businesses and service workers. The influx of visitors prevalent 
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among buyers have shifted demand, inflating mountain town 
housing prices. On the other hand, challenging and expensive 
conditions for housing construction have limited supply, keep-
ing up with the higher demand, allowing prices to be more 
easily bid up.10

Colorado and its many mountain towns exemplify the 
housing market and its supply and demand challenges. Be-
fore the Great Recession, Colorado had a surplus of housing 
units relative to households, but since then, the rapid growth 
in households has outpaced the minting of new housing units. 
Paradoxically, the housing crisis that is challenging Colorado's 
mountain towns is a result of Colorado’s success. The beautiful 
nature, inviting towns, and available opportunities encourage 
more residents and visitors.42 New visitors lead to new buyers, 
and despite the previous surplus in housing, a 2022 report sug-
gests 325,000 new homes would need to be added over the next 
few years to restore housing stability to its historical rates.43

Although higher housing prices cause challenges for ev-
eryone, housing unaffordability is the biggest problem for 
lower-income households making less than $50,000. On aver-
age, these households spend 35% of their incomes on housing, 
a problem deemed financially burdening and problematic by 
the National Low Income Housing Coalition. The NLIHC 
claims that if more than 30% of a household’s income is spent 
on housing, it could impede the possibility of other essen-
tials like food, utilities, insurance, and childcare.44 In total, the 
Colorado households that earn less than $50,000 spend an ad-
ditional $2 billion supporting their housing by paying over the 
30% standard. This additional $2 billion represents the poten-
tial for a huge economic stimulus for local businesses if housing 
were affordable enough for lower-income households.45

The housing shortage in Colorado is a serious threat to resi-
dents' quality of life, as indicated by a Centennial State Survey 
conducted by Colorado Mesa University. The 2017 survey 
recorded housing affordability and availability as the number 
one problem facing their communities, with 63% of respon-
dents arguing there is insufficient availability of affordable 
housing.42 Also, the proposed 325,000 new homes needed to 
establish housing stability in Colorado are not only unlikely 
but would come with their consequences. The construction 
of 325,000 new homes would come at the cost of increased 
population density, potentially straining infrastructure and nat-
ural resources, and damaging the dynamic of mountain towns 
through overcrowding.

When addressing the market, the popular question is: 
“Why has the increased demand not brought about a market 
correction by driving up supply?” The answer is complex and 
encompasses resource availability and costs, short-term rentals, 
the aftermath of the Great Recession, and investor behavior. 
Building costs and available land to build discourage supply 
by making construction often inaccessible and expensive. The 
popularity of short-term rentals in Colorado’s mountain towns 
exacerbates the issue by introducing more demand into the 
market and encouraging rental properties over properties for 
residents.46 The Great Recession was another contributor to 
the problem because many real estate firms faced bankruptcies 
and consolidations, reducing the number of suppliers in the 

in peak winter and summer seasons causes problems like over-
crowding, economic inequality between wealthier visitors and 
locals, increased prices, and stressed infrastructure.31 From the 
perspective of local businesses, inconsistent demand challenges 
year-round sustainability for local businesses as they struggle 
to navigate inconsistent consumer demand and a seasonal local 
workforce. For workers, seasonal employment exaggerates the 
generally lower wages service workers are paid, creating quali-
ty-of-life concerns for local workers.32,33

Conditions for local workers have worsened under the cur-
rent housing shortage and rising prices, a crisis predominantly 
caused by the increase in remote workers whose higher-income 
jobs allow them to bid up prices beyond what is reasonably 
affordable for a service worker.34 For example, in Colorado, 
housing prices have risen considerably across counties, nota-
bly in Pitkin County the median house price at the start of 
2019 was $5.2 million, compared to the start of 2024 where 
the median home price was $11.5 million, representing over a 
100% increase in median home price.35,36 In Colorado’s Grand 
County, the median home price changed from $568,443 to 
$1.2 million between the start of 2019 and 2024, represent-
ing another over 100% median home price increase.33,34 Lake 
Tahoe, situated in California and Nevada, has experienced 
similar price spikes. In North Lake Tahoe, the median price 
for a home is $1.1 million, a 129% increase from before the 
pandemic. In nearby Truckee, median home prices were at 
$1.1M in the fall of 2021, a 44% jump from the start of the 
pandemic.39 A report from Full Stack Economics displays a 
similar change. Prominent U.S. mountain towns like Salt Lake 
City and Ogden in Utah have both experienced an average 
home price increase of over 50% since 2017, outpacing the na-
tional average of a 33% increase.40 Although rising housing 
prices are a nationwide threat to the United States, the distinct 
rise of housing prices in U.S. mountain towns threatens the 
towns’ economic sustainability by making housing for essen-
tial service workers, teachers, hospital staff, and infrastructure 
workers unaffordable.

Critical Challenges in Housing:
The interplay of supply and demand in mountain town 

housing markets has created a housing crisis for mountain 
towns across the United States in recent decades. On the de-
mand side, growing popularity in mountain towns has driven 
up home and rental prices. Such price changes are exacerbated 
by the COVID-19 pandemic, which introduced more affluent 
buyers looking for permanent residency or a second home to 
the market. These higher-income buyers further shift demand 
and inflate the costs of all home prices.41 On the supply side, 
geographical, environmental, and economic limitations make it 
difficult for the housing market to correct itself. Many moun-
tain towns are restricted by forests, rivers, mountains, hills, and 
the large percentage of land that is publicly owned, making 
buildable land scarce. Coupled with concerns for environmen-
tal protection, building new homes becomes a difficult and 
expensive problem.41 In recent years, the economic conditions 
in mountain towns have stressed the housing market. Shift-
ing preferences favoring mountain towns and greater incomes 
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simple deregulation from reducing housing prices for all in-
come levels, as deregulation will lead mostly to more high-end 
housing developments.49 Thus, policies to improve housing 
accessibility must address the total housing stock and directly 
support affordable housing units for lower-income individuals 
and essential workers. Fortunately, many mountain towns are 
taking hybrid approaches that blend market efficiency with 
policies targeted toward supporting those in greater economic 
need.

Public Policies Addressing Affordable Housing:
Mountain towns in the United States face significant chal-

lenges in housing, workforce sustainability, environmental 
impact, and overall economic development. To address these 
issues, a range of policies and programs have been implement-
ed across the United States’ mountain states. These policies 
and programs fall into two distinct categories: market-based 
policies and command-and-control policies.

Market-based policies and command-and-control regulato-
ry policies represent the two major economic policy categories 
to manage mountain town challenges. Market-based policies 
intend to encourage specific behaviors while maintaining the 
market aspect of decision-making, where individual consumers 
and producers can determine how to allocate their resourc-
es. A common use of market-based policies is to address and 
incorporate the externalities, or external costs or benefits of 
production or consumption, to adjust the market to more ac-
curately reflect the true costs and benefits of goods or services. 
This type of solution is economically advantageous because it 
aligns with the ideas of economic efficiency and maintains the 
flexibility of a free market.50 However, these policies can be 
more prone to public resistance and backlash relative to com-
mand-and-control policies because the visibility of costs, such 
as environmental taxes, can be frustrating, especially for those 
who distrust the government or perceive the policies as prof-
it-driven. In contrast, command-and-control policies impose 
direct regulations or standards, such as limiting certain devel-
opments or requiring specific practices. While often criticized 
for being potentially less economically efficient, the absence 
of direct and visible cost increases or revenue collection can 
result in command-and-control policies being perceived as 
more favorable or less intrusive and financially burdensome by 
people.51

Market-Based Policies in Mountain Towns:
Market-based policies are key tools for addressing housing 

affordability, and they do so by leveraging economic incentives 
while preserving market mechanisms to encourage the private 
sector to provide more affordable housing. These policies often 
work through financial incentives like tax credits, housing sub-
sidies, and other funding supported typically by tax revenue.52 
In mountain towns where land restrictions and tourism-driven 
demand make affordable housing scarce, market-based policies 
can offer flexible solutions to encourage desirable outcomes.

Tax incentives through tax credits and rebates are an exam-
ple of a market-based policy often used to encourage specific 
behaviors from private developers and individuals in address-

housing market. Many investors in the market have also cut 
the market’s supply by buying up single-family homes, further 
reducing the availability of residential homes for people living 
in mountain towns for longer periods. The interplay between 
fewer suppliers and a competitive market fosters an environ-
ment where options for long-term residency are scarce and 
expensive.45

Montana, home to popular mountain towns like Whitefish, 
Bozeman, Big Sky, and West Yellowstone, has experienced 
transformative home prices in recent years. Notably, from 2019 
to 2022, Montana homes increased in value by 33% when ac-
counting for inflation. These changes are a result of shifting 
population dynamics and their effects on Montana’s economy. 
The catalyst of these changes was between 2020 and 2021, 
when Montana’s population increased by 28,000 more peo-
ple than expected, a net migration rate 3.3x faster than the 
pre-pandemic average. Previously, this paper has discussed how 
the pandemic introduced more affluent people to mountain 
town areas, and Montana is no different. In the 2020-2021 
migration surge, 45% of migrants older than 20 had a bach-
elor’s degree, a statistic 37% greater than the non-migrant 
share. These new migrants bring higher education and higher 
incomes from their remote jobs, providing many of the new 
migrants with the resources necessary to buy homes and bid 
up prices. The evidence supports this behavior, as historically, 
30% of migrating households to Montana owned their home 
within a year; however, since the pandemic migration, this val-
ue has risen to 45%. The population and economic changes 
in Montana serve as an opportunity to improve the econom-
ic state of Montana; however, the changes also threaten to 
exacerbate scarcity and the burden of infrastructure and the 
housing market.47

The mountain towns in Montana, Lake Tahoe, and Truckee 
are other examples of mountains experiencing economic shifts 
due to new migrants. Many San Francisco and Bay Area work-
ers brought their higher salaries to the nearby Lake Tahoe, 
bringing higher housing prices and rents with them. Like oth-
er mountain towns, Lake Tahoe’s housing is made up of many 
second homes and properties reserved for short-term rentals. 
A 2020 article by the San Francisco Chronicle reports that 
54% of the 13,000 homes in North Lake Tahoe and Truckee 
are second homes, and 13% of those homes are short-term va-
cation rentals. The combination of limited housing stock and 
more demand from more affluent households is threatening 
the sustainability of Lake Tahoe’s economy, as many service 
workers report having a difficult time securing housing and, as 
a result, are considering leaving the mountain town.48

Accessibility is a leading concern for mountain towns’ fu-
tures, so naturally, the restricted housing supply is commonly 
considered the primary driver of increasingly unaffordable 
housing prices. In response to this belief, the neoclassical 
market-based housing supply (MBHS) theory suggests that 
a deregulation of development and land-use constraints would 
increase affordability by addressing the shortage.49 However, 
Steffen Wetzstein’s 2021 research suggests the reality is more 
complex than a simple supply-and-demand problem. He ar-
gues that underlying factors and inequalities will prevent 
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ing housing affordability and availability. The policy tool 
provides tax credits and rebates to developers, meaning there 
is no direct government tax expenditure, and as a result, the 
policy reduces tax liability for developers and investors, shifting 
the market’s focus toward producing affordable housing.53 The 
Low-Income Housing Tax Credit or LIHTC is a prime exam-
ple of tax credits being used to address the supply-side issues 
relating to affordable housing. LIHTC provides tax credits to 
developers, who can then sell them to investors to raise equi-
ty, which aligns with the economic logic behind tax incentives 
to lower the marginal cost of production and encourage af-
fordable housing development by making the projects more 
financially attractive.54 The policies hope to increase the low-
er-rent housing options by improving the supply of affordable 
housing units, especially to benefit essential service workers in 
mountain towns. However, potential drawbacks behind the tax 
incentive include the potential for inefficiencies by reducing 
tax revenue, and developers often only receive benefits after a 
project’s completion, which can dilute the incentive’s effective-
ness.55

The Montana Housing Tax Credit Program builds on the 
Federal Low-Income Housing Tax Credit (LIHTC) program 
by supplying tax credits to incentivize the development and 
improvement of low-income housing units. As a tax policy in-
tended to support affordable housing, the program offers two 
credit types: competitive 9% tax credits, distributed based on 
the priorities of Montana’s Qualified Allocation Plan, and 4% 
tax credits distributed to maintain and improve existing af-
fordable housing units.56 The program has been successful in 
establishing affordable housing. In a 2022 report, Economist 
Derek Sheehan estimated that for every $1 lost in revenue, 
the credit program leveraged $2.69 in both public and private 
residential investment spending in the state economy. Further 
benefits mentioned include the expectation for the tax program 
to increase LIHTC units in Montana by 41%. Through further 
analysis, the Montana Housing Tax Credit Program is also ex-
pected to increase educational outcomes for children, like the 
chance of children receiving higher education in their lifetime. 
Another impact is the program's reduction of the number of 
cost-burdened households by 386 and statewide saving of 
low-income households eligible for LIHTC housing of $1.86 
million a year.57

Colorado has also adopted the use of tax credits or rebates 
to address affordable housing availability. Colorado’s Senate 
Bill 24-002 authorizes local governments to create property 
tax incentive programs. These programs can utilize tax credits 
or rebates to incentivize desirable affordable housing actions 
like converting short-term rentals to long-term rentals, which 
offers a more stable outcome for local workers.58 More specifi-
cally, the act stipulates that incentive programs must address an 
“area of specific local concern”, defined as a use of real property 
deemed necessary for preserving residents’ welfare, such as ac-
cess to housing. The economic impact of the act will depend on 
how local governments implement the bill and design their tax 
incentives program, but the flexibility allows local governments 
to address unique housing challenges and authorizes the use of 

necessary resources to address housing needs and potentially 
increase housing supply and community needs.59

Tax-funded programs that allocate government resources 
through grants, loans, and subsidies provide direct financial 
support to affordable housing projects, ameliorating hous-
ing-shortage problems in mountain towns. Unlike tax credits 
and rebates, which reduce a government’s tax revenue by de-
creasing developers’ and investors’ tax liability, these programs 
involve direct and immediate government expenditure to 
support affordable housing projects in the hope of correcting 
market failures. This approach can stimulate housing produc-
tion, but it requires ongoing government budgets, subjecting 
communities to potentially inefficient uses of tax resources if 
budgets are mismanaged.60

Colorado’s House Bill 23-1304, also known as Proposition 
123, is a leading example of a policy that leverages tax revenue 
to fund affordable housing support programs. The proposition 
permits Colorado to allocate 0.1% of its yearly state income tax 
towards housing efforts, equating to hundreds of millions of 
dollars in funding annually. Under the proposition, the State 
Affordable Housing Fund was established, and its funds are 
split between 40% towards the Affordable Housing Support 
Fund, administered by the Colorado Department of Local 
Affairs (DOLA), and 60% towards the Affordable Housing 
Financing Fund, overseen by the Office of Economic Develop-
ment and International Trade. In the fiscal year 2023-2024, the 
fund collected $160 million and allocated about $27 million 
of it toward developing affordable homes in rural and resort 
communities, creating 685 new affordable housing units as a 
result.61

Colorado’s Proposition 123 intends to address the affordable 
housing issue in a few ways. Given that the housing afford-
ability issue is primarily a supply-side issue, the proposition 
requires local governments to increase their affordable housing 
stock by 3% per year for two years, reaching a total increase of 
6% by December 31, 2026.62 On the demand side, the prop-
osition hopes to assist homeownership by allocating 50% of 
the Affordable Housing Support Fund’s resources towards 
homeownership support, which involves down-payment assis-
tance.62 For the 2024-2025 fiscal year, $60 million in funding 
is available with a maximum of $70,000 per housing unit seek-
ing development.63 The proposition also seeks to support the 
homeless by allocating 45% of the Support Fund’s resources 
toward services that help people experiencing homelessness.62 
Because geographical constraints are often a limiting factor for 
the housing supply in mountain towns, the Land Banking Pro-
gram will aid local governments and nonprofit organizations in 
the maintenance and acquisition of lands for affordable hous-
ing. The program works by distributing grants to governments 
and forgivable loans to some nonprofits, creating a relatively 
low-stakes environment that encourages housing availability 
goals; forgivable loans are essentially grants, as either a part or 
the entire loan principal does not need to be repaid if certain 
requirements, like affordable housing goals, are met.64

These market-based policies are a step toward greater hous-
ing affordability, but they are not flawless. Policies that increase 
tax-based funding for affordable housing programs must 
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fall back on the core economic principle of allocating scarce 
resources towards areas that bring the highest marginal ben-
efit per dollar, as greater efficiency typically drives more total 
benefit to communities. To do this, policies should prioritize 
low-income individuals, households, and essential service 
workers who will typically benefit more from an increase in 
financial support and are critical to the function of mountain 
towns.65 There is a strong argument for some level of govern-
ment intervention to address the housing shortage because 
land scarcity is an exaggerated problem. In mountain towns, 
continuously rising popularity suggests supply is unlikely to 
outpace or keep up with demand, making some government 
intervention arguably necessary to address the housing market 
failure and recognize community goals.66

Federal housing programs like the LIHTC and Housing 
Voucher Program provide affordable housing support, but are 
ultimately flawed. The LIHTC addresses affordable housing 
issues in mountain towns by providing a financial incentive 
for low-income rental housing, but ultimately falls short due 
to the program being unable to consistently construct and 
maintain affordable homes for low-income individuals. Also, 
the LIHTC is often overwhelmed as excessive demand will 
frequently outpace available resources, and as a result, the LI-
HTC falls short of additional state funding.67 In this respect, 
the Montana Housing Tax Credit Program is a success as it 
reinforces the LIHTC, creating a more effective program. On 
the other hand, the Housing Voucher Program addresses the 
rising rental prices problem, which causes financial struggle 
for low-income households that rely on renting for housing. 
The Housing Voucher Program subsidizes low-income and at-
risk individuals; however, this policy only treats the symptoms 
of the problem and does not address the supply side of the 
problem, which contributes to the high rental prices due to the 
housing shortage. Without sufficient supply-side policies that 
increase the affordable housing stock, demand-side policies 
like the Housing Voucher Program will become unsustainable 
as rental prices increase further. This issue is already begin-
ning, as recently, tenant-based vouchers have received increased 
funding yet have failed to keep up with rising demand, leaving 
only one in four eligible homes able to receive support.68,69

Proposition 123 in Colorado, which authorizes 0.1% of state 
tax revenue to fund affordable housing projects, has been suc-
cessful but not without its shortfalls. The program has a stable 
source of funding and is expected to generate $320 million by 
the end of the 2024-2025 year, and the program will likely con-
tinue to generate hundreds of millions of dollars a year, but 
the sustainability of its revenue depends on future tax revenue. 
The program has become present across Colorado’s mountain 
towns as 200 of Colorado’s 336 jurisdictions are eligible to 
apply for funding. A prominent example where funding has 
brought affordable housing is in the town of Frisco, where a 
$5 million grant purchased land beneath a multistory build-
ing, and the land is planned to be developed into workforce 
housing.70 In Craig, Colorado, $2.7 million was granted to 
support 96 low and middle-income rental apartments.71 How-
ever, Proposition 123 falls short in some areas. The program 
requires local governments to increase their affordable housing 

stock by 3% each year for the next three years.62 Given geo-
graphic constraints, this rule can be more limiting to mountain 
towns than the program’s funding is constructive, discouraging 
support. Another shortfall is the program's ability to priori-
tize true low-income individuals and households. The program 
authorizes funding for projects that support residents making 
between 60% and 100% of the median income in the project 
area. However, the median income is calculated including in-
vestment earnings, which means in small-population, affluent 
mountain towns like resort communities, the median income 
can be widely skewed, causing inefficient resource allocation 
and goals to be under-prioritized.61

Market-based policies, such as tax incentives and govern-
ment-funded programs, present both benefits and drawbacks. 
Tax credits like the LIHTC and initiatives such as Montana’s 
Housing Tax Credit Program offer a market-driven solution 
that encourages private sector involvement without direct 
government expenditure. These programs provide flexible 
solutions, but the notable drawback is the reliance on reduced 
tax revenue, which can strain public resources and create ineffi-
ciencies if tax incentives are not allocated properly. As a result, 
such tax policies require constant revision to ensure resourc-
es are being used efficiently. On the other hand, tax-funded 
programs like Colorado’s Proposition 123 take a more direct 
intervention by using state funds to support affordable housing 
projects. This can bring quicker results, but once again is reliant 
on tax revenue and budget constraints. While market-based 
policy tools can be effective, their success depends on the gov-
ernment’s balance of economic efficiency and social equity.

Command-and-Control Policies:
Command-and-control policies take a more direct approach 

to addressing housing affordability through government reg-
ulations and mandates that aim to control market outcomes. 
These policies often relate to rental prices and control, zoning 
laws, and development standards. These policies are designed 
to curb rising costs and regulate the tradeoff between the ease 
and quality standards of housing production. However, the ef-
fectiveness of some policies, like rent control, is often debated. 
Some economists argue that rent control and other regulations 
will lead to an overall reduction in the housing supply and 
instead argue that market-based approaches are more effec-
tive.72,73

Land use and developmental regulations are other types of 
policies that play a significant role in the supply of affordable 
housing. Land use and developmental regulations are com-
mand-and-control policies as they provide standards and rules 
that the market must comply with. Many land-use and devel-
opmental regulations are designed to ensure public safety and 
meet aesthetic and environmental goals; however, regulations 
also increase the marginal costs for developers by adding layers 
of complexity, time, and expenses.74 Regulations can contribute 
to the explanation behind housing demand outpacing supply 
and driving up prices, especially in U.S. mountain towns where 
there is high popularity and geographical and environmental 
factors influence difficulty in land use. Policies that relax zon-
ing and land-use restrictions can help encourage affordable 
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housing development by easing the complexity of the produc-
tion process. 75

The Forest Service Flexible Housing Partnerships Act is 
another example of a zoning and land-use policy that seeks 
to support mountain towns across the United States by in-
creasing the amount of available land for development. The 
act seeks to combat the scarcity of land in mountain towns 
that is contributing to a housing shortage by leasing some of 
the underutilized administrative sites owned by the Forest 
Service to organizations and programs that will utilize those 
lands for the benefit of mountain towns.76 Specifically, section 
8623 of the 2018 Farm Bill, titled “Authorization for Lease of 
Forest Service Sites,” explains that by leasing out underutilized 
administrative lands to local governments or private entities, 
housing development can be fostered while simultaneously 
generating revenue for the Forest Service. However, to prevent 
the overuse of the Forest Service’s lands, leased land is limited 
to 10 undeveloped areas that are no more than 40 acres each. 77

The Forest Service Flexible Housing Partnerships Act, a 
part of the 2018 Farm Bill, creatively addresses the affordable 
housing challenge in Western U.S. mountain towns and seeks 
to benefit both the community through affordable housing 
and the Forest Service by generating revenues from leasing out 
underutilized lands. Given that lands can be leased for up to 
100 years, the act has the potential to provide a longer-term 
solution to the land scarcity issue that restricts the supply of 
housing in mountain towns.78 Many mountain towns are sur-
rounded by federal lands and forests, and this act provides the 
possibility to access parts of those underutilized federal lands 
while simultaneously funding the Forest Service and support-
ing Forest Service workers.79

The act found success in Summit County, Colorado, where 
the White River National Forest agreed to lease 11 acres of 
its land to the Dillon Work Center Administrative Site for 
50 years. The lease, approved on September 29, 2024, provid-
ed the opportunity for up to 117 affordable homes and other 
neighborhood infrastructure, providing housing security for 
local workers and lower-income residents.80 The lease set a 
national precedent for partnerships between the Forest Ser-
vice and affordable housing projects; however, future success is 
uncertain. The Forest Service Flexible Housing Partnerships 
Act is a part of the larger 2018 Farm Bill, which requires re-
newal every 5 years, and in 2023, its renewal date was extended 
to September 30, 2024.81 Upon its renewal and after debate 
about government funding, the decision was made to continue 
funding the Farm Bill until December 20, 2024, but the deci-
sion left out some Farm Bill actions, like the authority of the 
Forest Service to lease some of its lands to local governments 
for affordable housing.82 Although the Forest Service Flexible 
Housing Partnerships Act has an uncertain future, it's a unique 
opportunity to support affordable housing, and the success in 
Summit County makes it a policy that should be considered in 
the future.

Another command-and-control policy tool is short-term 
rental regulations, but they are controversial given the circum-
stances of many mountain towns. High tourism in mountain 
towns drives up housing and rental prices and shifts the market 

towards short-term rentals, resulting in existing communi-
ty members being crowded out.83 These conditions must be 
addressed to ensure a sustainable future for mountain towns, 
but the resulting challenge is managing the tradeoff between 
economic growth, driven dominantly by tourists, and equitable 
community goals, like the protection of people at risk of being 
priced out of their communities.83 Short-term rental properties 
provide housing for tourists who interact with the economy 
by shopping at local stores and restaurants and engaging in 
tourist-related activities; they also generate tax revenue for 
governments. The concern is that if short-term rental proper-
ties increase without the total housing stock increasing, there 
will be less housing for the essential workers and long-time 
residents in the mountain-town communities.84 While short-
term rental properties have gained controversy for exaggerating 
the housing shortage in mountain towns, the problem is more 
complex, as short-term rental properties do not always make 
up a significant amount of a mountain town’s housing stock. 
Even in areas where short-term rental properties do make up 
a large proportion of the total housing stock, many of these 
mountain towns have always maintained a large proportion of 
short-term rental properties due to vacation being fundamen-
tal to their economies.84 Nonetheless, some mountain towns 
have adopted short-term rental regulations in an attempt to 
ameliorate the affordable housing shortage.

In Colorado’s ski town, Steamboat Springs, short-term rental 
control has been established to support lower-income workers 
and people being displaced or forced to live in cramped condi-
tions. Short-term rental control is simple; it sets a cap on the 
number of short-term rentals allowed in an area or prohibits 
the practice altogether. In Steamboat Springs, short-term rent-
als have been banned in the majority of the mountain town, 
and a 9% tax has been imposed on the practice to raise funds 
for affordable housing projects. The policy works by dividing 
Steamboat Springs into three zones.85 Zone A, marked green 
on maps, where there is no restriction on short-term rentals. 
Zone B, marked yellow on maps, is divided into six subzones 
that determine the number of short-term rentals authorized. 
Zone C, marked in red on maps, prohibits short-term rent-
als. Of the three zones, zones A and B make up the smallest 
area, while Zone C makes up the vast majority of the mountain 
town.86

The tax, coupled with the major ban on short-term rent-
al properties, has brought controversy to the community. On 
one hand, the policy supports lower-middle-income workers 
who are at risk of being priced out of the market and left to 
live outside the town with long commutes. On the other hand, 
tourists and some business owners are frustrated with the 
policy. Tourists rely on short-term rentals and contribute mil-
lions of dollars annually to mountain towns through spending, 
meaning the reduction in available housing for them will hurt 
local businesses.87 The tax imposed on the short-term rental 
industry is another point of controversy, as some businesspeo-
ple are afraid Steamboat Springs’ government will discourage 
tourists who support commerce and, as a result, damage the 
economy.87 But, the short-term rental tax is expected to bring 
in millions of dollars annually to support affordable housing; in 
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2024, an estimated $14.8 million in revenue was generated by 
the short-term rental tax.88

In the context of the broader debate between market-based 
solutions, like the tax incentives in Montana, and more di-
rect government intervention, command-and-control policies 
are sometimes preferred by the general public because they 
demonstrate a clear and straightforward effort toward resolv-
ing economic issues.89 In contrast, market-based policies may 
appear too lenient, and are often criticized for increasing taxes 
on the consumer or using tax resources inappropriately. That 
said, command-and-control policies fall short in their flexibil-
ity. Traditional regulation is strict, typically treating different 
companies under the same assumptions, while market-based 
policies that often leverage financial incentives encourage firms 
to respond given their unique positions, resulting in more effi-
cient economic outcomes.89

Command-and-control policies are a traditional form of 
market regulation. Unlike market-based policies, which rely 
on incentives to encourage and discourage specific actions, 
command-and-control policies establish rules that demand 
compliance. While market-based policies prioritize flexibility 
and cost efficiency, making them more economically favor-
able, command-and-control policies ensure specific decisions 
align with standards, but often at the cost of economic effi-
ciency. Command-and-control policies not only include rules 
that prohibit actions but also include deregulation and the au-
thorization of new actions. Although command-and-control 
policies may sacrifice efficiency, they ensure stability and pro-
tection in certain critical areas that require attention, making 
them highly useful depending on the circumstances.

Hybrid Policies:
Hybrid policies combine elements of market-based and 

command-and-control policies to influence desirable social 
outcomes. They provide the government with a powerful and 
flexible public-policy tool as they balance economic efficiency 
through market-based approaches by seeking cost efficiency 
while establishing the predictability of traditional regulatory 
standards.90 These types of policies often come in the form 
of increased regulation or deregulation in an area while also 
creating a market incentive to further encourage specific ac-
tions and allow for greater economic efficiency without the use 
of strict rules. A common example of a hybrid policy is the 
cap-and-trade system for carbon emissions and environmental 
protection. The system establishes emission limits, representing 
a command-and-control policy, while establishing a pollution 
permit trading system, aligning with market-based ideals.91 
Critics of hybrid policy approaches often suggest they fail to 
reach maximum economic efficiency by limiting pure market 
forces through regulations. However, hybrid approaches retain 
the ability to address multiple policy objectives at once, encour-
aging desirable actions while mitigating the risks associated 
with pure market or regulatory approaches.

Deed restrictions are another example of a hybrid policy tool 
used to address affordable housing. Deed restrictions seek to 
allow homeowners to build some equity while preserving the 
affordability of home prices throughout the future.92 Deed re-

strictions are legal constraints attached to a property’s deed and 
embody command-and-control ideals by allowing local gov-
ernments to directly regulate the housing market and preserve 
affordability. Deed restrictions limit the appreciation value 
of houses but attempt to create a separate, controlled market 
for affordable housing that is protected from the broader real 
estate market forces and ensure more affordable housing pric-
es even during periods of high demand and limited supply.92 
From a market-based perspective, many deed restriction pro-
grams leverage financial incentives to encourage homeowners 
to adopt the restriction in exchange for financial benefits.92

Municipalities Vail and Mountain Village in Colorado have 
adopted deed restriction programs with unique features in an 
attempt to preserve affordable housing for local workers and 
lower-income households. In 2021, Mountain Village launched 
a deed restriction program called Your Equity Support (YES). 
The program offers homeowners 15-20% of their property’s 
appraised value, up to $200,000, in exchange for a deed restric-
tion being placed on the home. The deed restriction ensures 
that homes are being rented to local workers who work at least 
1,560 hours annually. The YES program is unique because it 
does not set an appreciation, income, or household size cap, un-
like traditional deed restriction programs that set appreciation 
caps.93 Vail, Colorado, takes a similar approach by purchasing 
deed restrictions from willing homeowners, allowing local gov-
ernments to ensure deed-restricted homes are owned by a local 
worker in Eagle County who works at least 30 hours a week.94 
Since its establishment in 2017, Vail has invested $12.5 million 
in purchasing 1,050 title deeds.95

Deed restrictions ensure affordable housing for some, but 
can be unsustainable and unfavorable for others’ unique situ-
ations, creating a dynamic that challenges their effectiveness 
and universal application. Deed restrictions are often cited to 
create market distortions and can be difficult to implement 
widely as they hinder homeowners’ flexibility, making them 
unfavorable for some. In mountain towns, where there is limit-
ed land for new housing construction, deed restrictions can be 
effective as they quickly convert existing market-rate homes to 
deed-restricted, affordable homes.96 Depending on the circum-
stances, deed restrictions are also more cost-effective compared 
to building new affordable units, and they allow local workers 
and lower-income households to have greater availability of 
homes in the housing market.97 While deed restrictions ensure 
long-term housing, they can be unpopular and hard to imple-
ment due to their restrictions on the flexibility of homeowners 
who have deed-restricted property. Public policy programs 
attempt to make up for this through financial incentives that 
support homeowners financing the property, and for many, the 
additional benefit from the funding outweighs the cost of los-
ing some flexibility. The other fundamental concern with deed 
restrictions is that, despite their short-term effectiveness in 
providing affordable housing in areas with limited land for new 
housing, deed restrictions do not address an overall housing 
shortage, causing them to be ineffective in some circumstances.

Land-use and development regulation is another hybrid 
policy type. While more often a command-and-control policy, 
in special cases, the policy type can be coupled with financial 
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incentives to reward or penalize a specific use or acquisition of 
land. Land use policies that rely purely on regulations demand 
adherence to standards, making it more difficult for projects 
to be approved, as they require development applications and 
approval. While these regulations can discourage projects, the 
addition of market-based incentives addresses this problem 
by encouraging people to pursue projects despite regulations, 
allowing for economic activity without compromising stan-
dards.98 The nature of command-and-control policies also 
allows policymakers the opportunity to reduce regulations and 
provide financial incentives, which can be highly encouraging 
by making projects easier to initiate and more affordable.

Colorado’s HB24-1152 is a hybrid policy that combines 
elements of both command-and-control and market-based ap-
proaches to improve housing affordability through accessory 
dwelling units. Accessory dwelling units, or ADUs, are small, 
independent housing units situated on the same land as a pri-
mary residence. On the command-and-control side, the policy 
mandates changes to zoning laws in cities and counties that 
meet certain criteria. In doing so, more ADUs will be allowed in 
areas where single-family homes are already permitted, increas-
ing housing unit density and availability. On the market-based 
side, the policy provides financial grants to local governments; 
$5 million is allocated to offset ADU developmental costs, and 
another $8 million to facilitate affordable loans, interest rate 
buy-downs, and down-payment assistance.99 The economic 
logic behind this policy is to increase the housing supply by 
making ADU construction easier and more financially feasible.

The municipality of Durango, Colorado, has adopted the 
hybrid approach to addressing housing affordability through 
ADUS. Durango has relaxed building restrictions to encourage 
more ADU development and increase the affordable housing 
unit stock. The relaxation of building requirements includes a 
reduction in parking requirements and eligible plot size, and 
the dimensional standards for the ADUs are less stringent, al-
lowing for larger ADUs to be constructed. Durango believes 
more ADU construction will be instrumental in increasing 
affordable housing, as more than half of ADU owners who 
responded to surveys charge less than $1,000 a month, an 
affordable option for local workers.100 As for a market-based 
policy, the city of Durango is providing $8,000 rebates for 
owners who rent their ADUs to local workers who work at 
least 32 hours a week in La Plata County and use the ADU as 
a primary residence. The $8000 comes from a City Council al-
located funding of $80,000 that is administered on a first-come 
come-first first-served basis.101

Colorado’s efforts to leverage ADUs to increase affordable 
housing provide the possibility to benefit both ADU owners 
and affordable housing recipients. In a joint 2022 survey by the 
City of Boulder’s Housing and Human Services Department 
and the Planning and Development Services Department, it 
was revealed that the majority, 68%, of ADU owners view the 
primary benefit of ADUs as the supplemental income they 
provide.102 From this survey, 64% of respondents claim their 
ADUs are used for long-term rentals, and on average these 
ADU rentals were priced at $1,626 in 2022, a 21% increase 
from 2017, a slower increase compared to the overall housing 

in Colorado which grew by 27% in cost from 2017 to 2022.102 
ADU owners benefit from the additional income, while the 
community benefits from additional affordable housing stock 
for individuals and small families. The survey data also sup-
ports the idea that ADUs provide long-term housing for many 
people, and ADU owners who prioritize supplemental income 
are incentivized to rent to long-term tenants, given a stable 
income. Long-term rentals are important as they prioritize 
housing security for essential workers and community mem-
bers who are at greater risk compared to short-term visitors 
and tourists.

Despite their dual benefits, ADUs in Colorado are unlikely 
to entirely solve the affordable housing challenge. In the same 
2022 survey by the City of Boulder, only 23% of respondents 
reported they would be willing to pursue the construc-
tion of an additional ADU if permitted.102 This reveals that 
command-and-control policies, deregulation, and financial in-
centives have limited effects. That said, using ADUs to fight 
the affordable housing problem in mountain towns does not 
need to be a silver bullet to have positive impacts on commu-
nities.

The other shortfall with ADUs is their true affordability. 
While ADUs provide a more affordable option compared to 
traditional housing, their relative affordability can be deceiving 
as it masks the fact that their rent is still cost-burdening to 
many Coloradans. Rent that makes up more than 30% of one’s 
income is considered cost-burdening.103 In a 2021 study with 
the University of Minnesota, it was revealed that 47% of Col-
orado households made less than $75,000 in income, meaning 
47% of Colorado households could afford a maximum month-
ly rent of $1,875, assuming they spend no more than 30% of 
their $75,000 income.104 This value presents a dangerous real-
ity, as many Coloradans who make less than $75,000 are still 
financially burdened by the average ADU price. Using 2023 
data, the Bell Policy Center estimates that among Colorado 
households earning below 30% of the Area Median Income 
(MLI), 33% make less than $75,000, placing them in a fi-
nancially insecure position where ADUs are not affordable.105 
ADUs do not provide financial stability for many low-income 
Coloradans who require affordable housing policy the most, so 
from some perspectives, Colorado’s efforts to increase ADUs 
are unsuccessful in providing truly affordable housing for the 
lowest-income Coloradans. However, simultaneously, increas-
ing the number of ADUs does provide an increased stock of 
housing units that are more affordable, and while they are not 
perfectly affordable, they are still a better option than tradi-
tional housing, making the Colorado-ADU policies imperfect 
but a better alternative than doing nothing.

Hybrid policies are a versatile approach to addressing com-
plex challenges that policymakers often face. They combine the 
structure and certainty of command-and-control regulation 
with the flexibility and efficiency of market-based incentives to 
balance economic efficiency with standards deemed necessary. 
Deed restrictions provide long-term affordability by preserving 
a part of the housing market for local workers and lower-in-
come individuals. Though they limit flexibility, policymakers 
can incentivize their adoption with financial rewards, making 
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them favorable options for some. The notable shortfall of deed 
restrictions is their failure to increase the total housing supply, 
which makes them unsustainable solutions, given some cir-
cumstances. ADU policies address the total housing supply by 
increasing the housing stock through zoning reform and finan-
cial incentives to encourage construction. While their relative 
affordability remains a concern for the lowest-income indi-
viduals, they provide a more affordable option for renters and 
benefit homeowners by creating an additional flow of income. 
Hybrid policies may not entirely resolve the affordable housing 
crisis, but their ability to manipulate tradeoffs and create in-
centives makes them a valuable tool to bridge the gap between 
traditional regulation and market dynamics.

Comparing the Different Policies:
Each policy takes a different approach to targeting affordable 

housing and leverages a different amount of resources, leading 
to varying results. For brief comparisons, the state-planned 
Montana low-income housing tax credit policy is estimated 
to affect 122 housing units annually through encouraging tax 
credits.57 For Colorado’s Proposition 123, the funding done in 
the 2024 fiscal year is planned to support 8,049 housing units 
through lower-interest loans, grants, and other direct sub-
sidies.106 In the Flexible Forest Housing Act, its application 
in the Whiteriver National Forest is set to support up to 117 
additional affordable homes in the area by opening up more 
available land for affordable construction.80 Finally, in Steam-
boat Springs, 2,342 housing units are under short-term rental 
regulations as of August 2024, an attempt to manage price in-
flation for housing rentals.107 The varying outcomes are due to 
multiple factors like funding, addressable community size, and 
intensity of encouragement Colorado’s Proposition 123 is pro-
ducing some of the largest impacts because of its high funding 
and extensive reach, policies like the Forest Service Flexible 
Housing Partnerships Act take more specific and slow-moving 
effort to encourage affordable housing.

�   Conclusion 
Economic Sustainability and Constructive Steps Forward:
The future of mountain towns involves the challenge of 

balancing opportunities for growth while working within the 
constraints of geography and preserving local environments 
and culture. Tourism is foundational to the economy and its 
growth as it draws visitors seeking idyllic landscapes, natu-
ral wonders, and recreational activities. While lucrative, the 
seasonal nature of tourism can cause harm as periods of over-
whelming demand can strain local infrastructure, degrade the 
environment, and foster economic inequality between affluent 
visitors and residents and workers. Tourism and population 
growth are essential to the growth of mountain towns, but they 
also affect housing affordability and job stability, and threaten 
the sustainability of the environmental quality that originally 
attracted visitors to the towns.

A recent and developing issue in mountain towns is the 
shortage of affordable housing. The trend is the result of 
difficulties in balancing demand with a constrained supply. 

Geographic constraints and environmental limitations make 
new construction challenging and expensive despite increas-
ing demand, raising the financial incentive. Affluent residents 
and second-home owners put upward pressure on housing and 
rental prices, leaving prices out of an affordable range for some 
essential workers and longtime community members. Even 
with demand-side policies like housing vouchers and programs 
aimed at supporting low-income renters, these efforts are un-
sustainable and fall short without addressing the supply side of 
the challenge by increasing the affordable housing stock. Tra-
ditional market forces have proven to be slow and insufficient 
in correcting the disparity between supply and demand due to 
constraints, making the housing challenge in mountain towns 
particularly unique and challenging.

Efforts to address these challenges have led to innovative 
policy approaches that combine both market-based incentives 
and command-and-control regulations. Programs like the 
Low-Income Housing Tax Credit (LIHTC) and state-specific 
initiatives such as Colorado’s Proposition 123, which allocates 
tax revenue to support affordable housing projects, offer po-
tential pathways to support affordable housing throughout the 
future. Although market-based policies provide financial incen-
tives, maintain flexibility, and more closely align with classical 
economic thinking, they often rely greatly on public funding 
and require careful oversight to ensure efficient resource usage. 
Command-and-control policies take a more direct approach 
through rules like zoning and construction standards. Such 
policies rely on regulation to ensure desired outcomes or de-
regulation of existing policies to encourage actions that foster 
social and economic goals.

Achieving sustainable economic development means al-
lowing mountain towns to prosper now and in the future. To 
achieve this goal, policymakers should consider thoughtful 
policies that encourage development, attraction, and increased 
revenues for local businesses without neglecting the health of 
local ecosystems, local workers, and community goals. While 
mountain towns present a unique set of constraints that make 
sustainable goals formidable, they also provide distinct and 
memorable experiences and lifestyles for families and individ-
uals and offer natural wonders that cannot be found elsewhere.
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ABSTRACT: Cannabis exposure during adolescence, the critical period of neurodevelopment, causes profound and often 
permanent neurobiological changes with negative long-term implications. These include reduced educational attainment, 
depression, anhedonia, anxiety, impulsive behavior, and problems with memory and attention. This review explores the effect of 
substance-induced psychosis (SIP) on adolescents, in particular adolescent cannabis users, who have an 8-fold higher incidence 
of psychosis than non-users, a vulnerability not seen in adults. Cannabis’ influence on the endocannabinoid system (ECS) is 
of key importance for adolescents as CB1 receptor expression peaks between ages 14-17, increasing the tetrahydrocannabinol 
(THC) induced disruption of the endocannabinoid system. This has a profound effect on synaptic pruning and global excitation-
inhibition balance, directly impacting brain development, in particular, dopaminergic systems. SIP remains challenging to 
diagnose due to overlap with other psychotic disorders, and misdiagnosis is common, with 25% of people diagnosed with PPD 
in emergency departments having SIP. Both SIP and schizophrenia’s symptoms include ideas of reference, persecutory delusions, 
and auditory hallucinations. Positive and negative psychotic symptoms caused by persistent cannabis use disorders increase in 
severity over time. Cannabis users exhibit poorer symptomatic outcomes than those who use other illicit substances. They have 
an earlier age of onset of psychosis and poorer social functioning than alcohol misusers. Cannabis induced psychotic disorders 
have a higher risk of conversion to schizophrenia than alcohol induced psychosis. Meta-analysis reveals that cannabis-induced 
psychosis (CIP) had the highest rate of progression to schizophrenia (34%) than all other substances, while alcohol had the lowest 
(9%).1 Cognitive behavioral therapy (CBT), motivational interviewing (MI), contingency management (CM), rewards programs, 
and familial involvement are effective when treating adolescents with cannabis use disorders. The Adolescent Community 
Reinforcement Approach (A-CRA) is also an effective treatment for cannabis abstinence. Recreational Cannabis use (CU) in 
adolescents could be reduced by banning cannabis marketing, limiting retail expansion, and increasing its price and legal age of 
purchase. Adolescents can access support through rehabilitation centers offering cannabis detoxification and non-pharmacological 
treatments. Given the impact on neurodevelopment and high psychosis conversion rates, protecting adolescents from CU during 
this critical developmental window represents a public health priority.  

KEYWORDS: Translation Medical Sciences, Disease Detection and Diagnosis, Psychiatry, Substance Use.

�   Introduction
292 million people worldwide used illicit drugs in 2022, 

which has risen by 20% since 2012. Cannabis remains the most 
widely used drug across all ages, making up 78% of global illicit 
drug use, with 228 million users in 2022.1,2 While cannabis us-
age rates appear stable in American adolescents (25.8% in 12th 
graders in 2024,3 tetrahydrocannabinol (THC) potency has 
increased from 4% in 1995 to 15-20% today,4 increasing the 
exposure for adolescents. Additionally, recreational cannabis 
use is now legalized in multiple areas, including Canada, Uru-
guay, and 27 jurisdictions in the US.2 Daily cannabis users are 
now more common in the USA than daily alcohol users, and 
while the median drinker uses alcohol on 4-5 days per month, 
the median cannabis consumer uses the drug on 15-16 days 
per month.5

This widespread use is of particular concern for adolescents, 
who face unique neurodevelopmental vulnerabilities during a 
critical period of brain maturation. Illicit substance use may 
have longitudinal effects, including psychosis, defined as the 
presence of delusions, which are fixed false beliefs, and6 halluci-
nations, which are sensory perceptions that occur in the absence 
of an actual external stimulus.7 Substance-induced psychosis 

(SIP) is when substances such as cannabis, stimulants, or alco-
hol contribute to the onset of these psychotic symptoms.7

Cannabis intoxication behaves in a dose-responsive manner, 
meaning greater consumption results in greater intoxication 
and the potential for greater long-term side effects.8 As shown 
in Figure 1, earlier initiation of cannabis is linked to a greater 
likelihood of developing psychosis; the cumulative incidence of 
psychotic disorders was eight times higher among adolescents 
who used cannabis than those who had not. Comparatively, 
Figure 1 displays a smaller difference in cumulative psychotic 
disorder incidence between young adults who had used canna-
bis and those who did not.9 This age-dependent vulnerability 
demonstrates the significance of focusing on the adolescent 
demographic, as CU during this time period is a far stronger 
predictor of psychotic disorders for them than for adults. Early 
diagnosis and intervention are necessary to prevent disruption 
of the endocannabinoid system and subsequent long-term cog-
nitive symptoms and psychiatric disease.

Cannabis use, however, is not the sole cause of SIP, as sub-
stances like alcohol and psychostimulants can also cause this. 
Social impacts of SIP include reduced educational attainment 
and employment acquisition. This review article analyzes the 
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current academic literature on SIP, the biological influences on 
the brain, and long-term social implications with a particular 
focus on CU. In addition, this article provides a critical analysis 
of the current difficulties in the field of diagnosing SIP, the 
impacts of different substances on SIP severity, and treatment 
and intervention.

Biological Influences of THC on the Adolescent Brain:
To understand why adolescents show this increased vulner-

ability to psychosis, we must understand the normal function 
of the endocannabinoid system (ECS) and how THC disrupts 
this. The ECS plays a key role in memory, learning, reward, 
and pain pathways in the brain and consists of cannabinoid re-
ceptors and endocannabinoids (eCBs). There are two subtypes 
of cannabinoid receptors known as cannabinoid receptor type 
1 (CB1R) and cannabinoid receptor type 2 (CB2R). CB1Rs 
are the most abundant G-protein-coupled receptors in the 
brain, with their highest density found in the hippocampus, 

basal ganglia, cerebellum, and neocortex.10 Their expression 
peaks between ages 14-17, an age also associated with in-
tensive synaptic pruning, a key neurodevelopmental process 
which removes weak synaptic connections. This “use it or lose 
it” process peaks between 16 and 20, especially in prefrontal 
brain regions associated with executive function and emotion-
al regulation, which show up to a 40% reduction in synaptic 
density. THC exposure during this period leads to excessive 
pruning via overactivation of the ECS, potentially explaining 
the long-term cognitive effects of adolescent CU.11

The main role of the ECS is the regulation of neuro-
transmission via retrograde transmission at the synapse; 
this function is impaired by THC exposure. Figure 2 shows 
how, in normal ECS functioning, eCBs regulate the release 
of GABA and glutamate neurotransmitters, fine-tuning the 
activity of their synapses and consequently the balance of ex-
citation and inhibition within the brain. Figure 3 shows how 
THC acts as a partial agonist of CB1R, subsequently leading 
to chronic downregulation of CB1R and significant disrup-
tion to the ECS.12 This disruption reduces sensitivity to stress 
and reward13, and also the release of GABA and glutamate. 
Glutamate is an excitatory neurotransmitter, meaning it makes 
neurons more likely to fire. GABA is an inhibitory neurotrans-
mitter, meaning it causes neurons to be less likely to fire. 
Overstimulation of the ECS by THC creates an imbalance of 
excitatory-inhibitory neurotransmission in the brain by reduc-
ing inhibition more than excitation.12

Rodent studies have shown that this excitatory-inhibitory 
imbalance increases psychosis-like behaviours.12 As shown in 
Table 1, CU in adolescence has numerous neurological effects. 
Reduced GABA release due to THC disinhibits dopaminer-
gic neurons, as the neurons that would normally suppress their 
activity become less active. This reduces the amount of cortisol 
released in response to tension, which heightens feelings of 
bliss.13 The disruption of these dopamine pathways (Figure 4) 
increases susceptibility to addiction and psychosis.12 Early ex-
posure to THC in adolescence results in a reduced release of 
dopamine in adulthood in response to stress and psychostim-
ulants14, showing the lifelong impact on brain function, CU in 
adolescence can cause this. Crucially, while the ECS normally 
functions at a synapse level over a timeframe of minutes, THC 
activates the ECS across the whole brain for hours at a time, 
preventing it from performing its normal role.

DOI: 10.36838/v7i10.99

Figure 1: Comparative longitudinal study displaying that CU at adolescence 
is associated with a greater risk of developing psychotic disorders.9 15–20-year-
olds using cannabis were associated with increased cumulative psychotic 
incidence than those not using it. This difference was less significant in 
20–32-year-olds.

Table 1: Summary of the impact of adolescent THC exposure. Various 
neurotransmitter systems are affected during THC exposure, which increases 
the risk of psychosis.
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Long-term social implications:
Adolescent cannabis users are likely to suffer from poor 

cognitive function, showing problems with memory, atten-
tion, educational attainment, and,15,16 impulsive behaviours.15 
A meta-analysis showed that CU in adolescence increased 
the relative risk of depression (37%), suicidal ideation (50%). 
In addition, the risk of suicide attempts was 3.46 times high-
er.13 Regular CU in adolescence can also cause anhedonia and 
anxiety.16 Persistent CU can result in increased criminal and 
risk-taking behaviors among adolescents.17 Adolescents aged 
14-15 display more evident increases than adults, proving that 
CU has a greater effect on younger demographics. Howev-
er, in countries where cannabis remains illegal, this increased 
likelihood of criminal behavior may be due to regular users be-
coming connected to the illegal drug market and drug traders 
through their attempts to get access to cannabis. The user may 
then be influenced by people in the market who encourage 
participation in violent crimes.17

Studies show that CU lowers IQ and the ability for sus-
tained focus.18 This inhibition affects school performance and 
educational attainment. Adolescents who use cannabis tend to 
also be high-school dropouts and have lower attainment rates 
in their careers and education.19 This highlights the need to 
reduce CU in adolescents through effective early diagnosis and 
intervention. The earlier the intervention, the lower the risk of 
experiencing significant adverse financial, health, and educa-
tion outcomes.

Diff iculty Diagnosing:
Given the significant neurobiological influence of CU in ad-

olescence and its long-term social implications, accurate and 
early diagnosis of SIP is crucial. However, there are some lim-
itations in diagnostic criteria and the overlap between SIP and 
schizophrenia, which can make diagnosis challenging. There 
are only minor changes between the current Diagnostic and 
Statistical Manual of Mental Disorders (DSM)-V criteria for 
SIP and the previous DSM-IV criteria for SIP. The DSM-V 
criteria now specify that individuals must have one or both 
of the following symptoms: delusions and/or hallucinations. It 
also now stipulates that the disturbance present in the individ-
ual must cause clinically significant distress or impairment in 
social, occupational, or other important areas of functioning.7 

Due to the DSM-V criteria being more recent, the literature 
exploring its limitations is sparse. For this article, the DSM-
IV criteria will be evaluated instead, which are relevant to the 
DSM-V as well.

The DSM-IV requires four criteria for an SIP diagnosis, as 
shown in Table 2. Diagnosing SIP can be uncertain, partly due 
to the current discrepancies in the DSM-IV criteria.

Figure 2: Normal Synaptic Transmission.12 In the absence of cannabis, 
normal functioning of the ECS occurs. eCBs regulate the release of GABA 
and glutamate neurotransmitters, which create an excitatory-inhibitory 
balance in neurotransmission.

Figure 3: Effects of adolescent CU.12 THC acts as a partial agonist of CB1R, 
downregulates CB1R, and reduces the release of GABA and glutamate. THC 
overstimulates the ECS, causing an excitatory-inhibitory imbalance.

Figure 4: Dopamine pathways in the brain. THC exposure during 
adolescence disrupts dopamine pathways in the brain, which increases the risk 
of addiction and psychosis.
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particular substance and dosage used.22 These inconsistencies 
across criteria may cause underdiagnosis or misdiagnosis of 
SIP, highlighting the need for a standardized definition.

Overlap with schizophrenia:
When diagnosing SIP, we must consider not only the di-

agnostic requirements but also the similarities between SIP 
and schizophrenia. Schizophrenia is defined as “a heritable, 
complex, multi-dimensional syndrome with varying degrees 
of psychotic, negative, cognitive, mood, and motor manifesta-
tions,”23 specifically two or more of the following symptoms: 
hallucinations, disorganized speech, delusions, and grossly dis-
organized or catatonic behavior for at least 6 months. At least 
one of the symptoms present must be delusions, hallucinations, 
or disorganized speech.7 Symptoms that overlap between 
schizophrenia and substance-induced psychosis are ideas of 
reference, persecutory delusions, and auditory hallucinations.24 
Cannabis-induced psychosis (CIP) and schizophrenia possess 
overlapping genetic risk factors,25 so accurate diagnosis cannot 
be made solely by looking at the individual’s genes. Herita-
bility estimates reveal 11% of the variance in lifetime CU is 
explained by measured genetic variants.26 This overlap is prob-
lematic because the similarities between schizophrenia and 
CIP often make a differentiated diagnosis difficult. Individuals 
with schizophrenia may use illicit substances as well, thus fur-
ther blurring the lines between schizophrenia and CIP.

Studies show that in emergency departments, 25% of peo-
ple diagnosed with PPD had substance-induced psychosis.21 
The dangers of misdiagnosing SIP as PPD include the add-
ed burden of stigma, a low chance of clinicians correcting 
the diagnosis in the future,21 with only 15% of misdiagnoses 
corrected within 6 months,27 unmerited hospitalizations, and 
incorrect medication being prescribed. The misdiagnosis can 
lead to the use of antipsychotic medication and increase the 
risk of developing side effects like tardive dyskinesia, neurolep-
tic malignant syndrome, and diabetes.21

Treatments for adolescents with SIP, who are incorrectly 
diagnosed with schizophrenia, would focus on alleviating psy-
chotic symptoms rather than specific treatments that address 
the root cause of their psychosis, that is, their substance use. 
Ineffective treatments stemming from an inaccurate diagno-
sis are particularly harmful for adolescents whose positive life 
outcomes depend on early detection and treatment. To max-
imise treatment impacts, it is important to identify the drug 
of choice. Common culprits of SIP are cannabis, alcohol, and 
psychostimulants, especially as these substances are known to 
impair critical neurological developments occurring during 
adolescence. The specific psychotic trajectories of CU, psycho-
stimulants, and alcohol can also be compared to gain a better 
understanding of their impact and treatment.

Comparison with other illicit substances:
Persistent cannabis use disorder (CUD) is correlated with 

positive and negative symptoms, which worsen over time. 
CUD is the only substance use disorder in which symptom-
atic and functional decline occurs from year 1 to year 2 in a 
2-year follow-up, compared with alcohol use disorder (AUD)

Problems with diagnostic criteria:
In criterion A, the term ‘prominent’ is ambiguous, as there 

is no description of what severity or duration of symptoms 
would be considered ‘prominent.’ Criterion A’s lack of infor-
mation about other psychotic symptoms, including negative 
symptoms and disorganized speech, is an issue, as negative 
symptoms are common in SIP patients.20

Criterion A only lists hallucinations and delusions narrows 
the range of symptoms present in SIP and thus fails to account 
for the frequent discovery of many other symptoms in SIP. 
Criterion B’s failure to focus on the criterion of withdrawal 
and intoxication also causes confusion. Psychotic episodes 
linked to SUD are not included in the SIP criteria if there is 
no intoxication. This disregards tolerance that is built by per-
sistent substance use, which means individuals have a lower 
likelihood of being intoxicated. All these issues contribute to 
the underreporting of SIP, highlighting the need for improved 
criteria for increased accuracy in diagnosing.20

In emergency departments, when there is uncertainty, psy-
chotic disorders tend to be reported as primary psychotic 
disorder (PPD) rather than SIP,21 highlighting that a large 
proportion of patients fail to be diagnosed with SIP at the start 
of hospitalization as a result of the imprecision of DSM IV. As 
SIP is underreported, clinicians fail to identify and treat many 
adolescents with SIP, which may contribute to continuing 
CU into adulthood due to their increased dependence. Fur-
thermore, failure to receive treatment correlates with poorer 
clinical and educational outcomes as cannabis use in adoles-
cents interferes with the ECS during peak brain maturation.

There are currently different definitions for substance-in-
duced psychosis across DSM-V and the International 
Classification of Diseases (ICD). A key difference between 
DSM 5 and ICD 10/11 is that DSM-V requires only the pres-
ence of psychotic symptoms after substance use for diagnosis, 
whereas ICD 10 and ICD 11 believe the sole presence of psy-
chotic symptoms is not enough for a diagnosis. In ICD-10 and 
ICD-11, the symptoms should be significantly more severe 
than what is expected in the intoxication or withdrawal of the 
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Table 2: DSM-IV criteria for SIP.20 The DSM-IV criteria require clinicians 
to assess whether hallucinations or delusions were present near or during a 
period of cannabis intoxication before diagnosing SIP. An SIP diagnosis also 
requires symptoms to persist in the absence of delirium, and these symptoms 
should not be better explained by a non-substance-induced psychotic disorder.
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ferences underlie distinct clinical trajectories. CU is correlated 
with more severe positive psychotic symptoms compared to 
alcohol, which has a greater association with anxiety.31 CIP 
displays a higher conversion rate to schizophrenia than 
alcohol-induced psychosis.22,32 A Scottish register-based co-
hort study of 3486 patients diagnosed with SIP in Scottish 
hospitals found CIP had a 21.4% risk of conversion to schizo-
phrenia compared to alcohol-induced psychotic disorders with 
a 10.4% risk.33 However, the data did not contain drug screen-
ing confirmation, and the data were collected from 1997 to 
2012, meaning it may not be an accurate reflection of current 
substance use trends and treatment approaches.

In a Finnish register-based cohort study of 18,478 SIP cases, 
the risk of conversion to schizophrenia was significantly high-
er for CIP(46%) than for alcohol-induced psychosis(5%).34 
While both studies show a higher transition rate from CIP to 
schizophrenia, they are retrospective and therefore are more 
susceptible to bias than prospective studies. In the Finnish 
study, only 0.7% of 18,478 cases were diagnosed with CIP 
compared to 85.4% diagnosed with alcohol-induced psycho-
sis. Cannabis is illegal in both Finland and Scotland. The 
large difference between alcohol-induced psychosis and CIP 
suggests the results are confounded by underreporting out of 
fear of facing legal repercussions. This selection bias from ille-
gal cannabis status would artificially inflate relative risk ratios 
while underestimating absolute CIP prevalence. Prospective 
studies with biological verification remain urgently needed.

Those who misuse alcohol have a lower risk of showing 
symptoms found in schizophrenia, such as paranoia, hallu-
cinations, and negative symptoms, than cannabis-induced 
psychotic disorder. Cannabis misusers have an earlier age 
of onset of psychosis and a shorter period of experiencing 
illness,35 but their symptoms deteriorate over time8. In con-
trast, alcohol misusers usually have a later age of onset with 
higher anxiety levels and,31 higher hospitalization rates.35 De-
spite this, they have better social functioning than cannabis 
users.31 These dissimilarities highlight the importance of sub-
stance-specific approaches in the treatment and interventions 
of SIP in adolescents.

Treatment, Early Detection, and Intervention:
The difficulty in diagnosing CIP, along with the detrimen-

tal effects of substance use at the peak of brain maturation in 
adolescents, creates a call to action to reduce CUD rates. Psy-
chological interventions combined with social interventions 
have shown promise for adolescents with CUDs. Adoles-
cent CU often manifests as a social behavior encouraged by 
peers, and therefore, interventions such as MI, CM with re-
wards for not using cannabis would be effective. Combining 
motivational enhancement therapy (MET) and CBT with a 
rewards program led to longer periods of cannabis abstinence 
in adolescents. Familial involvement in treatments also proved 
beneficial for adolescents. Interventions for young adults 
should involve building resilience to pain, protective circles of 
peers, and training for better coping skills.36

A-CRA is another effective method for reducing CU in ad-
olescents by providing cannabis users with problem-solving, 

and psychostimulant use disorder. Even cannabis users who 
comply with medication have a greater likelihood of having 
a poor symptomatic outcome than other substance misusers. 
Continuing to use cannabis after the development of first-epi-
sode psychosis (FEP) can cause symptom levels to increase. In 
addition, there is a dose-dependent relation between psychot-
ic symptoms and CU, meaning that the greater the amount 
consumed, the more severe the psychotic symptoms will be. 
The gradual decline in the condition of cannabis misusers may 
stem from intense, persistent CU and low compliance with 
medication at the beginning of the psychotic disorder.8 This 
worsening trajectory highlights the significance of early inter-
ventions for cannabis users.

Psychostimulants can also induce SIP, and their addictive 
properties may make cessation difficult. In the prospective 
longitudinal cohort study by Plamondon, there was a high-
er rate of addiction in the 24th month among cocaine and 
amphetamine users when compared to cannabis and alcohol 
users. These findings indicate that stopping psychostimulant 
use may be more challenging than cessation of alcohol or can-
nabis. In this study, participation selection bias was reduced as 
it ensured that all consenting and qualified individuals within 
established catchment areas were able to take part. However, 
a limitation of this study is that it did not possess objective 
methods of assessing substance use, such as urine tests.8

Psychostimulant misusers with FEP tend to have higher 
rates of unemployment than FEP patients who use cannabis.8 
It is clear that psychostimulants have harmful effects on in-
dividuals and should receive intervention as early as possible. 
The impact of stimulant use on psychotic symptoms was less 
dose-dependent than cannabis, and it possessed differing tra-
jectories for occasional and persistent use. Even though both 
cannabis and stimulant use affect dopaminergic transmission, 
which dysregulates and influences psychotic symptoms and 
psychotic relapse, CU appears to be involved to a lesser degree 
than stimulant use. Due to the direct effect on dopaminergic 
transmission, even the occasional use of stimulants is enough 
to aggravate the psychotic symptoms and psychotic relapse. 
The severity of psychotic symptoms achieved by occasional 
use of psychostimulants can only be matched by CU if it is 
frequent.28 By focusing on alcohol use in comparison to CU, 
we can discern that different substances have trends and tra-
jectories and better understand the need for stricter cannabis 
regulation.

Alcohol vs Cannabis:
Cannabis induces over‐activation of the endocannabi-

noid system by cannabinoid receptor type 1 agonists such as 
THC. Chronic over-activation of endocannabinoids during 
adolescence changes brain maturation and can have a lasting 
impact on the adult brain.29 Alcohol consumption increases 
the sensitivity of the mesocorticolimbic dopamine network, 
which consists of the mesolimbic and mesocortical dopamine 
pathways in the brain. This may lead to an increase in positive 
symptoms.30

CIP and alcohol-induced psychosis display differences in 
clinical characteristics in adolescents. These fundamental dif-
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communication, anger management, and relapse prevention 
skills through 19 procedures. An added benefit of A-CRA is 
that it is more cost-effective than CBT and MET.37 In ad-
dition, having brief check-up sessions improved abstinence 
rates, highlighting the importance of follow-up meetings over 
many years. Clinicians should design interventions so that they 
capture the interest of the age group they are targeting. For 
example, using computerized or mobile programs appeals to 
young adults to strengthen motivation and allow self-monitor-
ing.36 CUD interventions should be designed and selected for 
each demographic to address the different challenges each age 
group faces when attempting abstinence.

When considering pharmacological interventions, there 
are no FDA-approved medications for CUD, and off-label 
psychotropic medications have had minimal benefits, such as 
mitigating withdrawal symptoms. However, medications to 
ease prolonged withdrawal symptoms when utilized in com-
bination with counselling and social support have proved to 
be beneficial.36 Furthermore, early detections and interventions 
are extremely beneficial for adolescents as this improves clini-
cal and functional outcomes.

Prevention - Canada and solutions:
There are solutions to the problem of increasing CUDs 

that do not involve banning cannabis entirely. Cannabis-re-
lated ED visits declined in Canada following the legalization 
of recreational cannabis with tight retail regulations. However, 
it increased at the time of cannabis commercialisation.38 This 
suggests that to minimize the increase in cannabis use follow-
ing the legalization, cannabis marketing should be banned, and 
the expansion of retail stores selling cannabis should be pre-
vented.

Additionally, increasing the price of cannabis could deter 
people from purchasing cannabis regularly, which reduces its 
accessibility by making it unaffordable for many. Studies have 
proved this by the high tax on cigarettes, which serves to de-
crease cigarette purchases and use. Adolescents are two to three 
times more reactive to changes in the pricing of cigarettes than 
the overall population.39 This suggests that raising the price 
of illicit substances has the most significant impact on adoles-
cents, as they are likely to have low-paid or part-time jobs. In 
Canada, the legal age for purchasing cannabis is 18; therefore 
by raising the legal age to 21, will prevent many adolescents 
from being able to purchase cannabis. By increasing the age of 
initiation of cannabis, neurological developments will not be 
affected as much, which could improve educational outcomes 
for many adolescents.

Support for Adolescents with CUD:
Adolescents struggling with drug addiction can get help 

through rehabilitation centers. There is a range of different 
rehabilitation centers, each targeted at dealing with a specific 
substance. These rehabilitation centers could create a sheltered, 
supportive environment in which adolescents with CUDs un-
dergo a cannabis “detox” while participating in counselling, 
yoga, and meditation. A recent study from Andra Pradesh has 
displayed an increase in cognitive function among young adults 

with CUDs after they participated in non-pharmacological 
rehabilitation such as meditation, group counselling, physical 
activities, and yoga during periods of cannabis abstinence.40

Online programs targeting CUDs are increasingly present in 
Austria, Belgium, the Czech Republic, Spain, the UK, Sweden, 
Germany, the Netherlands, and Estonia. Examples of these pro-
grams include VALIC, CANreduce, and SIBRT. In addition, 
Belgium, Romania, and the UK now have cannabis-specific 
clinics which offer clinical assessments, detoxification, short-
term and long-term rehabilitation to improve treatment 
outcomes such as cannabis abstinence and increase the likeli-
hood of psychosis remission. They also aim to lower levels of 
CU and increase contentment with life. However, there are few 
cannabis-specific clinics targeted at adolescents, and in-person 
clinics have limited coverage as they only offer face-to-face 
treatments in some cities.41

Barriers that prevent participation in treatments for CUDs 
include fear of stigma, believing these treatments are not need-
ed, feeling unmotivated to attempt abstinence, and poor mental 
health. Other reported barriers include finding it hard to admit 
they need support, limited treatment availability, worries about 
confidentiality, cynicism about the treatment’s effectiveness, 
and a desire to be self-sufficient.42 To further support adoles-
cents, we must encourage them to seek help for their CU. By 
displaying posters with contact information for rehabilitation 
programs in public places that adolescents frequent, such as 
schools, gyms, and shopping centers, we can ensure that they 
know help is available. Individual schools should ensure that 
students struggling with drug addiction have a non-judgmen-
tal, trusted adult they can look to for support, such as a guidance 
counsellor. Increasing the support available for substance use in 
primary care settings would allow for earlier detection and in-
terventions.43

� Discussion
This review has demonstrated the mechanistic pathways 

linking adolescent CU to psychosis, with 25-46%1 of patients 
with SIP from cannabis showing conversion to schizophrenia, 
far over other substances. While previous work has focused on 
adult populations, this review explains some of the unique vul-
nerabilities in adolescents that heighten their risk in a manner 
qualitatively different from adults. The significant biological 
influence of adolescent CU on the brain through the binding of 
THC to CB1Rs in the ECS. This binding dysregulates neuro-
transmission and lowers stress and reward sensitivity. Because 
CB1R expression peaks during adolescence, THC has a greater 
impact on adolescents than on other age groups. Specifically, 
THC lowers eCB levels in the ECS and reduces the release 
of GABA and glutamate, creating an excitatory-inhibitory 
imbalance which increases the risk of developing psychosis. 
Dopamine pathways are also disrupted, increasing vulnerabil-
ity to addiction. These effects have long-term ramifications, 
including poorer cognitive function, educational attainment, 
and increased risk of depression, which can negatively impact 
the life outcomes of adolescent cannabis users.
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The DSM-IV criteria have limitations that make diagnosing 
CIP challenging. Its limitations include its dismissal of psy-
chotic symptoms when the individual has insight and a lack 
of information about negative symptoms, withdrawal, and in-
toxication. SIP has overlapping symptoms with schizophrenia, 
such as ideas of reference, persecutory delusions, and auditory 
hallucinations. These facts make it difficult to differentiate be-
tween the disorders and provide accurate diagnoses.

By comparison with alcohol, this review identifies that CU 
has a more detrimental effect on clinical and functional out-
comes, while alcohol use has a clearer link to anxiety. Psychotic 
symptoms associated with CUD get worse over time, and CUD 
had the greatest severity of positive symptoms, while AUD had 
the least. Cannabis users tended to have an earlier age of on-
set of psychosis than alcohol users, although they experienced 
shorter periods of illness and fewer hospitalisations. CIP was 
more likely to convert to schizophrenia than alcohol induced 
psychosis. Despite these findings from Finnish and Scottish 
cohort studies being significant, the studies are retrospective, so 
the data is more vulnerable to bias than if they were prospec-
tive. The studies found many fewer CIP than alcohol-induced 
psychosis diagnoses, which may be due to underreporting out 
of fear of legal repercussions, as cannabis is illegal in both 
countries. Different substances have different trends and tra-
jectories. Cannabis users have a poorer symptomatic outcome 
than other substance users, although psychostimulant use has 
lower rates of abstinence than cannabis. However, the study 
that identified this finding is limited by its lack of objective 
methods to measure substance use. Cannabis users’ exacer-
bation of psychotic symptoms over time can be attributed to 
persistent, severe CU and non-compliance with medication at 
the start of psychosis.

Different demographics benefit from different treatments 
and interventions to promote abstinence from cannabis use. 
Off-label psychotropic medications do not have significant 
benefits, and there is no FDA-approved medication for CUD. 
A combination of MET, CBT, and a rewards program, as 
well as familial involvement in treatment, proved to be most 
effective for adolescents. Computerized programs that allow 
self-monitoring also appealed to this group. Abstinence rates 
improved when follow-up check-up sessions were incorporat-
ed into treatment. The legalisation of cannabis in Canada with 
tight regulations was not associated with large increases in CU, 
yet cannabis commercialisation was. Increasing the legal age of 
cannabis purchase from 18 to 21 in Canada would reduce the 
number of adolescents who use cannabis and increase the age 
of initiation for many.

This review has numerous limitations that should be ac-
knowledged. Firstly, the rapidly evolving landscape of cannabis 
product development and its use and regulation creates a mov-
ing target. Studies performed on adolescent CU even 5-10 
years ago may have limited relevance to an adolescent pop-
ulation now using cannabis concentrates of 60-90% THC. 
Geographical variation in legality and regulation also creates 
different exposure contexts that may not be comparable. Stud-
ies linking substance use to psychosis have mostly focused on 
adult populations who have differing neurobiology from ado-

lescents, meaning findings may not be directly applicable. The 
heterogeneity of cannabis products encompassing diverse can-
nabinoid compounds, consumption methods, and usage habits 
complicates the interpretation of studies that typically specify 
cannabis use only. Finally, the absence (for ethical reasons) of 
any causal studies or trials of CU makes untangling premorbid 
vulnerability from the effects of cannabis difficult. In addi-
tion, cannabis users often use other psychoactive drugs, which 
analysts struggle to control for. Future research utilizing tech-
niques such as Mendelian randomization may overcome some 
of these causal limitations, though it should also be noted that 
the Bradford Hill criteria for causation are largely met.

�   Conclusion 
Adolescent CU has significant neurobiological effects, 

causing long-term social implications and increased risk of psy-
chosis. By focusing on early detection and intervention, clinical 
and functional outcomes can be significantly improved. CB1R 
expression peaks in adolescence, making CU during this period 
particularly harmful, partly due to excessive synaptic pruning as 
well as negative cognitive effects that persist into adulthood.

Many critical research questions are outstanding, ranging 
from causality to biomarker development to the lack of specific 
treatment offered to affected adolescents. The unique vulnera-
bility of adolescents to the increased potency of THC and the 
trend towards reduced regulation of their sale to adolescents 
represents a potential health crisis. Immediate action through 
information campaigns, adolescent access restriction, and in-
vestment in treatment infrastructure and research should be 
prioritized.

Future research should aim to perform longitudinal studies 
on the treatment outcomes of adolescents with CIP to iden-
tify interventions to maintain long-term cannabis abstinence. 
In addition, there should be more cannabis-specific rehabili-
tation clinics tailored to the adolescent population. Countries 
offering face-to-face support should increase their national 
coverage to maximise their impact on adolescents by making 
treatment easily accessible. Policymakers should aim to regu-
late CU by limiting retail expansion of recreational cannabis, 
banning cannabis marketing, raising the legal age of purchase, 
and increasing its price in countries where it is legal.
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ABSTRACT: Genetic networks regulate cognition, addiction, and homeostasis by modulating human brain activity. In this 
paper, we will analyze four genetic networks - the mesolimbic system, acetylcholine network, CREB-dependent gene regulatory 
network, and NF-κB networks. We will analyze their roles in cognition, addiction, and homeostasis in humans, and look into 
how these networks relate. We will then go deeper into NF-κB pathways and analyze each of its 5 subunits to derive the common 
areas across the human body that are influenced by the genes interacting with those subunits. These common areas would be 
in terms of KEGG (Kyoto Encyclopedia of Genes and Genomes) and REACTOME pathways, disease pathways, and other 
biological processes. These will be termed as just biological processes. This derivation will be laid out in the form of Python code 
that can be reused to derive those common areas using the latest data from the trusted data sources. I have derived the specific 
genes that interact with each of the 5 NF-κB subunits and have found the biological processes they enrich. Recognizing genetic 
networks and their associated biological processes may help identify areas for further research or discover potential therapeutics 
for cognitive, addictive, or homeostatic diseases. 
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� Introduction
The human body has around 19,000 to 25,000 genes, but 

the total number of genetic networks is still unknown. Genetic 
networks are defined by genes that control a similar process 
and can be categorized by cell type or purpose. They influence 
specific properties of the body, including cognition, addiction, 
and homeostasis. Cognition is the brain’s ability to process and 
react to information and includes attention, decision-making, 
memory, and speech. Genes code for proteins that promote 
cell communication and synaptic plasticity, allowing neurons 
to have stronger bonds and stronger neural pathways.1-4 These 
neurons and neural pathways are often activated when one is 
learning. Thus, stronger connections between them promote 
stronger memory and quicker responses to new stimuli, cre-
ating stronger cognition. Addiction is considered a chronic 
brain disease that happens when one abuses the use of a sub-
stance and is commonly classified into three main stages: the 
binge/intoxication phase, the withdrawal/negative stage, and 
the preoccupation/anticipation phase.5,6 It is identified as a 
deficit in reward and dopamine pathways.2,7,8 Addiction leaves 
problems in reward-based learning and memory that are usu-
ally permanent. Homeostasis is defined as how your body can 
self-regulate through external changes or stimuli.2 The process 

uses feedback systems to maintain the body and ensure that 
activities such as temperature regulation, pH balance, and the 
proper management of specific elements are properly regulated. 

It is vital to understand how genetic networks function under 
specific circumstances and in certain contexts to maintain the 
health of the brain and the rest of the body. Sometimes, there 
are issues in the brain that cause diseases across the body. If we 
research genetic systems and their effects, we can find target 
areas in the biological processes that are commonly susceptible 

to the underlying genes. This paper overviews four important 
genetic networks- mesolimbic, acetylcholine, CREB-depen-
dent, and NF-κB - and their effects on cognition, addiction, 
and homeostasis. It then contrasts their roles and demonstrates 
a way of finding relationships within the networks.

� Methods
The genetic networks considered in this study are the 

Mesolimbic System, the Acetylcholine Network, the 
CREB-dependent gene Regulatory Network, and the NF-κB 
Pathways. Existing research around these four genetic networks 
has been studied to derive their influence areas. With the listed 
areas, one genetic network, NF-κB, is chosen to understand 
the dynamics of the impacted pathways, considering the genes 
involved. In my research, I have used publicly available relevant 
data and have created the necessary Python code to surface 
the top biological processes enhanced by the genes relevant to 
NF-κB pathways in humans. This is achieved via 2 broad steps. 
First, I derive the gene names that interact with the NF-κB 
subunits. We will get 5 sets of genes, as there are 5 subunits of 
the NF-κB family. I then find the biological processes where 
those genes play a statistically significant role. Each set of 
genes influences a set of biological processes, and we consid-
er only those where the p-value is less than 0.05 to ensure a 
higher degree of statistical significance. Uniprot is being used 
here as the data source since it is an open-source library of data 
relevant to NF-κB subunits (listed as proteins) and the genes 
that interact with their dependencies. This library collates and 
maintains experimental data from several trusted sources like 
IntAct, MINT, STRING, etc., and allows an API-based in-
terface, which means we can acquire the latest data from them 
every time we run the code. GProfiler is used to derive the top 
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relevant biological processes enriched by the genes interacting 
with each of the NF-κB subunits above. KEGG and REAC-
TOME are major sources of biological processes referred to in 
this case. The Python code for the above work has been made 
publicly available here: https://github.com/1Riya-Shukla/
NF-kB-Pathways 

�   Results 
Mesolimbic System:
The mesolimbic system is an important dopaminergic ge-

netic network. It plays a key role in the brain’s dopaminergic 
reward pathway.7,8 It is found in the midbrain and works to 
connect these brain regions to the ventral tegmental area 
(VTA). The VTA contains neurons that produce and send 
dopamine, a neurotransmitter, across the brain in reaction to 
external stimuli associated with pleasure.2 This pathway drives 
individuals toward goals and behavior repetition, and may even 
strengthen connections between cues and rewards.7,8 A study 
found that defeated rats showed increased phasic dopamine 
signaling, a short-term boost of dopamine release during ag-
gressive interactions, suggesting a link between social stress 
and dopamine activity.8 Thus, the mesolimbic system can 
perform cognitive tasks by using dopamine to regulate moti-
vation, learning, and decision-making.2,7 Overuse of harmful 
substances or behaviors can cause excessive dopamine de-
pletion from the VTA, causing the desired and addictive 
feeling.7,8 Over time, the brain misinterprets the greater dopa-
mine production from substances as normal by making fewer 
rewards. As a result, such substances and behaviors appear less 
satisfying. Now, the only way an addicted person can get more 
dopamine is from external direct sources like the addictive 
drugs that are known to deteriorate their brain.6,7 This causes 
withdrawal symptoms and the constant need for a substance 
after it is suppressed. The mesolimbic system stays regulated 
by homeostasis, balancing motivation, reward, stress, and other 
physiological needs.2 Genes like DRD2 (dopamine receptors) 
and GABRA1 (GABA receptors) affect how these signals 
work, making sure rewards and motivation adjust to the body's 
needs. If homeostasis is disrupted, genetic differences can 
change how these neurotransmitters function, leading to prob-
lems with impulse control, stress, or addiction. For example, 
when someone is hungry, their mesolimbic system will trig-
ger dopamine levels to rise, promoting food-seeking behavior 
and making the idea of eating more appealing. Dopamine and 
other neurotransmitter signaling play a crucial role in each of 
these functions, ensuring motivation, learning, and behavior 
are properly maintained.2,7

Acetylcholine Network:
The acetylcholine network is a complex system that plays a 

crucial role in modulating neuronal excitability, synaptic trans-
mission, and network dynamics in the brain. Acetylcholine 
(ACh) modulates neuronal excitability through the inhibition 
of potassium currents and the activation of specific muscarinic 
and nicotinic receptors on cell membranes, leading to enhanced 
synaptic communication and dynamic network modulation.9 

The acetylcholine network helps in thinking, learning, memo-

ry, and focus by improving communication between brain cells. 
Improved communication allows ACh signaling to be faster, 
stronger, and less susceptible to distractions. This makes cog-
nitive functions stronger and more efficient.9,10 ACh is capable 
of stimulating dopamine release, which strengthens substance 
craving. In nicotine addiction, nicotine directly binds to nic-
otinic acetylcholine receptors, mimicking ACh. This overly 
stimulates the reward system, leading it to release abundant 
amounts of dopamine. Eventually, the brain is more suscep-
tible to triggers, cravings, and relapse.5 ACh excites neurons 
to promote memory, but controls inhibition to prevent any 
overstimulation. It regulates the amount of dopamine and se-
rotonin to balance mood and behavior and synaptic plasticity 
for neural communication. Specific genes are used for their 
purposes in ACh networks. For example, CHAT (choline 
acetyltransferase) produces ACh, ACHE (acetylcholines-
terase) codes an enzyme that breaks down ACh, transporter 
genes that create proteins to move ACh, and receptor subunits 
that improve synaptic transmission.9,10 In all of these functions, 
neural plasticity is regulated. Neural plasticity, regulated by 
ACh, is essential for cognition, addiction, and homeostasis by 
ensuring neurons adapt efficiently without becoming unstable.

CREB-Dependent Gene Regulatory Network:
The CREB-Dependent Gene Regulatory Network is a sys-

tem of genes where the transcription factor CREB (cAMP 
response element-binding protein) regulates multiple gene 
expressions, specifically by binding to cAMP. The main neu-
rotransmitter for this network is glutamate.1,3 Glutamine 
controls CREB activation by producing glutamate, exciting 
neurons for learning and memory, and GABA, which calms 
them to prevent overstimulation.1,3,5 In cognition, CREB is es-
sential for memory formation and learning. Neurotransmitters 
like glutamate, acetylcholine, and dopamine activate CREB, 
which strengthens neural connections and supports synaptic 
plasticity.2 Activation of CREB can turn short-term memory 
into long-term memory. Substance abuse overactivates CREB, 
leading to changes in gene expression, promoting further ad-
dictive behavior. When the use of a drug stops, CREB levels 
also drop, creating withdrawal and cravings.4,6 In homeostasis, 
CREB helps maintain neural stability by regulating responses 
through neurotransmitters like serotonin, acetylcholine, and 
GABA.1,9,11 It can adjust neuronal activity to prevent over-
stimulation or underactivity, creating proper cognitive and 
emotional balance.

NF-κB pathways:
NF-κB is a group of transcription factor protein complexes. 

They play a major role in neurotransmitter signaling, synaptic 
plasticity, and neuroinflammation. NF-κB pathways regulate 
inflammation in cells and act as a master switch in response to 
stimuli, specifically stress or infections. In cognition, activated 
NF-κB helps neurons adapt by monitoring genes in learning, 
memory, and synaptic plasticity. Whereas in addiction, NF-
κB is influenced by dopamine and glutamate signaling in the 
brain’s reward system. When exposed to addictive substances, 
dopamine release triggers NF-κB activation, leading to chang-
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es in gene expression that reinforce drug-seeking behavior and 
cravings. Over time, NF-κB strengthens reward-related path-
ways, making addiction more persistent. Additionally, chronic 
drug use increases neuroinflammation, which further dysreg-
ulates NF-κB activity, contributing to withdrawal symptoms, 
anxiety, and relapse. Drugs like opioids, nicotine, and cocaine 
are known to over-activate NF-κB, leading to long-term alter-
ations in brain plasticity. NF-κB helps maintain homeostasis 
by regulating the brain’s response to stress, inflammation, and 
immune signals by adjusting neuronal activity. Chronic stress 
may cause persistent NF-κB activation, which disrupts mood 
regulation and can cause neurodegeneration.6

Biological processes related to NF-κB pathways:
Because there are thousands of genes in humans, categorizing 

each one into a specific biological process is time-consuming 
and cumbersome. However, with new technological advances 
in biological and computational fields, we can break down the 
problem into simpler steps to understand which genes play a 
statistically significant role in certain biological processes in 
the human body.

The motivation behind this integrated analysis is to gain a 
comprehensive understanding of how NF-κB regulates gene 
expression across multiple biological domains. Advances in 
the study of NF-κB-related gene regulatory networks can 
help us pave better paths to fight these conditions. NF-κB is 
not limited to one biological process. It plays critical roles in 
inflammation, immune responses, cell survival, and stress sig-
naling. By studying NF-κB, researchers can gain insights into 
mechanisms that affect multiple domains such as addiction 
(through neuroinflammation), cognition (via neural plastici-
ty), and systemic homeostasis (through stress and metabolic 
regulation). We can elucidate the direct targets of NF-κB, map 
the complex interplay of regulatory interactions, and ultimate-
ly link these molecular insights to broader physiological and 
pathological outcomes. This holistic approach not only deep-
ens our basic understanding of gene regulatory networks but 
also paves the path for innovative therapeutic strategies.6

One such study has been carried out below, where we relate 
the relevant genes with the NF-κB subunits and the biological 
processes they enrich:

Deriving the gene names interacting with each of the NF-κB 
subunits:

We will first find the genes interacting with each of the 
NF-κB subunits. We will then look for their influence on the 
biological processes later. The table below (Table 1) shows the 
sets of genes that were found interacting with each of the 5 
subunits of NF-κB

Deriving the biological processes enriched by each set of inter-
acting genes:

We will now find the biological processes enriched by these 
genes, one set at a time. Only those biological processes are 
selected where the role of these genes has a higher significance 
(i.e., p-value < 0.05). This means that the influence of those 
genes on those biological processes is statistically significant, 
provided the sample size of the study done for those processes 
is high enough. Out of these biological processes, the top 10 
processes are printed against the scale of -log10(p-value). This 
negative log (with base 10) keeps the values within the graph 
and helps with visualization since the real p-values are too far 
away in the linear scale. Here are the top 10 biological process-
es for each set of genes mentioned in Table 1. These are shown 
in Figures 1 through 5. Figure 1 below shows the top 10 bio-
logical processes that were influenced by the genes mentioned 
in Row 1 of Table 1 above. These are the genes that interact 
with subunit 1 of NF-κB.

Table 1: Genes that were found interacting with the specific subunits of NF-
κB.

Figure 1: Top 10 biological processes enriched by genes that interact with 
subunit 1 (NF-κB B1-p50).
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Figure 5 below shows the top 10 biological processes that 
were influenced by the genes mentioned in Row 5 of Table 
1 above. These are the genes that interact with subunit 5 of 
NF-κB.

Assessing gene commonality across the subunits:

The Venn diagram in Figure 6 shows the overlap of the dis-
tinct genes interacting with each of the subunits of NF-κB. It 
is noteworthy that no single gene is common across all 5 NF-
κB subunits. The data also goes on to show that each subunit 
is substantially exclusive and represents a diverse set of genes. 
Biological processes that are common to such a diverse set of 
genes can show promising relationships among the NF-κB 
subunits and genes influencing those.

Deriving common biological processes across the 5 sets of genes:
In this step, we will find the biological processes common 

across the 5 sets found above. Instead of taking just the top 10 
biological processes, we take the entire record set of each of 
the 5 sets of biological processes formed above and carry out 
an intersection among them to find the common ones. The 

Figure 2 below shows the top 10 biological processes that 
were influenced by the genes mentioned in Row 2 of Table 
1 above. These are the genes that interact with subunit 2 of 
NF-κB.

Figure 3 below shows the top 10 biological processes that 
were influenced by the genes mentioned in Row 3 of Table 
1 above. These are the genes that interact with subunit 3 of 
NF-κB.

Figure 4 below shows the top 10 biological processes that 
were influenced by the genes mentioned in Row 4 of Table 
1 above. These are the genes that interact with subunit 4 of 
NF-κB.
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Figure 2: Top 10 biological processes enriched by genes that interact with 
subunit 2 (NF-κB2-p52).

Figure 5: Top 10 biological processes enriched by genes that interact with 
subunit 5 (RelB).

Figure 6: Assessing gene overlaps across the 5 subunits in NF-κB.

Figure 3: Top 10 biological processes enriched by genes that interact with 
subunit 3 (RelA-p65).

Figure 4: Top 10 biological processes enriched by genes that interact with 
subunit 4 (cRel).
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We have found the biological process enhanced by the genes 
that interact with the NF-κB subunits. This finding can in-
fluence the direction in which those biological processes are 
being studied. For example, the biological process found to 
be common across the 5 NF-κB subunits suggests a stronger 
correlation of the entire NF-κB pathway with the life cycle of 
those biological processes. The experts studying NF-κB can 
provide valuable input into the research of these biological 
processes.

Further research should explore the temporal dynamics of 
gene expression through different addiction stages. Such re-
search can help pinpoint the roles of each genetic network at 
every stage, which can be used for more specific and person-
alized treatments. For example, we can differentiate which 
processes create homeostatic responses and which are used 
in pathological states in severe addiction. Researching further 
into genetic polymorphisms and mutations can help personal-
ize treatment as well.

Gene expression cannot always reflect actual protein use. 
For example, post-transcriptional regulation, protein modifi-
cation, and degradation all affect protein quantities, and the 
functional significance remains as inferred.6 The data used to 
determine NF-κB interactions are from network-based sourc-
es and do not include behavioral data.

This study supports that genetic networks are responsive to 
cognitive, addictive, and homeostatic demands, often bidirec-
tionally.6 The data analysis showed that genetic networks can 
influence a broad range of biological pathways throughout the 
body.

�   Conclusion 
The Mesolimbic System and Acetylcholine Network inter-

act closely in regulating reward, learning, and motivation.7,9 
Dopamine, the key neurotransmitter in the mesolimbic sys-
tem, is influenced by acetylcholine, the key neurotransmitter 
in the acetylcholine network, which can enhance or inhib-
it dopamine release.5,9 The NF-κB pathway is known for its 
role in immune response and interacts with the brain’s neu-
rotransmitter systems, usually under conditions of stress or 
neuroinflammation. This can disrupt dopamine signaling in 
the mesolimbic system, leading to depressive or cognitive-de-
ficiency symptoms.6 All four systems are connected because 
neurotransmitters (dopamine and acetylcholine) affect gene 
expression as seen in CREB and NF-κB pathways, which in 
turn change how neurons function over time.1,6

Deriving the genes interacting with each of the subunits of 
the NF-κB pathway and finding the common biological pro-
cesses influenced by those genes shows that we should look 
at the NF-κB subunits in totality while also assessing those 
common biological processes. It also asserts the importance of 
considering the interplay between those genes while studying 
the proteins in the relevant NF-κB subunits and the biological 
processes influenced by them.

Looking forward, there is still much to be uncovered on ge-
netic networks because of their quantity and specificity. For 
example, the total number of genetic networks or how many 
of them exist are questions that are still unanswered. We are 

function created for this purpose allows for choosing n num-
ber of records from each set of the biological processes and 
finding the overlap based on those. As an example, 100 records 
were chosen from each of the 5 record sets, and 9 biological 
processes were found to be common among them as of this 
writing. These are shown in Table 2 below. Note that this set 
can change if the program is run sometime in the future when 
the underlying APIs return different data.

�   Discussion 
In this study, I have compared the attributes of the four 

genetic networks discussed above. The mesolimbic system 
helps the brain with dopamine levels and regulation. Correct 
amounts of dopamine at the correct times can increase moti-
vation and learning to improve cognition. However, addiction 
can alter dopamine signaling, creating feelings of craving and 
the sensation to always want more.7 Altered dopamine signal-
ing makes it harder to balance stress and motivation, which 
can compromise neuronal homeostasis. The Acetylcholine 
network modulates neuronal excitability and how well the 
brain can react to stimuli.9 The more connected the neurons 
are, the faster they can communicate. Faster communication 
creates faster reaction times and improves levels of cognition. 
Dopamine levels influence excitability levels of neurons, and 
repeated substance exposure affects the excitability in differ-
ent ways, specific to the substance.5 Maintaining neuronal 
excitability properly preserves neuronal homeostasis. The 
CREB-dependent network is important in coordination and 
communication between cells.1 Faster communication with-
in cells improves cognition and reaction time. Addiction can 
overstimulate reward pathways and can create tolerance from 
the repetition of substance abuse.4 The network maintains 
neural stability. NF-κB pathways regulate neuroplasticity and 
play a crucial role in immune responses. They help neurons 
adapt to stimuli, which improves cognition. Addiction can 
create excessive dopamine release that can trigger chronic 
responses and neuroinflammation. They regulate stress and 
immune response.6

All 4 networks ultimately influence gene expression and 
contribute to various aspects of brain function, including re-
ward processing, attention, memory, learning, and neuronal 
plasticity. As far as differences go, the mesolimbic system and 
the Acetylcholine network operate at the intercellular level, 
and their effects are often rapid and transient. CREB-de-
pendent networks and NF-κB pathways are at the subcellular 
level, and they regulate gene expression for hours or even days.
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Table 2: Biological process enhanced by all 5 sets of genes that interact with 
each of the NF-κB subunits.
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also still unaware of the comprehensive locations of genetic 
networks and how far they span. Some factors of networks 
to research further include the longevity of networks, genetic 
variants in networks, the usage of these systems to create thera-
peutics for diseases, and the impact of external factors on them.
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ABSTRACT: The structure of chromatin and how it is used for cellular function is fundamental to multicellular organisms. The 
form and function of chromatin organization affect almost every aspect of gene expression, cell division, and various other cellular 
processes. This review article aims to provide a comprehensive view of the intricate structural organization of the chromatin and its 
functional relevance. Beginning with an introduction to DNA and heterochromatin, then focusing on the individual nucleosome 
and its components, the core histones H2A, H2B, H3, and H4. Subsequently, the article covers chromatin architecture, including 
its past model of 30 nm hierarchical folding and the current consensus of irregular fibers, as well as how the chromosome is 
structured around a protein scaffold. Next, the chromatin remodeling complexes, their four categories and distinct functions, 
and how chromatin is manipulated during mitosis are discussed. Ultimately, I explore how the form of chromatin affects gene 
expression through physical properties such as liquid-liquid phase separation and nuclear compartmentalization.  

KEYWORDS: Molecular and Cellular Biology, Genetics, Chromatin Packaging, Chromatin Compaction, Chromatin 
Condensation.

� Introduction
The diploid cells, with two sets of chromosomes, in a human 

body contain 6 billion base pairs (bp) of DNA (Deoxyribo-
nucleic acid), which approximately equals 2 meters when 
stretched. This is packaged in a minuscule nucleus that is 10 
micrometers in diameter. Despite this significant compaction, 
the cell can interpret DNA and the state that it is in to carry 
out vital processes like cell division and gene expression reliably 
and accurately. Understanding how chromosomes are orga-
nized is an indispensable field of research, as evidenced by the 
scientific attention and studies conducted about it in the past. It 
began in the middle of the 19th century when Gregor Mendel 
postulated that traits were inherited as discrete units without 
referring to the chemical or structural organization of what is 
inside the “discrete units”. Afterwards, researchers would begin 
to investigate the basis of heredity, giving rise to the scientific 
discipline of genetics. Subsequently, Walther Flemming used 
dyes and basic microscopy to discover the unit of genetic ma-
terial and named it “chromatin” in 1879.1 Following that, in 
1891, Hermann Henking discovered the X-shaped chromo-
some while studying spermatocyte divisions of a firebug.2

Further insights on DNA arose when the electron micro-
graph images of the DNA forming “beads on a string” were 
published in 1974.3 We now understand that the reason for 
this appearance is due to the DNA being spooled into the nu-
cleosome. Similarly, there have been massive recent innovations 
in assays and technologies, such as X-ray scattering, partial de-
condensation of chromosomes, and ChromEMT (ChromEM 
tomography, an electron-microscopy staining technique that 
marks nuclear DNA without changing its structure, permitting 
better visualization of 3D chromatin conformation). These 
foundational studies have significantly enhanced our under-
standing of the structure of chromatin.

Several subsequent studies have allowed scientists to learn 
how the DNA sequence influences phenotypes and mutations 
that induce certain diseases. However, it is now known that the 
proteins that regulate the architecture of DNA are equally key 
in regulating cellular function. Mutations in genes encoding 
those proteins can promote conditions like cancer. This new 
aspect of genetics may be the path that could lead to a mul-
titude of new discoveries and opportunities in treating cancer 
and chromosomal abnormalities. This could have a widespread 
impact due to the significant proportion of the population 
affected by these disorders. Specifically, there were 2,001,140 
new cases of cancer in the US in 2024,4 and an estimated global 
risk of 25% of getting cancer during a person’s life.5

In this review, I explore the currently available literature to 
illustrate the form and function of chromatin structure and 
how the cell attains it. I discuss how fundamental functions 
such as cell division and gene expression rely on chromatin ar-
chitecture and present how misregulation of chromatin can be 
a catastrophic event for many cells. I specifically focus on how 
misregulation of key components of chromatin organization 
leads to damage in cells, which leads to certain disorders such 
as cohesinopathies and cancer. Understanding the detailed 
activities of components of chromatin organization and their 
relevance to the disorders will assist the development of novel 
treatments by offering potential drug targets.

DNA, Hetero, and Euchromatin:
DNA is the essence of all living organisms on Earth, which 

encodes all proteins used by cells for every function. It is made 
of nucleotides that consist of a phosphate group, five carbon 
sugars, and a nitrogenous base. While all DNA is composed 
of the same molecules, the unique arrangements of the bases 
adenine (A), thymine (T), cytosine (C), and guanine (G) store 
the coding information for every gene and protein.
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The complementary base pairing between adenine and thy-
mine, and between cytosine and guanine, connects two DNA 
strands that are wrapped around each other in a double helix 
form, with approximately 10 bp per turn, where it assumes its 
most stable form.6 However, as the bond between the sugar 
and the base is asymmetrical, as the angle formed by the glyco-
sidic bond between the base and sugar is not aligned at exactly 
90 degrees,7 the spaces between backbones form two grooves: 
the major groove and the minor groove. The major groove is 
wider than the minor groove. The existence of these grooves is 
key for proteins to bind and recognize DNA sequences outside 
the DNA (Figure 1). However, DNA by itself, as an individual 
entity, cannot contribute to the proper function of the cell.

When DNA is bound to proteins and RNA, chromatin, the 
building unit of chromosomes, is formed. Chemical interac-
tions with the DNA can only occur if the DNA is physically 
accessible. Its openness is determined by many factors that will 
be explained later in this review, such as nucleosome positions, 
histone modifications, transcription, and chromatin compac-
tion.8 There are two broad categories for chromatin: hetero 
or euchromatin. Heterochromatin describes an inaccessible 
state where the genes in DNA are repressed, while the latter 
is accessible and has active genes. As such, heterochromatin is 
much more DNA and nucleosome dense than euchromatin,9,10 
and the diffusion in heterochromatin is also less efficient com-
pared to euchromatin.11

However, the categorization of chromatin is not a recent 
development. The nomenclature of heterochromatin and 
euchromatin originates from Emil Heitz in 1928, when he 
published the paper ‘Das heterochromatin der moose’. He 
used it to describe the differences detectable by appropriate 

chromosomal stains. Specifically, euchromatin becomes in-
visible during late telophase (the final stage of mitosis), while 
heterochromatin is heteropycnotic, taking up more stain or be-
ing more tightly coiled after telophase.12

How Does a Cell Package All of its DNA into a Smaller Nu-
cleus? Nucleosomes and Histones:

Since each haploid human cell contains 3 billion bp, each 
being 0.34nm long,13 in each diploid cell, there would be 2 
meters of DNA. How do cells package all of this DNA into 
microscopic nuclei with diameters of 5-20μm? A large length 
compaction of over 100,000-fold. Cells compact the DNA 
into ‘beads on a string’ through nucleosomes - the length of 
DNA wrapped around a histone octamer- wrapping the DNA 
around the core of a histone octamer (Figure 2). Histones are 
positively charged proteins that facilitate electrostatic interac-
tions with the negatively charged backbone of DNA to wrap 
it around themselves, leading to nucleosome formation. There 
are four core types of histones in humans: H2A, H2B, H3, 
H4, and a linker histone H1.14 The four core histones share 
properties such as their C-terminal domains, which provide 
histone-histone interactions to form the column-like octam-
er,15 which takes up most of their mass.
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Figure 1: DNA major and minor groove formation. Schematic illustration 
of groove formation in AT and CG base pairs due to asymmetry in glycosidic 
torsion angle not equaling 90 degrees (in red line angle). The glycosidic torsion 
angle is the angle between the phosphate backbone and the glycosidic bond 
attaching it to the nitrogenous base. This asymmetry is what allows proteins 
and transcription factors to recognize and bind desired DNA regions.

Figure 2: The making of chromatin fiber. Schematic illustration of the 
process histones go through to become part of a chromatin fiber. With 
the help of proteins such as assembly remodelers, the core histones form a 
histone octamer, around which DNA is subsequently coiled, forming a 
nucleosome. The nucleosome, with the addition of a linker histone, turns into 
a chromatosome, and the DNA now goes through 2 full turns instead of 1 and 
⅔. Many nucleosomes form the chromatin fiber. This makes the DNA very 
tightly compacted in a regulated manner.
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The four histones H2A, H2B, H3, and H4 are called canon-
ical proteins because they are the standard of their respective 
types, recognized as the norm. However, there are a multitude 
of variants, such as H3.3, that are non-canonical as they differ 
from this norm, but I will not discuss them further here as it 
warrants a focus as a separate topic.8 Their N-terminal tail pro-
vides strong contacts to the DNA that the nucleosomes bind 
to.16 The N-terminal tails are readily available for post-trans-
lational modifications to be catalyzed by enzymes, playing an 
important role in epigenetic signaling.15 They are also in place 
to conduct inter-nucleosomal interactions in condensed chro-
matin structures, which help organize higher-order chromatin 
structures.17

The product of the 4 abovementioned histones, the nu-
cleosome is the unit of chromatin made up by the spool-like 
histone octamer wrapping DNA in a left-handed superhelical 
manner.15 Its main role is to condense the DNA, but it also 
has other roles such as repressing processes involving DNA, 
like transcription, replication, and repair. A nucleosome is cre-
ated by first gathering two copies of each protein H2A, H2B, 
H3, and H4 proteins to come together to form a histone oct-
amer, which is what constitutes the nucleosome (Figure 2).18 
The octamer forms through the following steps: firstly, two of 
the H3:H4 dimers and H2A:H2B dimers are formed, then 
the two H3:H4 dimers merge through H3:H3 interactions 
to form a tetramer, and finally, the two H2A:H2B dimers 
combine with the tetramer via H4:H2B interactions.15 Nucle-
osomes are known to condense DNA by around 6~7 times.8 
Specifically, they bend approximately 146 bp of DNA around 
the histone octamer for approximately 1 2/3 turns.16,19,20 The 
core histone octamer domains fold 120 bp, while the remain-
ing 13 bp are bound by H3 N-terminal alpha helices. These 
interactions help maintain the stability of the nucleosome. The 
folding is caused by roll-based bending of bp into the minor 
and major grooves that face the nucleosome.21 The nucleo-
some also twists the DNA further, such that the number of bp 
per turn goes from 10.5 to 10.2.16

Although the histone proteins predominantly fold and shape 
the DNA organization, the sequence of the DNA affects its 
binding affinity to the histone octamer, creating the phenom-
enon of sequence-based DNA binding.15 The affinity varies 
by 3 orders of magnitude depending on the DNA sequence.22 
It is most optimal for nucleosome binding when bendable bp, 
such as AT & TA, are at the repeated elements every 10 bp 
that directly interact with the nucleosome.23 However, having 
many repeats of AT/TA is inhibitory to nucleosome binding, 
thus promoting promoter accessibility, nucleosome depletion, 
and transcriptional activity.24,25

Similarly, the DNA bound by the histone octamer frequently 
undergoes a process known as “DNA Breathing” that expos-
es the protein binding sites on the nucleosomal DNA. DNA 
breathing does this by transiently binding and unbinding to 
the histone octamer, which can facilitate sequence-specific 
protein binding if the binding affinity to naked DNA or the 
local concentration of the protein is high enough to compete 
with core histone binding.18,26 Without DNA breathing, the 
nucleosome would protect the DNA from nuclease digestion, 
as well as greatly restrict the binding of regulatory factors. Even 
when breathing, the binding affinity of most DNA-binding 
factors to nucleosomal DNA is reduced by 103~5 compared 
to naked DNA.15 The length of DNA that connects two nu-
cleosomes is the linker DNA. While the linker DNA length 
varies from 20-80 bp, the H1 family of proteins, the linker 
histones, wraps linker DNA near the center and the entry/exit 
points of the nucleosome, promoting further compaction and 
stabilization of DNA. This coils an additional 20 bp of DNA, 
ending up in ~2 oriented full turns around the whole chroma-
tin and linker histone, forming the chromatosome (Figure 2).27 
The functions of linker histones include: promoting folding 
and assembly of higher-order chromatin structures; changing 
nucleosome spacing on DNA, regulating specific gene expres-
sion, and protecting linker DNA.28–30

Not only can histones compact the DNA, but their N and 
C-terminal tails can be post-translationally modified in var-
ious ways, such as acetylation, phosphorylation, methylation, 
SUMOylation, and ubiquitination. These alter the charge and 
structure of the tail and thus affect their binding to DNA, ul-
timately changing the condition of the chromatin and how 
much the genes are expressed, leading to changes in cellu-
lar events such as mitosis. However, in the interest of focus, 
post-translational modification of histones is not covered at 
length in this paper. An extensive review on this topic is pub-
lished elsewhere.31

This knowledge about nucleosomes and their post-transla-
tional modifications can be useful as they are known to play a 
role in many cellular processes involving DNA, such as DNA 
repair and transcription. Moreover, their alteration can affect 
broader processes, such as development and aging, as well as 
result in diseases such as cancer and intellectual disability, 
making their understanding more important.32

Table 1: Glossary of terms.
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DNA can also be compacted in other ways: while the DNA 
is simply replicated by DNA polymerases on the irregular fi-
ber of nucleosomes during interphase, during early prophase, 
the fibers begin to condense into loops around a central chro-
mosome scaffold, as will be covered later in this paper. The 
condensed chromosomes are segregated by mitotic spindles. In 
late anaphase and telophase, the chromosome is then decon-
densed back into nucleosome fibers into its interphase state. 
However, the mechanism of this decompaction is different 
from just reversing compaction.

Although entry into mitosis is largely regulated by kinases, 
to decondense, not only are the relevant kinases deactivated, 
but the mitotic phosphorylation is also reverted. The phospha-
tases, removers of phosphates using water, PP1 and PP2A, are 
the main proteins in this process. PP1𝜸 dephosphorylates the 
histone H3 at several points after being brought to anaphase 
chromosomes by the recruiting subunit Repo-Man or by an-
other protein, Ki-67. Meanwhile, PP2A is implied to ensure 
the timely exit from mitosis through dephosphorylation.38 

In addition to dephosphorylation, Aurora B kinase must be 
evicted as well. The group of proteins AAA+-ATPase p97 and 
the cofactors UFD1 and NPL4 guarantee Aurora B’s removal. 
It is implied that they use the ubiquitin proteasome pathway. 
It is a way that the cell warrants degradation of proteins by 
attaching a recognizable marker, ubiquitin, to them such that 
it can be transported to a proteasome for its destruction, as 
AAA+-ATPase p97 is a system that typically recognizes ubiq-
uitin on tagged proteins.37 This then implies that Aurora B is 
ubiquitinated during the later stages of mitosis. It is also spec-
ulated that the removal of phosphorylations by Aurora B is 

Chromatin in Cell Division:
Mitosis is the process that cells undertake, which, in short, 

replicates and doubles the genetic material, then organizes 
and arranges it into groups so that the cell can split in half 
with both daughter cells having equal amounts of DNA. More 
specifically, the process involves five main phases: interphase, 
prophase, metaphase, anaphase, telophase, and cytokinesis, in 
that order. Interphase can be further split into the Growth/
Gap (G)1, Synthesis (S), and G2 phases, in that order.

This progression through phases in mitosis is regulated 
by proteins that add a phosphate group (phosphorylate) to 
other substances from ATP, called cyclin-dependent kinases, 
abbreviated CDKs. For example, they can target and phos-
phorylate the tumor suppressor protein retinoblastoma.33 
CDKs require proteins called cyclins to activate them by 
binding to them and phosphorylating a certain part of them. 
Each class of cyclins corresponds to the phase at which they 
activate CDKs, like the G1-phase cyclins, G1/S-phase cyc-
lins, S-phase cyclins, and M-phase cyclins. The last one is the 
cyclin, which drives the start of mitosis. There are 20 CDKs 
and 29 cyclins in humans.34,35 Early in mitosis, the series of 
phosphorylations, H3T3 by Haspin, then H3S10 by Aurora 
B, causes recruitment of a lysine deacetylase Hst2p. It removes 
an acetyl group from H4K16, a modification that was previ-
ously interrupting internucleosomal condensation, to promote 
chromatin condensation (Figure 4).36 When chromosomes are 
most compacted and segregated (anaphase), they are massively 
condensed longitudinally.

DOI: 10.36838/v7i10.114

Figure 3: Organization of TADs, the constituents of chromosomes. 
Schematic diagram showing the nuclear structure and organization of the 
TADs of the chromosomes that lie close to the nuclear membrane. The TADs 
are composed of multiple genes and elements that physically interact with 
each other. The implications of 3D structuring add further complexity to the 
regulation of gene expression and chromatin organization in the cell.

Figure 4: Mitosis and chromatin organization. (A) Shows the mitotic cell 
cycle from interphase to cytokinesis. Shows the nucleolus dissolving, and the 
genetic material condensing into chromosomes with sister chromatids, which 
are then separated into separate cells during cytokinesis. The bottom shows 
the mitotic phases and shows the concentrations of the proteins condensin 
I, condensin II, cohesin, and Ki-67 at each phase. The lighter the color, the 
lower the concentration. Adapted from,37 (B) Schematic diagram showing 
the steps in which histone modifications work to condense chromatin into 
chromosomes in early mitosis. Haspin modifies the histone H3 by adding a 
phosphate group to the third threonine (T3). This triggers the phosphorylation 
of the 10th Serine on the histone H3 (S10) by Aurora B, which brings about 
the Hst2p that removes the acetyl group from the 16th lysine on the histone 
H4. This brings about H4 tail and acidic patch interactions with the adjacent 
nucleosome, thus inducing heterochromatin and chromosome formation. This 
mechanism demonstrates how important histones are not only in processes 
such as gene expression but also in mitosis.
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Additionally, the physical packaging units of DNA are 
known as TADs (Topologically Associated Domains). Inter-
estingly, the genes within the same TADs actively interact with 
each other often, but not with those in other TADs. These 
TADs correspond to LADs (Lamina Associated chromatin 
Domains),55 which are domains that are associated with nu-
clear lamina - a structure near the inner nuclear membrane, 
composed of fibrous proteins known as lamins.56 These 
chromatin domains serve to help change timing during cell 
differentiation and transcriptional regulation, as well as for 
other purposes. Enhancer-promoter interactions are likely 
limited to regions within the same TAD, as seen in Figure 3.30

Nucleosome fibers are arranged into mitotic chromosomes 
by the activity of certain proteins. This is done so that the 
chromosomes can be individualized and so that sister chroma-
tids (Table 1) can be separated.57,58 However, recent research 
has shown that condensin - a key protein in chromatin con-
densation into chromosomes – is not required for chromatin 
to organize into lumps in yeast.59 This has induced proposals 
that there is a condensin-independent condensation which 
occurs in parallel with condensin-dependent condensation, 
where neighboring nucleosomes are attracted to each other, 
due to interactions between H4 tails and nucleosomal acidic 
patches.36 This has been postulated to be a small-scale form of 
chromatin compaction which occurs inside the loops of DNA, 
while the condensins compact at a larger scale, looping long 
stretches of DNA.38

There are some other hypotheses, such as hyperactive con-
densin DNA supercoiling - the number of DNA bp per turn 
of the helix decreasing, determining the amount of strain on 
the DNA, being a contributor to mitotic compaction.60 This 
is unsurprising due to how important mitotic compaction is. 
Therefore, it stands to reason that there would be many types 
of compaction, including, albeit redundant ones, as any that 
enhanced compaction would be positively chosen by evolu-
tion.61

Chromatin Condensation into Mitotic Chromosomes:
The difference in compaction of chromatin between mitotic 

chromosomes and interphase chromosomes is relatively subtle, 
where the compaction of one chromosome’s worth of DNA is 
~104 and ~8.5*103 fold, respectively.62 This is even though esti-
mations have predicted the difference to be 2-3 fold, which in 
retrospect seems like an overestimate.63 The chromatin chain 
also appears to be more flexible in mitotic chromosomes, allow-
ing for the nucleosomes to be more tightly packed.9 Although 
their compaction is relatively similar, their form and arrange-
ment are significantly different. How does the cell cause this? 
The cells can induce this by using 6 essential proteins that are 
required for mitotic condensation to occur. The only required 
proteins to form the chromosome in vitro are topoisomerase 
IIα, cohesin, condensin I and II, and the chromokinesin KI-
F4A. They also appear to be the major, if not only, essential 
components of the chromosome scaffold.64,65 First found by 
electron microscopy, a central ‘scaffold’ in the shape of meta-
phase chromosomes organizes the looping of the DNA along 

responsible for the halting of the protein condensin’s activity 
for decondensation.39 Since this decondensation is required for 
mitotic exit to occur, the absence of factors such as PP2A and 
its cofactors can delay mitotic exit.40 This delay could poten-
tially lead to hazardous consequences, such as DNA damage 
and aneuploidy, a potential cause for tumorigenesis and can-
cer, making mitotic decondensation a vital topic for further 
research.

Chromatin Organization in Interphase:
In the last couple of decades, there have been many hypoth-

eses on how the chromatin is compacted. However, there have 
been more prominent models, such that recently, chromatin 
has been thought to be mostly compacted by either one of two 
models, the hierarchical folding model or the radial loop mod-
el. (Figure 5) The hierarchical folding model proposes that 
the chromatin is compacted into a large-scale 30-nm diame-
ter fiber.41 This is thought to occur by folding into a solenoid 
or zig-zag shape.42 These fibers are then progressively used to 
form higher-order chromatin structures of larger diameters, 
involving ~100 then ~200 nm, to finally become large inter-
phase chromatin fibers. They may later be anchored to protein 
scaffolds to form condensed mitotic chromosomes.8 But of 
the two models, the current consensus is that the majority of 
cells use the radial loop model. This is because most of the 
evidence for the hierarchical model comes from experiments in 
vitro. This is where the artificial chromatin has an array of very 
regularly spaced nucleosome binding sites with uniform linker 
DNA length. Unfortunately, there are very rarely regions with 
these conditions in vivo (meaning inside a living organism), 
because typically cellular chromatin is found to have variable 
linker DNA length and histone post-translational modifica-
tions, which is a significant critique of this model. There are 
some instances, such as in some genomic regions and mostly 
inactive chromatin, like in avian erythrocytes, as well as in re-
gions of very high levels of linker histones. There have also 
been more data against this model in recent years, and as such 
will not be discussed further in this paper. 8,9,19,43–45

The other model, the irregular model, is the current consen-
sus that proposes that the mitotic chromosomes are condensed 
in irregularly arranged forms, leading to a fractal nature. The 
decreased physical constraint permits a more dynamic and 
flexible organization than its static counterpart, the 30 nm di-
ameter fiber.46,47 Specifically, chromatin in this model is formed 
into irregular, yet dynamic 10 nm-diameter fibers. The acces-
sibility of the fibers according to computer simulations could 
come about as a result of nucleosomal fluctuations exposing 
the genomic DNA and facilitating the mobility of diffusing 
proteins.46 The 10nm nucleosomal irregular fibers of chroma-
tin are thought to remain irregular during interphase, but there 
have been models proposing higher orders of irregular fibers, 
specifically forming many condensed domains out of these fi-
bers, so that they look like “chromatin liquid drops”.48,49 These 
drops of chromatin are thought to be formed by the macromo-
lecular crowding effect and specific proteins like cohesin and 
CTCF (CCCTC binding factor),50–53 and/or condensin II.39,54
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the chromatid and is responsible for the chromosome’s basic 
shape as seen in Figure 5.57,61

Specifically, condensins and topoisomerase IIα form central 
axes in the chromatid, while the rest are concentrated along 
it, around which the nucleosome fibers are wrapped.46 Con-
densins use adenosine triphosphate (ATP-energy)-dependent 
processes that produce loops of DNA, a process known as loop 
extrusion (Figure 5). Condensin II makes larger loops, which 
end up forming a spiral staircase arrangement with a protrud-
ing loop at each step. Then, condensin I makes nested smaller 
loops within the condensin II loops.66 To soundly sort out the 
topology of this, special proteins called topoisomerase IIα are 
recruited.57,67

DNA topoisomerase IIα, also known as scaffolding protein 
1 (Sc1), is localized at the axes of chromatids,68 and although 
the exact role is unknown, it is assumed that Sc1 is essential in 
preventing the formation of knots and twists as the DNA gets 
shaped into the rod like arrays of loops representing mitotic 
chromosomes.57,67 Sc1 does this by first cutting both strands of 
the target DNA, then passing an intact double helix through 
the break, and finally reconnecting the cut DNA. As the DNA 
is restored, the only difference between its initial and final state 
is the spatial orientation of the DNA.69 Their depletion leads 
to long and thin chromosomes, similarly to condensin II de-
pletion.57 It is usually active not at prophase, but during late 
prophase/ the transition phase from prophase to metaphase, 
known as prometaphase.70

The other proteins at the central axes, condensins I and II, 
are ring-shaped proteins that have distinct yet overlapping 
functions, but condensin II is inside the nucleus during in-
terphase, while condensin I is in the cytoplasm.54,71 However, 
both do end up localizing at the chromatid axes during mitosis, 
since they are necessary for proper chromosome localization 
and topoisomerase IIα function.57,72 They are ATPases as they 
bind to and hydrolyze ATP in their chemical reactions. The 
binding and hydrolysis of it regulate the opening and closing 
of the ring.73 They shape the mitotic chromosomes by forming 
chromatin loops via loop extrusion.74 They do this by binding 

onto DNA and then, while one part of the ring anchors, the 
opposite end slides back across the DNA using the motor ac-
tivity, pulling the DNA along with it, and extruding it as a loop 
through the ring.75

While they both share the same SMC2/4 (Structural 
Maintenance of Chromosomes) dimer and appear similar, 
Condensins I and II have notable differences. For example, 
they have markedly different subunits. They are also different 
in that condensin I, but not II, requires chromokinesin KIF4A 
to localize to the mitotic chromosome axis.76 Condensin II, 
but not I, requires the enzyme phosphatase 2A to associate 
with mitotic chromosomes.77 Condensing activity also re-
quires phosphorylation by kinases like Aurora B to relocate to 
the condensing chromatin and function there.71,78 Addition-
ally, condensin II is one of the first to contribute to looping 
and compacting the DNA from interphase during prophase, 
although there is a possibility of cohesin being active from 
prophase as well.71 At the late stages of prophase, condensin I 
is brought in from the cytoplasm to the chromosome.79

Another essential protein for mitotic condensation, Cohes-
in is a protein made out of the SMC1/3 dimer that primarily 
connects sister chromatids during DNA replication,80 but can 
interact with chromosomes and form loops during the cell cy-
cle to compact them.81 Recent studies have also shown that 
it influences the process of chromosome formation. Cohesin 
also plays a role in organizing interphase nuclei and regulates 
patterns of gene expression.57 The cohesin complex also works 
with CTCF to organize interphase chromosomes into TADs 
as well as to help control gene expression.52 Cohesins are re-
leased the most during prophase to act on the chromosome 
until the end of metaphase.82 Their malfunction can cause 
genetic conditions, collectively known as cohesinopathies, in-
cluding Robert’s syndrome and Cornelia De Lange syndrome.

Although equally important, the SMC5/6 complex is 
elaborate, and thus its function is elusive. However, it is cur-
rently thought to play a role in associating with unusual DNA 
structures such as catenanes - molecules composed of at least 
2 cyclic chemicals that are not chemically linked but need 
chemical link breakage to separate – as well as compacting the 
surrounding DNA and resolving topological tangles.83 It can 
also be recruited by SAGA histone acetyltransferase to certain 
genes.84 It seems to function during the S phase of the cell cycle 
to help replicate DNA and separate repetitive DNA, as well 
as potentially having roles in DNA repair and recombination. 
Depletion of it prior to entering S phase causes dramatic chro-
mosome segregation defects.57,85

Chromokinesins, on the contrary, are a group of proteins that 
can move, and KIF4A is one of them. It usually plays a key role 
in forming the mitotic spindle and intercellular bridges,86 but 
it is also connected to cancer if depleted, as it is required for 
regulating DNA damage responses.87,88 It can bind to DNA 
and condensin I. The latter requires KIF4A to localize to the 
chromosomal axis;89,90 however, it can only bind to condensin I 
after it has been phosphorylated.91 Phosphorylation is also re-
quired for lateral chromosome compaction for KIF4A.91 It has 
been suggested that KIF4A has a role in forming/stabilizing 
DNA loops, but has not been verified at the time of writing.57 
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Figure 5: The Chromosome Scaffold and Condensin Loop Formation. 
(A) Schematic diagram of a chromatid with its loops of DNA visible, as well
as the steps for condensin loop formation. (B) Shows the hierarchical folding
model, particularly the solenoidal model of chromatin packaging. The radial
loop model’s dynamic nature can be seen in (A), while the solenoidal model
in (B) is more restricted.
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It also works together with condensin and topoisomerase IIα 
to shape mitotic chromosomes.90 Depletion causes a decrease 
in condensin I levels, thus causing short and fat chromosomes 
to form with defective structures.90

All six of these proteins are essential for mitotic condensa-
tion to occur, and evidence shows that when they are depleted, 
chromosomes have defects that can be significantly detrimen-
tal to humans, making understanding them illustrative of how 
errors in cell division can cause diseases. For example, short and 
fat chromosomes due to condensin I depletion can be found in 
certain cancers and can cause disrupted brain development.92

Chromatin Remodeling:
DNA bound by nucleosomes is very hard to bind to oth-

er factors, because it has to compete with the histones at the 
core of the nucleosomes. However, this closed structure can 
be opened. This opening, as well as many other processes, is 
collectively known as chromatin remodeling. There is a special 
class of proteins that use ATP called chromatin-remodeling 
complexes that carry these processes out (referred to as remod-
elers). They make sure of the proper density of nucleosomes 
and cooperate with site-specific transcription factors (TF) and 
histone-modifying proteins to move and eject histones from 
the nucleosome (sometimes entire nucleosomes), to allow the 
binding of TFs to DNA. Additionally, they help create spe-
cial regions in the chromosome where canonical histones are 
replaced by variants. Remodelers are so crucial for regulating 
almost all chromosomal processes that the lack of them usually 
leads to many diseases, like cancer.93,94

The remodelers can be generally categorized into 4 distinct 
subfamilies: enzymes: imitation switch (ISWI), chromo-
domain helicase DNA-binding (CHD), switch/sucrose 
non-fermentable (SWI/SNF), and INO80.94,95 While they 
might seem very different, recent studies have pointed out an 
important unifying aspect: all of them have an ATP-depen-
dent movement of DNA along the histone surface to break 
histone-DNA contacts so that DNA can be driven along the 
histone. This is simply customized by the differing subfamilies 
to result in their specific actions. There are some other shared 
properties, such as preferring to bind to nucleosomes rather 
than naked DNA and having a singular ATPase subunit with 
a domain that allows interaction with other chromatin pro-
teins.94

When at the nucleosome, and more specifically at the po-
sition SHL (Superhelical location) 2,96 the remodeler binds 
near the entry site of DNA of the nucleosome and carries out 
its movement of DNA from the entry to the exit site (Figure 
6).97 Since the DNA is now more concentrated at the exit than 
the entry, the linker DNA is extended by 1-2 bp to resolve it. 
This results in overall movement of the histone octamer 1-2 
bp along the DNA, which, through repetition, can be moved 
greater distances.98 By modifying this process such that DNA 
is peeled off of adjacent nucleosomes, collision between ad-
jacent ones, or causing major tension, a nucleosome may be 
ejected from its position. Furthermore, the strong tension can 
also break histone-DNA contacts to let nucleosome compo-
nents be evicted and variants be added to restabilize.94

The different categories have their own purposes, such as 
when histone chaperones are carrying the histone polymers 
to the new DNA formed by DNA replication,99 assembly re-
modelers like the ISWI and CHD are the ones to assist the 
histones and the histone octamer in forming a mature nu-
cleosome. They then also regulate the distance between two 
nucleosomes so that it is fixed to form an array of nucleosomes. 
This also occurs at places where the nucleosomes have been 
ejected, like at sites of transcription. Since TFs need to bind 
to specific DNA regions called promoters that are blocked by 
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Figure 6: The mechanism of chromatin remodeling complex DNA 
translocation. Remodelers contain two lobes, where one is depicted as a 
U-magnet and the other as a hand in the diagram. Both lobes are first bound 
to the same strand of DNA, with one of them, implied as the magnet, ahead 
of the other. The hand is either closed or open, depending on how tightly 
the sequence of DNA that it is associated with binds to it. The lagging hand 
is moved towards the leading magnet when ATP is bound, but after its 
hydrolysis, the lagging hand moves backwards, pulling the bound and clamped 
DNA with it, moving 1-2 bp of DNA.94 This mechanism is shared among the 
4 categories of remodelers, although they all have distinct functions.
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the nucleosomes, the remodelers can move the necessary DNA 
region out of the blockage so it can be transcribed. While as-
sembly remodelers indirectly silence genes, access remodelers 
like SWI/SNF are the ones mainly responsible for sliding his-
tones, evicting nucleosome components like the H2A/H2B 
dimer, and evicting full nucleosomes for the purpose of mak-
ing the chromatin more accessible to proteins and RNA, thus 
promoting gene expression.100 Of note, they can also be used 
for gene repression. Additionally, they are also believed to be a 
central tumor suppressor.

INO80 remodelers, unlike the previous ones, are indepen-
dent of replication and can remove a particular histone within 
a nucleosome and replace it with either a canonical or a variant 
histone. It is enriched at replication origins and DNA damage 
sites. Commonly, the histones H2A and H3 are replaced with 
the assistance of editing remodelers like SRCAP and p400, af-
fecting factor recruitment, exclusion, and activity. INO80 can 
also relocate nucleosomes by as much as ~15 bp at a time by 
allowing the DNA loop to exit.101

All four of these remodelers’ enzymatic activity can be regu-
lated by either subunits that are next to the ATPase domain or 
by adjacent proteins via one of ‘gating’, ATP turnover, or ‘cou-
pling’. A substrate nucleosome can ‘gate’ the remodeler from 
working by altering DNA so that a change in shape is required 
for the remodeler to modify it. ATP turnover simply refers to 
the rate at which a remodeler uses ATP or goes through the 
cycle of binding and then hydrolyzing one ATP to the next. 
Coupling refers to either the probability that a usage of ATP 
results in movement of DNA, or the amount of DNA that is 
moved per one cycle of ATP hydrolysis.94 Remodelers of all 4 
subfamilies can also be affected and regulated by histone mod-
ifications and variations, as well as proteins like DNA-binding 
proteins.102 They contain domains, such as bromodomains, 
bromo adjacent homology (BAH) domains, chromodomains, 
plant homeodomain (PHD) domains, Pro-Trp-Trp-Pro 
(PWWP) domains, and tryptophan-aspartic acid (WD40) do-
mains. They either bind more or less to certain nucleosomes, 
depending on the variants, modifications, and nearby activators 
and repressors.

When their regulation meets errors, such as when SWI/
SNF is altered to disrupt chromatin accessibility, oncogene ac-
tivation and tumor suppressor silencing can occur, leading to 
cancer.103 However, there are now clinical trials for inhibitors 
targeting remodelers to act as therapy against it.

Chromatin Organization and Gene Expression:
Chromatin is mainly separated into two compartments (3D 

regions of the nucleus), A and B. The A compartment is filled 
with transcriptionally active components like proteins and his-
tone modifications; it is also associated with early replication. 
The B compartment is transcriptionally repressed and associ-
ated with late replication and includes inactivated genes and 
silencing modifications.104,105 Additionally, there are 4 models 
proposed on how the larger-scale chromatin structure can af-
fect transcription. This is because TF binding is a critical step 
in gene expression, and thus, the DNA being accessible is a 
significant part of gene regulation.

Firstly, steric occlusion is just the nucleosome or a series 
of nucleosome contacts blocking access to essential binding 
sites of TFs. This exclusion makes the concentration of TFs 
needed to significantly bind larger. In the extreme case that 
all binding sites are occupied, the concentration in that area 
is very low. If chromatin is bound to a gel, then regardless of 
the chemical properties, proteins are either small enough to 
enter and access the chromatin through the pores of the gel 
or too large. If the chromatin also forms a gel, it usually has 
a very well-defined pore size, leading to the blocking of en-
try of molecules depending on size. For example, it may shut 
out RNA Polymerase type II (RNAPII) due to its large size. 
Similarly, impenetrable crowding agents, such as chromatin, at 
a particular region can occupy so much solvent volume that it 
can decrease the concentration of soluble proteins by reducing 
the volume available for them.8

Next, Liquid-Liquid Phase Separation (LLPS) is a phe-
nomenon where groups of molecules with weak interactions 
with each other separate into two liquid ‘phases’ with varying 
concentrations of major molecules to be more energy efficient 
for the cell than being in one mixture. It has been found that 
LLPS can occur for chromatin-associated proteins, including 
HP1α, linker histone, RNA-protein complexes, a diversity of 
other factors, and for chromatin itself. Therefore, condensed 
chromatin can exist in both a solid and a liquid state.105 LLPS 
is also useful for partitioning as well as regulating transcrip-
tion and accessibility, as it can prevent proteins and TFs from 
entering compartments, depending on its chemical properties, 
like charge. Additionally, the LLPS of chromatin compared to 
a bulk solution of it is compacted by 10,000-fold, showing that 
it can act to compact long-range chromatin, so much so that it 
is suggested that this state of chromatin is the natural ‘ground 
state’, although the specific structure at this state lacks scien-
tific consensus.8

Examining further, we can see that there are many TFs with 
reduced residency times on the chromosome. For example, it 
has been seen that TFs like Sox2 can still access condensed 
mitotic chromosomes, albeit with decreased binding times due 
to the loss of stabilization by universal transcriptional inacti-
vation.106 The looping of chromatin by condensing, forming a 
spiral staircase, surprisingly does not significantly affect gene 
expression, and the local changes are most likely due to lo-
cal factors like the availability of TFs and polymerases to bind 
DNA. There are some proposals on how condensin could me-
diate global silencing involving restricting promoter-enhancer 
interactions, but they will not be discussed further.107 Pioneer 
TFs like FOXA1 can bind preferentially to nucleosomal DNA 
to initiate transcription and/or promote accessibility, while re-
pressive TFs like CTCF do not.108 All things considered, while 
the chromatin being condensed into chromosomes globally 
inhibits transcription, since TFs can still access and bind to 
chromatin, the genomic structure is more reflective of the local 
factors and regulatory elements rather than something univer-
sal.8 Additionally, TFs can recruit remodelers and modifiers of 
histones to the nucleosome that they are near.109

Moreover, transcription and gene expression are process-
es that require initiation, elongation, and termination, and 
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so it has been observed to localize at less compact regions of 
chromatin. When genes on the massively silenced and chro-
matin/nucleosome-dense chromosome X avoid silencing, their 
transcription tends to localize away from the nearby inactive 
region of the chromosome. This has been shown to be true 
for the whole genome as RNAPII - the essential component 
of transcription that transcribes the DNA into mRNA - pre-
fers to localize at compartments that are less densely packed 
with chromatin. Furthermore, histone depletion can also pref-
erentially silence regions closer to large repressive domains 
like telomeres.8 Interestingly, it has been shown through tran-
scription inactivation studies that it is active transcription that 
regulates accessibility and short-range chromatin compaction 
instead of architectural scaffolding.110,111 Also, transcription 
can increase accessibility of chromatin by destabilizing nucle-
osomes through the torsion created by the RNAPII moving 
along the DNA and processing it into mRNA, although this 
could be either reserved for a certain subset of genes or accu-
mulated over long-term transcriptional activity.8

TADs also play a role in regulating gene expression. For ex-
ample, the HoxD gene cluster - a cluster that is involved in 
many stages of vertebrate limb development - has two sequen-
tial bursts of gene activation, one for the preceding and central 
genes, then the next for the succeeding genes. This regulation 
between one to the next involves a switch in contacts between 
promoters and regulators, which define two distinct TADs: 
telomere-proximal TAD and centromere-proximal TAD (re-
ferred to as T-TAD and C-TAD). These TADs face each other 
with the HoxD gene cluster in between. Additionally, the chro-
matin structure defined by TADs was found likely to influence 
the phenotypes of certain diseases, such as the formation of 
limb anomalies.112,113 Additionally, the chromatin organization 
at the stages of TADs can also regulate genes such as the sonic 
hedgehog gene (Shh), as the deletion of CTCF activity causes 
a 50% decrease in transcription of Shh. This is due to CTCF 
playing an important role in maintaining TADs. Thus, inhibit-
ing it eliminates strong interactions between the promoter and 
enhancer.114

The ways that chromatin affects gene expression have sig-
nificant implications for diseases. For instance, mutations in 
LLPS components can disrupt TAD boundaries, DNA repair, 
increase genomic instability, and promote oncogenic gene ex-
pression, thereby promoting cancer.115

�   Conclusion 
Through discoveries from several decades of research in cell 

and molecular biology, scientists have been able to uncover a 
significant portion of information regarding chromatin and 
its form. As cell biological technologies improve, we hope that 
more can be uncovered in the spatial organization of chromatin 
in the nucleus and in how it affects biological processes.

This review has discussed such findings made by researchers 
on the topic of chromatin in the context of its organization. 
Specifically, it has covered the chemical composition of DNA 
and how the bond angles connecting the nucleic acid to the 
sugar phosphate backbone form minor and major grooves that 

proteins use to bind to precise locations. It has also reviewed 
the categories of chromatin from hetero to euchromatin and 
how it originates from Emil Heitz. Combining this with the 
histone octamer forms the nucleosome, the unit of chromatin. 
Additionally, I have outlined the process of octamer forma-
tion and how the chromatosome is formed. Although in the 
past, chromatin was thought to be hierarchically folded 30 
nm fibers of DNA, the current consensus is that nucleosomes 
are arranged into irregular 10nm fibers. The dynamic irregu-
lar fibers are then looped around a chromosome scaffold that 
gives it its unique “X” shape during metaphase, composed of 
6 essential proteins. The fibers of chromatin can be modified 
to allow for regularity or accessibility by inducing nucleosome 
maturation, translocation, eviction, or replacement. On the 
other hand, the decondensation of chromosomes during mi-
tosis requires a combination of histone modifications. Finally, 
chromatin accessibility is regulated through steric occlusion, 
nuclear compartments, gel formation, and phase separation, as 
well as through the spatial organization of TADs and LADs.

In retrospect, ever since Emil Heitz’s cytological staining to 
discover heterochromatin, innovations have allowed biologists 
to identify how in vitro artificial chromatin is organized into 
30 nm fibers. Recent advances in assays and experimental tech-
niques like cryo-electron microscopy, tomography, and partial 
decondensation have allowed us to identify the in vivo form 
of chromatin and how its “irregular” structure enables greater 
dynamism to control various genomic processes. Thus, in the 
following years, it is the hope that the remaining unanswered 
questions may be answered, such as how the key chromatin 
compaction proteins cooperate to produce the scaffolds to 
shape the chromosomes, the individual roles played by the dif-
ferent variants of proteins like chromokinesins, as well as how 
the precise mechanisms of chromatin remodeling complexes 
work to evict nucleosomes or their components.

To conclude, the study of DNA and how it is packaged re-
mains essential to know due to how it affects gene expression 
and thus the phenotypes expressed. Yet, since the unit of genetic 
material, chromatin and its constituents, has been mainly un-
covered, I believe there should be increased research attention 
on how these units contribute towards the larger processes in 
mitosis during interphase, as well as how they may be different 
in meiotic and polytene chromosomes. Polytene chromosomes, 
large chromosomes that occur from repeated rounds of DNA 
replication without daughter chromatid separation, are present 
in certain disorders, such as muscular dystrophy,116 sponta-
neous abortions,117 and, notably so in various tumor types in 
humans,118,119 making their currently relatively unknown reg-
ulation and chromatin organization exceedingly important to 
research. Additionally, we have observed that the way chroma-
tin impacts gene expression is interestingly usually dependent 
on its local conditions and, in certain cases, the permeabili-
ty of the nuclear compartment. Thus, in the future, more on 
how chromatin organization through chromatin domains like 
TADs impacts specific gene loci and their expression can be 
potentially uncovered. However, there are still regions that we 
know little about, such as how we have only recently discov-
ered the precise dynamics of the linker histone. Thus, there is 
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information yet to be uncovered, such as how H1 recognizes 
the nucleosome and the details regarding the specific sites of 
interactions between the N and C-terminal domains of H1 
within the chromatosome. Additionally, assays for identifying 
chromatin architecture at the short-range scale of a few nu-
cleosomes have large potential for further development. Thus, 
as these tools are upgraded, our knowledge of the packaging 
of chromatin and how it relates to protein binding and gene 
expression can be elevated further.

By better understanding the form of DNA not only in mitot-
ic but also meiotic cells and learning the interactions between 
the various proteins like condensin and cohesin, the probability 
of finding new measures to prevent certain diseases in the near 
future can be increased. Namely, diseases, such as cohesinop-
athies, including Roberts and Cornelia de Lange Syndrome, 
cancer, and developmental disorders like Down syndrome. 
Breast cancer has found chromatin accessibility among others 
as a new potential target for treatment.120 Moreover, epigene-
tic drugs have recently demonstrated clinical success and have 
been approved for use against certain cancers.121

Fundamentally, according to the currently available data, 
chromatin is made up of grooved DNA spooled around a his-
tone octamer and decorated by associated proteins and RNAs, 
which are packaged as irregular 10 nm fibers that are then 
looped around a protein scaffold to form the X-shaped chro-
mosome. The nucleosome is then made of a histone octamer 
made of two of each of the core histones H2A, H2B, H3, and 
H4, that work together to bend the DNA around itself such 
that DNA can be compacted further. Additionally, from what 
has been demonstrated about chromatin and how it can af-
fect a multitude of biological processes in the nucleus, there 
is very high potential in researching the local effects of chro-
matin on surrounding genes in narrower ranges. This is due to 
how essential transcription and gene expression are to the cell. 
However, as there is not as much research in the field done 
regarding it, I would strongly encourage studies in the area. 
This field of research has a very exciting future with more dis-
coveries to come.
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ABSTRACT: Methyl-CpG-binding protein-2 (MECP2) is a critical gene involved in neural development. Disruptions to 
the functioning of this gene have been associated with the risk of neurodevelopmental disorders, including Rett syndrome and 
autism spectrum disorder (ASD), characterized by social and cognitive deficits. In this paper, we test the hypothesis that MECP2 
deficiency may influence gene expression and disrupt specific molecular pathways, leading to ASD-related phenotypes. Using 
RNA-seq data from male mice MECP2 mutant versus wild-type excitatory neurons, differential gene expression was mapped on 
a volcano plot. Genes that were significantly upregulated or downregulated were subjected to a Gene Ontology (GO) analysis 
to identify over-represented molecular pathways. Based on the findings, it was concluded that a deficiency in MECP2 led to the 
dysregulation of vital neurotransmitter signaling pathways, including those for serotonin, dopamine, metabotropic glutamate, and 
muscarinic acetylcholine receptors, which show a strong correlation to ASD-related phenotypes. By integrating RNA-sequencing 
data with pathway analysis, this study aims to provide insights into how the reduction in the MECP2 expression could contribute 
to the etiology of ASD, paving the way for targeted therapeutic strategies to alleviate the disease’s behavioral symptoms. 

KEYWORDS: Biomedical and Health Sciences, Genetics and Molecular Biology of Disease, Autism Spectrum Disorder, 
MECP2 deficiency, Gene Ontology Analysis.

� Introduction
Approximately 1 in every 100 children is diagnosed with 

Autism Spectrum Disorder (ASD) around the world,1 mak-
ing it one of the most common neurodevelopmental disorders. 
ASD is characterized by a range of communication and behav-
ioral traits, including repetitive movements, avoidance of eye 
contact, and anxiety.2 Due to the “anti-social” nature of ASD, 
patients with this disorder often face challenges with social 
interactions and slower processing speed,3,4 making it notably 
difficult for them to adapt to social and environmental changes. 
Despite widespread awareness about ASD, its etiology remains 
complex and poorly understood, involving a range of environ-
mental, genetic, and epigenetic factors.5 (Figure 1)

Clinical trials suggest that one of the most substantial ge-
netic risk factors for the disease is the presence of siblings with 
autism, with the recurrence rate of autism being approximately 
2% to 8%.6 Apart from familial clustering, other genetic and 
epigenetic contributors include advanced parental age, ma-
ternal immune activation (MIA), and neuroinflammation.7–10 

Environmental risk factors, such as heavy metal toxicity,11 
parental drug abuse,12 and air pollutants,13 are also gaining 
recognition for their potential implications on autism in the 
offspring.

Due to the complexities of ASD, there is no curative or 
standard treatment plan for the disorder. The existing treat-
ments for ASD are limited to early-year intervention with 
occupational, speech, and behavioral therapies to regulate 
the disorder’s phenotypic characteristics, including aggres-
sion, self-injurious behavior (SIB), and severe tantrums.14,15 

However, medications can also be prescribed to children with 
comorbid challenging behaviors to reduce the intensity of 
these symptoms and improve social functioning.16 To date, 
there are only two drugs that have been FDA-approved for 
the treatment of the behavioral symptoms of ASD in children: 
aripiprazole and risperidone.17,18

Ongoing research is spearheading advancements in targeted 
therapeutic strategies to expand the treatment landscape for 
ASD. One such drug that is gaining traction in the scientific 
community is buspirone (Buspar®),19 an azapirone drug that 
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Figure 1: Venn Diagram of the genetic and environmental risk factors 
involved in the development of ASD. Image created using BioRender.com.

RESEARCH ARTICLE

ijhighschoolresearch.org



128	

acts as a partial agonist of the serotonin 5-HT1A receptor. Bus-
pirone works by binding to presynaptic 5-HT1A receptors, a 
type of inhibitory autoreceptor, and partially activating them. 
(Figure 2) Over time, the drug causes increased serotoner-
gic activity in the neurons by preventing the direct binding 
of serotonin and inducing desensitization of the somatoden-
dritic autoreceptors.20 Thus, the drug rebalances the levels of 
serotonin in the amygdala and other parts of the brain where 
5-HT1A receptors are prevalent, contributing to its anxiolytic
effects. Buspirone is mainly used to treat generalized anxiety
disorders (GADs) but also appears to be useful in other neu-
rological disorders, including attention-deficit hyperactivity
disorder and ASD.21

Another novel therapeutic strategy includes positive al-
losteric modulators (PAMs) targeting the M4-muscarinic 
acetylcholine receptor (CHRM4). (Figure 3) The PAMs act 
as ligands that bind to an allosteric site of CHRM4, result-
ing in the potentiation of acetylcholine-induced responses 
and amplified downstream effects, including the inhibition 
of dopamine release.22,23 A promising advantage of allosteric 
modulators is that the potentiation of the muscarinic ace-
tylcholine receptors takes place only when and where the 
neurotransmitter acetylcholine is released, making sure to pre-
serve the time and space pattern of acetylcholine action.24,25 
This drug mechanism is being explored for target therapeutic 
strategies in neurodevelopmental disorders like schizophrenia 
and ASD, where dysregulated dopamine signaling translates 
into typical phenotypes, including repetitive behavior and anx-
iety.24,26,27

To strengthen evidence for these treatments, further molecu-
lar exploration of neurogenetic pathways is warranted. Among 
the numerous genes implicated in ASD pathway dysregula-
tion, methyl-CpG-binding protein 2 (MECP2) emerges as a 
potential focus for understanding the molecular mechanisms 
underlying the symptoms of this disorder.28,29 The MECP2 
gene, located on the X chromosome, is a critical epigenetic 
regulator that binds to methylated DNA and regulates gene 
expression and synaptic function, playing a central role in the 
postnatal development of the human brain.30

Recent studies have drawn correlations between mutations 
in MECP2 and neurodevelopmental disorders, including Rett 
syndrome and broader ASD phenotypes such as social inter-
action deficits.31 However, little research has been directed 
towards understanding the molecular correlations between 
MECP2 gene deficiency and ASD symptoms. Therefore, this 
study seeks to address these gaps by investigating how MECP2 
deficiency can disrupt the functioning of specific molecular 
pathways, leading to the manifestation of ASD phenotypes. 
Furthermore, this study will explore how MECP2 gene dys-
function alters potential molecular pathways relevant to ASD 
therapeutics and evaluate the impact of MECP2 within the 
clinical landscape.

To fulfill the scope of this study, a secondary data analysis 
approach was employed, comprising of three main steps - 1) 
differential gene expression analysis of RNA-sequencing data 
from MECP2-deficient versus wild-type excitatory neurons 
in mice, 2) a subsequent Gene Ontology analysis for pathway 
enrichment, 3) exploration of how MECP2 pathway dysregu-
lation relates to therapeutic targets like buspirone and PAMs 
for CHRM4.

� Methods
For this study, the RNA sequencing data were sourced from 

Supplementary Table 2 of an article published in Nature,32 
“Characterization of human mosaic Rett syndrome brain tissue 
by single-nucleus RNA sequencing.” The respective dataset con-
tained RNA-seq profiles from excitatory neurons of male mice 
MECP2–/y (1,230 cells) versus MECP2+/y (1,230 cells). Data 
normalization was not performed separately as the dataset was 
pre-processed and included identifiable columns for the mean 
expression in wild-type genes (meanWT) and knockout genes 
(meanKO), Log₂FC value, and p-value for each gene, allowing 
for minimal subsequent filtering. Next, the Benjamini-Hoch-
berg procedure was used to calculate the false discovery rate 
(FDR) of the genes, which is a statistical measure that calcu-
lates the percentage likelihood of false positives in the gene 
set.33 Genes with an FDR value of zero were marked as in-
significant and removed from the data set using the ‘DATA, 
FILTER’ function on an Excel spreadsheet. This resulted in 
the reduction of the number of input genes from 25,284 to 
8032. All the above-mentioned calculations and filtering were 
performed using Microsoft Excel.

Next, a volcano plot was created using the web-based tool 
Galaxy, usegalaxy.org,34 to visualize the differential gene ex-
pression from the RNA-seq dataset. A volcano plot is a type 
of scatter graph that displays the magnitude of change in gene 
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Figure 2: Mechanism of action of buspirone, a potent drug for anxiety in 
autism. Image created using BioRender.com.

Figure 3: Mechanism of action of positive allosteric modulators (PAMs) for 
the M4-Muscarinic Acetylcholine Receptor (CHRM4). Image created using 
BioRender.com.
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expression due to a particular condition, which, in this study, is 
the absence of the MECP2 gene in excitatory neurons.35

Thresholds were applied to the volcano plot to establish a 
focus on the respective data. A Log Fold Change threshold 
of |Log₂FC| = 0.35 was set, meaning genes with changes be-
low this value were excluded from further analysis, denoted 
as the grey-dotted area of the graph. Log₂FC represents the 
magnitude and type of expression changes in a particular gene; 
a negative value displays down-regulation (cells are produc-
ing less of the coded protein), and a positive value displays 
up-regulation (cells are producing more of the coded protein). 
Additionally, a significance threshold of p-value < 0.0106 was 
applied to identify the genes with statistically robust differenc-
es. For further clarity, genes were colored if they passed these 
established thresholds – red for significantly upregulated genes 
and blue for significantly downregulated genes. Within this 
subset of colored genes, the top 15 genes with the smallest 
p-values were identified for further analysis. These genes were
selected because they exhibited the most substantial changes in
their expression due to MECP2 deficiency, serving as potent
candidates for the following Gene Ontology (GO) analysis.36

Next, Gene Ontology (GO) analysis of the top 15 most sig-
nificant genes was performed using the PANTHER Pathway 
toolkit available at geneontology.org. GO analysis is a method 
within bioinformatics that is used to identify cellular and mo-
lecular pathways that have been significantly over-represented 
within a selected set of genes. The criterion for pathway sig-
nificance was ‘adjusted p-value < 0.01’. The result of the GO 
analysis was then studied through literature reviews to draw 
connections between affected molecular pathways due to 
MECP2 gene deficiency and behavioral symptoms of ASD.

� Result and Discussion
The resultant volcano plot, generated using the web-based 

tool Galaxy, identified 547 differentially expressed genes 
(DEGs) between wildtype and MECP2 knockdown mice 
from the total 8,032 genes, 254 downregulated and 293 upreg-
ulated. (Figure 4) With the established significance thresholds 
of |Log₂FC| = 0.35 and p-value < 0.0106 determined via FDR 
correction, 6.8% of the total gene collection was colored either 
red or blue, indicating increased or reduced gene expression, 
allowing for a focused analysis of only these genes that showed 
significant change in their expression. Among these, the top 
15 genes with the most significant changes were identified 
and labelled on the graph: Mecp2, Snap25, Junb, Arc, Nap1l5, 
Dynll1, Dynlrb1, Tsc22d1, Zc3hc1, Dynll2, Tspyl4, Camta1, 
Prkacb, Calm2, and Tmsb4x. (Table 1)

Using the GO analysis and PANTHER toolkit, five path-
ways were identified as significantly over-represented by the 
top 15 genes. (Table 2)

Notably, all five pathways showed a commonality in their 
involvement in G protein-coupled receptor (GPCR) signaling 
and neurotransmitter systems. This could indicate a potential 
shared mechanism of neurotransmitter dysregulation amongst 
the affected pathways, leading to the behavioral and neurolog-
ical phenotypes of ASD patients. (Table 3) 5HT1 (serotonin), 
dopamine, metabotropic glutamate, and muscarinic acetyl-
choline receptors are GPCRs that trigger heterotrimeric G 
proteins to inhibit the adenylyl cyclase (AC) enzyme, which 

Figure 4: Volcano plot of differentially expressed genes between MECP2-
deficient (MECP2–/y) and wild-type (MECP2+/y) excitatory neurons (1,230 
cells per condition); (a) Full-scale volcano plot with Log₂FC on the x-axis 
and –log₁₀ P-value on the y-axis (0-40 range with top 15 most significantly 
differentially expressed genes (DEGs) labelled, (b) Volcano plot with y-axis 
range limited to 0-10 for clear visualization of DEG distribution and 
significance thresholds. Plots were generated using a web-based tool, Galaxy.

Table 1: Top 15 differentially expressed genes (DEGs) with the most 
significant upregulation or downregulation due to MECP2 deficiency. The 
genes demonstrated the lowest p-values and highest fold changes, serving as 
primary candidates for subsequent gene ontology analysis. Table created using 
Microsoft Excel.

Table 2: Molecular pathways were significantly enriched among the top 
15 most significantly differentially expressed genes (DEGs). Pathways were 
identified using Gene Ontology enrichment analysis and the PANTHER 
pathway toolkit. All five identified pathways are significantly over-represented 
and are associated with key signaling systems disrupted by MECP2 deficiency. 
Table created using Microsoft Excel.
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of 0.0203 for the dopamine receptor-mediated signaling path-
way. Dopamine is a vital neurotransmitter that regulates a list 
of physiological processes, including motivation, reward, and 
cognition.45,46 Dopamine receptors have been recognized as key 
players in early brain development through their regulation of 
neuronal differentiation and axonal outgrowth. Recent studies 
conclude that dopamine receptor activation aids in the traf-
ficking and functioning of AMPA and NMDA receptors, key 
mediators of excitatory neurotransmission.47 The dysregulation 
of dopamine signaling has been implicated in various neuro-
developmental disorders (NDDs), including schizophrenia 
and autism spectrum disorder. One of the primary outcomes 
of dopamine receptor dysfunction is the disruption of synap-
tic plasticity, particularly within the striatum and prefrontal 
cortex – two regions of the brain that are enriched with do-
pamine receptors and are responsible for behavioral attributes, 
including social interaction.48 Thus, disrupted dopaminergic 
pathways might contribute to the behavioral actualization of 
ASD, including low reward value from social stimuli, i.e., social 
anhedonia and disrupted sensorimotor processing.49

Overall, the paper’s findings suggest that MECP2 deficiency 
disrupts critical pathways that are responsible for neurodevel-
opment and synaptogenesis, including the regulation of GPCR 
signaling and cAMP levels. Thus, these molecular dysregula-
tions – influenced by MECP2 – contribute to ASD phenotypes, 
including anxiety and stereotypies. These insights align with 
the mechanism of action of emerging therapeutic strategies 
such as buspirone, which targets the 5-HT1A serotonin re-
ceptors, and CHRM4 positive allosteric modulators, both of 
which aim to regulate the neurotransmitter systems that were 
disrupted by MECP2 deficiency. This strengthens the ratio-
nale for further exploring such drugs in the treatment of ASD 
symptoms.

However, a limitation of this study is that conclusions on the 
affected molecular pathways are based on the computational 
analysis of Gene Ontology. The insights provided need to be 
validated by future experiments with MECP2 gene knockout 
mice to assess the likelihood of these results. Moreover, it is 
noteworthy that it is highly unlikely that a single genetic insult 
is responsible for all cases of biologically complex and clinically 
heterogeneous neurodevelopmental disorders such as ASD.

�   Conclusion 
In summary, the initial hypothesis of the study stated that re-

duced MECP2 gene expression stands as a potential epigenetic 
factor for the development of ASD and its behavioral pheno-
types. The pathway analyses applied in this study serve as a 
proof-of-concept for this hypothesis, exploring how reduced 
MECP2 expression can disrupt the functionality of specific 
GPCRs and neurotransmitter signaling pathways, contribut-
ing to the phenotypic abnormalities of the disorder. Our results 
align with the mechanisms of novel ASD therapeutics, such 
as buspirone and CHRM4 positive allosteric modulators, and 
emphasize the importance of focusing drug targets for ASD 
in the serotonergic and dopaminergic pathways, which these 
drugs target. The findings of this study can be further devel-
oped upon via experimental validation in MECP2-deficient 

leads to reduced production of the second messenger mole-
cule cyclic adenosine monophosphate (cAMP).37 A reduction 
in these cAMP levels can lead to the dysfunction of protein 
kinase A (PKA) mediated biological processes in the brain, 
including disruptions in synaptic transmission and plasticity, 
neurogenesis, and apoptosis inhibition.38 PKA is known for 
its role in phosphorylating multiple target proteins, including 
ion channels and transcription factors like cAMP response 
element-binding protein (CREB), which are crucial for long-
term potentiation (LTP) and memory formation.39,40 Ongoing 
research suggests a potential correlation between cAMP sig-
naling dysregulation and ASD. For instance, studies have 
shown that cAMP production was found to be reduced in the 
platelets of patients with fragile X syndrome, a disease that 
often coexists with ASD.41

Apart from the commonality of AC inhibition and cAMP 
reduction, these pathways also display other vital roles in the 
human nervous system. Dysregulation of the aforementioned 
pathways due to MECP2 deficiency can result in the develop-
ment of emotional and behavioral abnormalities often seen in 
ASD.

Serotonergic Pathway in ASD:
As indicated in Table 3, the GO enrichment analysis identi-

fied a Fold Enrichment value of 60.66 and a corrected p-value 
of 0.0172 for the 5HT1 type receptor-mediated signaling 
pathway, making it the most significantly overrepresented 
pathway from the input gene set. The 5-HT1 serotonin recep-
tors are a group of receptors, mainly found in the brain, that 
bind to serotonin, a neurotransmitter that is known to regulate 
mood, memory, and learning.42 During brain maturation at 
early stages of life, 5-HT1 plays a key role as a neurotrans-
mitter and a growth factor that regulates neural development, 
synapse formation, and cortical arrangement.43 A study done 
by the Center for Neurobiology and Behavior, Columbia 
University, concluded that 5-HT1A receptor knockout mice 
exhibited increased anxiety-like behaviors in a series of be-
havioral tests, suggesting that 5-HT1A receptors are involved 
in the regulation of exploratory and fear-related behaviors.44 
Thus, it can be deduced that disruptions in the 5-HT1 type 
receptor-mediated signaling pathway could lead to behavioral 
deficits such as anxiety and impaired social interactions, phe-
notypes often seen in ASD patients.

Dopaminergic Pathway in ASD:
As indicated in Table 3, the GO enrichment analysis identi-

fied a Fold Enrichment value of 48.74 and a corrected p-value 
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Table 3: Overview of the over-represented GPCR-mediated 
neurotransmitter pathways identified from the top DEGs. Dysregulation of 
these pathway mechanisms is implicated in ASD pathophysiology, drawing a 
potential correlation between MECP2 deficiency and the risk of ASD. Table 
created using Microsoft Excel.
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animal models and large-scale transcriptomic analyses with 
larger gene sets.

Further studies on potential genetic and epigenetic risk 
factors, including MECP2 gene deficiency, are crucial in ex-
panding treatment methods for the disorder’s behavioral and 
neurological phenotypes. Lack of etiological understanding of 
ASD has restricted treatment options for patients with this 
neurodevelopmental disorder. Moreover, advancing in target 
therapeutics through pre-clinical and clinical trials of drug 
efficacy, including buspirone and PAMs for CHRM4, must 
also be prioritized to cater to the growing prevalence of ASD 
worldwide.
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ABSTRACT: Can free school lunches accomplish more than merely providing a meal to students? This research project 
examines the idea that providing free meals at school could be an effective approach for improving academic achievement and 
leveling the playing field for all kids, regardless of their financial situation. This research answers whether receiving free lunch 
increases academic performance in students and decreases absenteeism rates in schools. While hypothesizing, it was proposed that 
if students are eating at least one fulfilling meal every day, their academic performance should slightly increase, and absenteeism 
should decrease. An analytical approach is going to be used to compare academic outcomes between schools that established 
free meal programs at different dates to test the hypothesis that free school lunches improve academic performance and reduce 
absenteeism. It is important to separate the effects of the lunch program from other variables by adjusting for attendance records 
and results from standardized tests. The academic performance results highlight that student performance is not affected by free 
school lunches, as there is no significant change before and after school lunches were freely provided. Absenteeism did rise after 
the change to free school lunches, but with the overall lack of change in student academic performance, absenteeism does not 
affect the results. The hypothesis was incorrect; however, the insignificant amount of change in academic achievement ultimately 
highlights that the resources being put into free school lunches are not enough to benefit students’ performance. Instead, more 
research needs to be done on the free school lunches to produce noticeable change in academic results. 

KEYWORDS: Behavioral and Social Sciences, Sociology and Social Psychology, Free School Lunches, Student Health 
Academic Performance.

�   Introduction
Food, water, and sleep are all essential to the survival of hu-

mans, but many do not have the resources to be able to have 
all three at once. Of course, everyone needs these resources, but 
children and adolescents need them to keep up with school. 
However, not all children are able to have meals at home, as 18 
% of students have moderate to severe food deprivation, with 
one-third of inner city public school kids not eating enough 
calories, which is where universal school lunches come into 
play.1 Free school meals are the one time a day when children 
are guaranteed a meal to keep them fulfilled during the day.2 
Even for food-secure families, free school meals provide an op-
portunity for students to eat a supposedly healthy meal without 
having to pay for the meal. School meals have a direct impact 
on the growth and health of students, as that is one of the 
meals they eat every day.3 In turn, brain development is aided 
by caloric intake during the learning period.4 Without food, 
students’ brains won’t be able to function properly, and they will 
not benefit from the time spent in class.

In the past, school meals tended to be very unhealthy with 
lots of saturated fats and sugars, and a lack of healthier fruits, 
vegetables, and grains. Consequently, obesity increased in the 
child population, and many children were still not receiving 
the proper foods to stimulate brain function.5 This combina-
tion led to criticism of school lunches for being costly to the 
government while still barely providing children with nutri-
tion.6 Schools began to institute healthier lunches to improve 
the health of students. In 2023, $15 billion was allocated to 

improving the health of school lunches in California.7 Frozen 
pizzas and chicken nuggets were replaced with organic options, 
salads, free-range grilled chicken, and many other foods low 
in saturated fats, preservatives, and sugars. School lunch meals 
were turning into gourmet meals, with executive chefs, new 
equipment, and contracts with local organic farms all being 
implemented into California public schools. Access to fruits 
and vegetables for students affects the school environment, 
which, in turn, affects the students’ health, well-being, and fo-
cus.8 Students who ate meals at school had better attendance, 
higher academic performance, and improved overall health.7 
Attendance also affects student performance, as students who 
miss school are more likely to miss out on important lectures. 
When absenteeism is raised, test scores should be lower be-
cause students don’t get the face-to-face learning experience 
necessary to fully understand topics.9 Learning information on 
a student’s own time is much more difficult than being present 
in class and hearing the teacher speak. Consequently, students 
with high absenteeism rates will be less likely to perform well 
on exams and homework. Just before the 2022-23 school year 
began, California instituted free school lunches for all students 
in California public schools, one of the first states to do so.10 
However, prior to that, school meal programs were means-test-
ed. For example, students with family incomes below 130% of 
the federal poverty line received free meals from their schools, 
but all other students either received reduced-price meals (be-
low 185% of the federal poverty line) or had to bring their own 
meals for lunch.6
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Different from prior literature, this research paper focuses 
on the change once universal school lunches were introduced. 
Prior literature solely focused on the school lunches’ nutrition-
al content or the time of consumption as a way to see changes 
in academic performance. Also, because of the fairly new im-
plementation of universal free lunches, which not all states in 
the United States have, there has not been much research on 
the topic of free school meals. The goal of this research is to 
create a cause for change regarding other states and the imple-
mentation of universal school meals because many children do 
not get nutritious food at home, and rely on school lunches as 
their primary source of healthy food. This research is meant 
to benefit the students who currently deal with malnutrition, 
which impacts their ability to learn and focus in class. This can 
ultimately correlate to the loss of opportunities in life, includ-
ing job opportunities. Food is essential to learning, and food 
is essential to life, so withholding it from students in need can 
cause issues that affect people for their entire lives.

This research paper asks if receiving universal free lunches 
increases academic performance in students. It is hypothesized 
that universal school lunches will impart a positive change on 
students’ academic performance and a decrease in the rate of 
absenteeism.

�   Methods
First, all academic record files were downloaded from the 

California Assessments of Student Performance and Progress 
(CAASPP) web page in the assessments tab, and this used the 
English Language Arts/Literacy and Mathematics (ELPAC) 
exam.11 All absenteeism files were downloaded from the data 
and statistics tab on the California Department of Education 
Website.12 The data was then downloaded into RStudio code 
using readr, a tidyverse package, R version 4.4.2 (Pile of Leaves), 
and manipulated from there using other tidyverse packages. 
All the files were harmonized, and schools with unknown val-
ues for any important columns were disregarded. Grades 3, 4, 
5, 6, 7, 8, and 11 were included in this study. Certain schools 
were also exempt from the experiment because some schools 
did not report data for every year that was included in this 
study. All years from the 2014-2015 school year to the 2023-
2024 school year were included, except for the school years 
of 2019-2020 and 2020-2021, due to a lack of available data 
from circumstances resulting from the COVID-19 pandemic 
for academic performance. Absenteeism was compared from 
2018-19 to 2023-24. To harmonize the files with the same 
data, but different titles for the set of data, the titles were mu-
tated to become the same name, which occurred in the case of 
“Test ID” and “Test Id.” For the data to be put together, their 
titles had to be the same, so they were mutated to both be 
named “Test ID” using dplyr. The academic performance data 
was then placed into a Wilcoxon test to determine if the data 
showed a shift between years. RStudio produced graphs, plots, 
and other visualizations using ggplot2. Chronic absenteeism 
was calculated into two different plots to compare the different 
years side by side using ggplot2. Data normalization occurred 
to help organize the data, which was cleaned prior to analysis.

�   Result and Discussion 
Results of Academic Performance:
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Figure 1: The school code in the top left corner represents an individual 
school in the Newport Mesa Unified School District. The comparison is 
between before universal school lunches were instituted (left) and after they 
were instituted (right). A box and whisker plot was used, and p-values less 
than 0.05 reject the null hypothesis. Mean Scale Score (y-axis) is the average 
score of all the students in a grade on a scale from 2000 to 3000. Results varied 
between the six different schools shown, as two schools had an increase in 
scores, two schools had an increase in scores, and two schools had variation 
between grades.
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From the data in the score comparison from before and after 
the change in having school lunches, there are varying results 
for each school. In Figure 1A, there is a significant increase 
from before the change to after the change, as the difference 
in average mean scale score after the change is significant 
when compared to before the change. In Figure 1B, there is an 
increase in mean scale score for all grades shown, while in Fig-
ure 1C, there is a decrease in the grade shown. In Figure 1D, 
there is a significant decrease in the mean scale score for each 
grade, especially the fourth grade. In Figure 1F, some grades 
increased, some decreased, and some remained the same.

Both increasing scores and decreasing scores are observed in 
the many different schools tested. The schools in Figures 1A 
and 1B all increased, while schools in Figures 1C and 1D de-
creased, and Figures 1E and 1F had variation between grades 
in the school. This highlights the discrepancies between the 
different schools, as there is no pattern shown. Even grades 
within the same school had opposite results, as in Figure 1E, 
where grade 8 had scores increase while grade 11 had scores 
decrease. Even within schools, different grades had different 
magnitudes and directions of score changes. The other grade 
with a statistically insignificant p value is grade 6 in Figure 1F. 
Though it seems as if the points on the plot look much higher 
after the change, outliers make the mean of before and after 
the change nearly identical.

In Figure 2, there is a decrease in the mean scale score 
shown. The mean scale scores in 2019 had a smaller range in 
comparison to 2023, but 2023 had more outlier scores. These 
outliers increased the range for the 2023 plot. The 2023 plot 
had mean scores reach above 2750, but 2019 did not. At the 

same time, 2019 only had two below 2350, while 2023 had 
more than ten below 2350, highlighting the larger range of 
the 2023 plot.

A big issue faced during this study was the lack of available 
data for some schools during certain years, other than the pan-
demic years. Nearly five schools’ data were unusable because 
of gaps in data during certain years, especially early in the year 
range, like 2014 and 2015.

Results of Absenteeism:

As shown, absenteeism rates in 2018-19 were much low-
er than in 2022-23. Nearly every school had an absenteeism 
rate increase from 2018-19 to 2022-23. The main exception is 
school 3030186, which decreased. The average between all the 
schools in 2018-19 is closer to 10 percent, whereas in 2022-23, 
the mean chronic absenteeism rate is larger than 20 percent.

Discussion:
The initial hypothesis was that if students are eating at 

least one fulfilling meal every day, their academic performance 
should slightly increase, and absenteeism rates would fall. 
There is a slight increase in mean scale score, which indicates 
student performance; however, the increase is not statistical-
ly significant because the increase remained within the 75th 
percentile from the pre-change grouping. The increase is min-
imal and could more easily be attributed to other factors, such 
as curriculum changes, different types of students attending 
the schools, and the pandemic. Therefore, the null hypothesis 
cannot be rejected, highlighting the need for further research 
to be done on this topic to encourage a proven answer to this 
hypothesis. The reason for the large increase in absenteeism 
is the obvious standout of the pandemic. After the pandemic, 

Figure 2: All grades in all schools are in this box and whisker plot, and each 
dot represents an individual attending a school in the Newport Mesa Unified 
School District. The comparison is between before universal school lunches 
were instituted (left) and after they were instituted (right). A box and whisker 
plot was used, and a p-value of less than 0.05 rejects the null hypothesis. Mean 
Scale Score (y-axis) is the average score of all the students in a grade on a scale 
from 2000 to 3000. From 2019 to 2023, the average score for the entire school 
district decreased, but not to a significant extent.

Figure 3: The students who miss more than 10 percent of the academic year 
are considered chronically absent and are included in this figure. School code 
represents each school in the Newport Mesa Unified School District. The 
school year 2018-19 has the black dashes and is Figure 3A, and 2022-23 has 
the red dashes and is Figure 3B. There was a significant increase in chronic 
absenteeism from 2018-19 to 2022-23.
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dren of today are the generation that will be in charge of the 
world within a few decades, and not permitting them to reach 
their full potential because they did not get enough nutrition 
to benefit their studies when they were younger is unjust and 
worrying for the future of our planet. Without being able to 
fully comprehend the information taught during adolescence, 
the leaders of tomorrow will not be able to replace the leaders 
of today. It is also important because many students get one 
meal a day: their school lunch. Without these lunches, many 
students will become malnourished.

The shift from no school lunches being provided to them 
being provided did not make a difference in the Newport 
Mesa Unified School District. However, that school district 
lies within Orange County, a county with one of the highest 
median incomes in the United States at $109,361.16 If another 
county’s data set were used, likely, the results may not be the 
same as the results for this county. Higher socio-economic sta-
tus families will be more able to provide their children with 
healthier food at home to aid the students’ academic success, 
but in lower-income areas, less expensive foods, which tend to 
be more unhealthy, will be unable to help academic success. 
Similarly, higher-income families will be more able to hire a 
tutor outside of school to help their child do their schoolwork, 
which inevitably will increase students’ scores. Additionally, the 
Newport Mesa Unified School District was chosen to try to 
control socioeconomic status because of the higher median in-
come in its county, as fewer people would have been under the 
line where they received free school meals before they became 
universal. Another possible model could focus on the impact 
of individual students before and after universal school lunches 
were implemented. It would be necessary to account for the 
expected growth as students’ age. Ultimately, socioeconomic 
status deeply affects research in the behavioral and social sci-
ences because it is uncontrollable.

More research should be done on this topic, including a 
deeper look into the nutritional values of the school lunches 
provided to students. If some schools have different nutritional 
requirements, then their test scores could be compared to see 
if one is more beneficial to students than another. Also, mea-
suring the impact of eating free school lunches on behavior 
in schools could be effective. Has the amount of suspensions 
decreased since the implementation of free school lunches? 
Additionally, would the results of this experiment differ if oth-
er counties or other states with free school lunches were tested? 
Would results be different in other states where they changed 
to free school lunches before the pandemic?
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ABSTRACT: Post-Traumatic Stress Disorder (PTSD) is a mental health disorder caused by traumatic events. Like many other 
disorders, it is highly comorbid and, though mostly triggered by traumatic ordeals, there are many different underlying causes 
beneath its development. One such example is genes, many of which are being researched to this day. This study has identified 
several genes linked to PTSD and other disorders found to be highly comorbid with PTSD, such as anxiety or depression. This 
includes dopamine-associated genes like DRD2, SLC6A4, SLC6A3, and those related to the hypothalamic-pituitary-adrenal 
(HPA), like CRHR1, BDNF, and COMT. Identifying and understanding these genes and many similar genetic pathways allows 
the formation of precise, individualized treatments such as targeted pharmacological treatments and tailored psychotherapy. 

KEYWORDS: Biomedical and Genetics and Molecular Biology of Disease, PTSD, Comorbidity.

�   Introduction
Post-Traumatic Stress Disorder (PTSD) is a mental health 

condition triggered by experiencing or witnessing traumatic 
events such as combat, assault, accidents, or natural disasters. 
Common risk factors include intense or prolonged trauma, pre-
vious trauma, high-risk professions, mental health issues, lack 
of support, and genetic predispositions. PTSD, like many other 
mental disorders, has many factors, including environmental 
ones.1 Experiencing intense or prolonged trauma, especially 
over an extended period, increases the likelihood of develop-
ing the disorder. If individuals have faced trauma earlier in life, 
it can make them more vulnerable to future traumatic events, 
as their emotional resilience may already be affected. Certain 
professions, such as military personnel or first responders, face 
a heightened risk of PTSD due to frequent exposure to dis-
tressing and life-threatening situations. However, it is implied 
that around 30-40% of those who have this condition have it 
due to their genes.2 These people, in situations where traumatic 
events happen, are at a higher risk as the traumatic events are 
more likely to trigger certain genes that lead to PTSD. Pre-ex-
isting mental health conditions like anxiety or depression can 
also intensify the impact of trauma, making it harder to process 
and recover from these events. Furthermore, if the patient lacks 
a supportive network of family and friends, this would lead to 
feelings of isolation and overwhelmedness, with no emotional 
outlet or resources to help them cope, which would also inhibit 
recovery.

People with PTSD exhibit abnormal levels of stress hor-
mones, particularly adrenaline, which is typically released 
during the "fight or flight" response to danger. This response 
helps dull pain and heightens the senses to respond to threats. 
However, individuals with PTSD continue to produce high 
levels of these hormones even when no danger is present, which 
may contribute to their emotional numbing and hyperarous-
al.3 Brain scans of people with PTSD also show changes in 
emotional processing regions, such as a smaller hippocampus, 

which is responsible for memory and emotion. This dysfunc-
tion could explain why flashbacks, nightmares, and memory 
issues persist, as the shrunken hippocampus is unable to prop-
erly process these traumatic memories. This review will aim to 
identify several genes and pathways that lead to the diagnosis 
of PTSD—including its comorbidities—and investigate why 
they are important to the research of future treatment.

Diagnostics:
PTSD affects individuals across all ages, with a prevalence of 

approximately 5.6% of people globally developing PTSD after 
undergoing a traumatic event.4 Lower socioeconomic status 
is associated with increased risk, and chronic PTSD (lasting 
over 12 months) tends to occur after more severe events, with 
pronounced avoidance behaviors. PTSD is often accompa-
nied by survivor’s guilt, particularly after interpersonal trauma, 
and can manifest as difficulty regulating emotions, impulsive 
or self-destructive behaviors, feelings of shame, despair, and 
hopelessness, as well as social withdrawal and impaired rela-
tionships.

To be diagnosed with this disorder, the DSM-5 diagnostic 
criteria have been categorized into 7 different sections in Table 
1.
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Diagnostic criteria of DSM-5. (Diagnostic and Statistical 
Manual of Mental Disorders, Fifth Edition) the diagnostic 
and manual by the American Psychiatric Association. Each 
criterion, except for F and G, has some general details.5 This 
figure provides the common standards for a patient’s diagnosis 
and serves as a reference for PTSD symptoms.

From a cognitive perspective, PTSD may involve classical-
ly conditioned fear responses and irrational associations with 
stimuli, leading individuals to interpret standard situations as 
threats. Socially, positive coping strategies and support systems 
can mitigate such symptoms, whereas inconsistent or absent 
support exacerbates them. Physiologically, heightened neu-
rological arousal increases susceptibility to conditioning, and 
prolonged stress induces neurochemical changes that wors-
en or introduce new symptoms. Neuroimaging studies have 
highlighted the roles of the medial prefrontal cortex—the 
anterior cingulate, hippocampus, and the amygdala in stress 
and memory.6 Treatments typically involve a combination 
of psychotherapy, such as exposure therapy or cognitive re-
structuring, and medication like selective serotonin reuptake 
inhibitors (SSRIs) for the treatment of PTSD symptoms.1

PTSD itself can occur in all people, of any ethnicity, nation-
ality, or culture, and at any age. An estimated 1 in 11 people 
will be diagnosed with PTSD in their lifetime.7 However, 
women are twice as likely as men to have PTSD. Three ethnic 
groups—U.S. Latinos, African Americans, and Native Ameri-
cans/Alaska Natives—are disproportionately affected and have 
higher rates of PTSD than non-Latino whites. This data set 
suggests that genetic risk factors greatly affect the probability 
of PTSD, and many studies4-5,6,8-9 have shown that although 
specific genetic factors haven’t been identified, PTSD is highly 
polygenic, meaning it is associated with thousands of genetic 

variants throughout the genome, each making a small contri-
bution to the disorder.

Epigenetics:
The modification of genetic effects by other genes or by en-

vironmental factors not accounted for across studies may be a 
cause of the inconsistency in the associations between genetic 
mutations and PTSD. For example, some studies have found 
significant effects for specific genetic variants only under con-
ditions of extreme traumatic stress or with a family history of 
PTSD.10 In environmental changes, childhood adversity ap-
pears to be a particularly potent modifier of genetic risk for 
PTSD.11 Social context also seems to modify PTSD risk; an 
example being the S allele’s association with decreased PTSD 
risk in environments with low crime and unemployment rates, 
but with increased PTSD risk in the opposite environment. A 
recent study also showed that SLC6A4 methylation modified 
the effect of the number of traumatic events on PTSD after 
controlling for the SLC6A4 genotype.11

DNA methylation is one of the major mechanisms of epi-
genetic regulation. It involves chemical modifications that 
regulate DNA accessibility, which in turn alter the transcrip-
tional activity of the surrounding loci.11 Methylation at CpG 
sites downstream of the 5-HTTLPR region contributes to 
SLC6A4 expression, and people who have a greater number 
of experienced traumatic events were found to be at a greater 
risk for PTSD only if their SLC6A4 methylation levels were 
low. Conversely, high SLC6A4 methylation levels seem to 
protect people who have a greater number of traumatic events 
from developing PTSD. These findings suggest that both 
genotype and gene-specific methylation patterns contribute 
to either PTSD vulnerability or to its resilience. Either way, 
methylation is deeply involved in regulating PTSD diagnosis 
and prevention. Additionally, with the diversity of the human 
genome, it is almost impossible to assume that SLC6A4 is the 
only gene affecting PTSD. Genes involved in stress response, 
depression, and emotional regulation—all symptoms of PTSD 
(Table 1)—are also likely to influence PTSD as well, and many 
of these genes are also involved in other disorders.

Comorbidity, the coexistence of two or more mental dis-
orders in one patient, is very common among patients with 
psychiatric disorders, with a rate of around 45% of patients 
satisfying the criteria.8 Evidence also suggests that PTSD is 
a subtype of MDD, a major depressive disorder.9 Common 
genetic variations significantly contribute to the heritability 
of brain disorders, suggesting a shared genetic basis for con-
ditions like PTSD, depression, schizophrenia, and psychosis. 
Analyzing polygenic risk scores has also been associated with 
PTSD and MDD with similar post-traumatic stress symp-
toms in veterans,12 which may suggest that these two share 
many genetic similarities. Earlier studies have shown that 
PTSD shares a similar biological pathway to major depressive 
disorder and other anxiety disorders.13 Identifying these shared 
genetic factors could help researchers pinpoint key genes or 
molecular pathways that are involved in the development of 
these disorders.
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An example of a core pathway is the dopamine system. This 
molecular pathway is connected with the core synaptic circuits 
involved in PTSD both structurally and functionally. The role 
of dopamine in the etiology of PTSD includes increased uri-
nary and plasma levels of dopamine in individuals with PTSD, 
indicating a significant positive correlation between dopamine 
levels and severity of PTSD.14 Dopamine plays a key role in 
fear memory formation, consolidation, and extinction. Addi-
tionally, dopamine is a key component involved in attention, 
vigilance, arousal, and sleep, which is negatively impacted by 
PTSD (Table 1). Dysregulations of dopaminergic neuro-
transmission are involved in the pathophysiological process 
of PTSD and are closely linked to the symptoms of PTSD 
patients, such as trauma re-experience, sustained high alert-
ness, emotional numbness, and avoidance behavior.9 Example 
genes involved in this hormone include those like DRD2 and 
SLC6A3, which affect dopamine levels in the brain.

�   Genes
DRD2:
The dopamine D2 receptor gene (DRD2), located on 

chromosome 11q, encodes the D2 subtype of the dopamine 
receptor.15 This gene has a restriction fragment length poly-
morphism—differences or variations among people in their 
DNA sequences at sites recognized by restriction enzymes—
called Taq1A(rs1800497) with two alleles named A1 and A2. 
DRD2’s main function is to regulate the synthesis, storage, and 
release of dopamine, and its mutations can inhibit dopamine 
production and activity, leading to negative mental effects as 
well as an increased risk for addiction and neuropsychiatric 
diseases. Recent studies have also noticed this gene in shap-
ing regulatory aspects of behavior related to approach and 
reward processing, even dubbing the DRD2 A1 allele as a re-
ward gene.16 These findings, considered alongside studies of 
humans and animals that link dopamine D2 receptor binding 
and DRD2 genotype to depression, anxiety, and impaired so-
cial functioning,17-19 suggest the potential impact of this gene 
in the development of depressive and anxiety disorders. There-
fore, DRD2 genetic variants can be considered as candidate 
risk factors for PTSD and MDD etiology as well as for predic-
tion, primary prevention, diagnosis, and treatment strategies in 
the future.20

In addition to PTSD, the DRD2 A1 allele was first linked 
to severe alcoholism over a decade ago, with DRD2 variants 
being linked to substance abuse, obesity, gambling, and neu-
ropsychiatric disorders such as Tourette’s syndrome, PTSD, 
schizophrenia, and affective disorders.21 In additional studies 
with nonclinical subjects, a significant relationship has been 
reported between dopamine D2 receptors and depression 
through report and interview methods of target subjects.22 
Supporting this, the DRD2 Taq I A1 allele was found to be 
highly positively correlated with PTSD as it moderates sen-
sitivity to stress and the expression of emotional disturbance 
involving PTSD symptoms.23 In a previously mentioned study 
using the 12-Item General Health Questionnaire(GHQ-12) 
to used to detect possible psychological disorders, subjects with 
the DRD2 A1 allele compared to those without this allele 

had significantly higher scores on GHQ 2(anxiety/insomnia), 
GHQ 3(social dysfunction), and GHQ 4(depression).19 This 
implies that DRD2 variants are associated with severe comor-
bid psychopathology in PTSD subjects. Children with an A1 
allele had higher scores on the child behavior checklist(CBCL) 
anxious/depressive subscale, and the research group concluded 
associations between the DRD2 A1 allele and early-emerging 
anxious and depressive symptoms in a community sample of 
preschool-aged children.22 If these variations can be similar-
ly identified at an early age in the aforementioned studies, it 
would greatly aid in an individual's prevention of PTSD and 
other disorders.

A study on another DRD2 polymorphism, 957C>T—a 
single-nucleotide polymorphism(SNP) within the DRD2 
gene, where a cytosine(C) at position 957 can be replaced by 
a thymine(T)—found that its C allele was associated with 
a higher risk of PTSD in war veterans.24 PTSD individuals 
were more likely to carry the C allele compared to the healthy 
control group, and their results suggest that the 957C>T poly-
morphism contributes to the genetic susceptibility to PTSD. 
Overall, studies lean towards a heavy association between 
DRD2 and PTSD diagnosis and the disorder’s comorbidities, 
reinforcing the gene's central role in the dopaminergic dys-
regulation often observed in trauma-related disorders. This 
highlights the importance of DRD2 as a potential target for 
both diagnostic screening and the development of future ther-
apeutics aimed at treating PTSD and its associated disorders.

COMT:
The Catechol-O-methyltransferase (COMT) enzyme is 

involved in the catalysis and inactivation of catecholamines, 
such as dopamine, which are involved in regulating mood. 
A popular choice of study is the rs4680 variant within the 
COMT gene, which substitutes the amino acid valine(Val) 
for methionine(Met) at codon 158, and is commonly known 
as the Val158Met polymorphism.25 Met allele carriers have a 
40% reduction in enzyme activity, resulting in higher levels of 
dopamine in the brain.26 The Met158 allele is also associated 
with a decreased ability to extinguish conditioned fear, a key 
feature of animal models of PTSD. As a result, higher levels 
of dopamine can potentially be positively correlated with fear 
extinction.

Genetic association with PTSD was primarily driven by 
arousal symptoms, as the arousal cluster was the only PTSD 
symptom cluster associated with Met allele carriers.27 These 
findings suggest that COMT Met allele carriers may be at 
increased risk for an arousal-based presentation of PTSD, 
whereas Val homozygotes may be at increased risk for a pre-
sentation that has more in common with depression. Arousal 
symptoms are a substantial component of the DSM-5 criteria 
(Table 1). Children who were carriers of the Met allele were 
almost seven times more likely to be diagnosed with PTSD 
than the non-carriers.27 Another study on veterans found that 
the interaction between high trauma exposure and COMT 
was a prediction of PTSD symptoms.28 Compared to those 
with either homozygous genotype, those with the heterozy-
gous genotype(Val/Met) showed fewer symptoms associated 
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PR SS genotype is possibly a risk factor for PTSD after high 
trauma exposure.32 This suggests that the genotype itself can 
interact with the environmental factors, such as trauma expo-
sure, to influence the risk of PTSD, and as a result, appear in 
certain populations such as combat veterans or individuals with 
high trauma exposure. The HTTLPR genotype alone does not 
strictly indicate PTSD; however, this genotype, if grouped 
alongside other genes, can help researchers predict the disorder 
with higher accuracy and result in early prevention or treat-
ment.

SLC6A3:
The SLC6A3 and SLC6A4 genes are members of a class 

of neurotransmitter transporters for the release, reuptake, 
and recycling of neurotransmitters in synapses. SLC6A3 
and SLC6A4 encode a dopamine transporter and serotonin 
transporter, respectively. The 9-repeat(9R) allele of SLC6A3 
encodes a dopamine transporter, a member of the sodium- 
and chloride-dependent neurotransmitter transporter family, 
which plays a key role in the regulation of dopaminergic neu-
rotransmission by removing dopamine from the synaptic cleft 
via reuptake through the transporter.33

The SLC6A3 gene provides instructions to make the pro-
tein dopamine transporter (DAT), which is associated with 
depression and deals with negative emotional stimuli. Al-
though the specific causes for this association have not been 
found, studies have shown that variations of the SLC6A3 
gene have been associated with higher rates of depression 
and suicidal behavior.34 The role of dopamine in the etiolo-
gy of PTSD is also supported by findings of elevated urinary 
and plasma levels of dopamine among those affected by the 
disorder, and by reports of a significant correlation between 
dopamine concentration and severity of PTSD symptoms 
in affected individuals.35 Additionally, previous work indi-
cates that 9R allele carriers of the SLC6A3 3′UTR VNTR 
polymorphism show a significantly increased risk of lifetime 
PTSD. In contrast, a systematic review has concluded that a 
correlation between 3′UTR VNTR(rs28363170), a genetic 
variant of SLC6A3, and MDD is inconclusive, with two stud-
ies showing a positive association—that the genetic variant is 
a risk factor in developing MDD—and two other studies re-
sulting in a negative correlation.36 Although findings regarding 
SLC6A3’s link to major depressive disorder (MDD) remain 
mixed, the presence of studies indicating a positive association 
highlights the gene’s potential relevance and underscores the 
need for further research to clarify its role in the development 
of mood and stress-related disorders. In conclusion, while the 
role of the SLC6A3 gene in depression and PTSD is not yet 
fully understood, emerging evidence suggests that its poly-
morphisms—particularly the 9R allele of the 3′UTR VNTR 
variant—may contribute to increased vulnerability to PTSD.

HPA Axis: Cortisol:
In addition to dopamine, PTSD is often associated with al-

terations in the hypothalamic-pituitary-adrenal (HPA) axis. It 
consists of the hypothalamus, the brain region’s control center, 
the pituitary gland, and the adrenal glands.37 The hypothal-

with trauma exposure, indicating that those with the homozy-
gous genotype have a higher vulnerability to PTSD.

The Val158met polymorphism is also implicated in the 
treatment response of major depression. In patients with ma-
jor depression, the COMT 158val/val genotype—associated 
with higher enzymatic activity and thus reduced dopamine 
availability—was significantly linked to a poorer response to 
antidepressant treatment.29 The genotype-dependent dif-
ferences in PTSD may align with COMT's influence in 
depression, where the Val/Val genotype leads to treatment 
resistance, which implies that this genotype could potentially 
result in more depression symptomatology in PTSD. Overall, 
these studies point to COMT’s role as a potential biomarker 
for PTSD, and a patient’s treatment plan would possibly ben-
efit from knowing their COMT genotype, as major differences 
have been found in their reactions to antidepressants.

SLC6A4:
Genetic variants in dopamine transporters and specific poly-

morphisms in the serotonin transporter gene SLC6A4, a gene 
involved in PTSD, can lead to reduced serotonin reuptake, 
with S-allele carriers exhibiting heightened vulnerability to 
depression and stress. The serotonin transporter 5-HTT is 
encoded by a single gene, SLC6A4, and the role of this gene is 
to transport serotonin at synaptic terminals and other neuronal 
areas and regulate the emotional parts of behavior. Previous 
studies have also proven the role of SLC6A4 in the etiology of 
PTSD. A study by Karestan C. Koenen et al.11 resulted in find-
ing that the number of traumatic events was strongly associated 
with the risk of PTSD, but only at lower methylation levels. 
At higher methylation levels, individuals with more traumatic 
events were protected from this disorder. This suggests that 
high methylation levels at SLC6A4 modify the effects of trau-
matic events. As traumatic events are a core part of the causes 
of PTSD, SLC6A4’s effects on their impact on the patient 
offer a possibility for future investigations of the potential 
for targeting methylation-mediated gene regulation medica-
tions.11 Polymorphisms in SLC6A4 have also been associated 
with a wide variety of neurological and psychiatric disorders, 
including increased risk of depression, obsessive-compulsive 
disorder(OCD), and substance use disorders.30

A recent study found that the SLC6A4 SNP rs16965628—a 
variation in the DNA sequence where a single nucleotide(A, 
C, G, or T) is different from the typical or reference sequence 
at a specific location—and the polymorphic region 5-HTTL-
PR are implicated in neural reactions in response to traumatic 
reminders and the cognitive control of emotions in PTSD.31 
rs16965628, which is associated with the expression of the se-
rotonin transporter gene, was found to modulate task related 
ventrolateral prefrontal cortex (PFC) activation—and after 
trauma exposure, the gene would influence serotonin path-
ways in the brain, which would in turn alter the function of 
the brain regions involved in controlling emotions.

Meanwhile, 5-HTTLPR leans toward modulating the 
activation of the left amygdala, the area responsible for fear 
learning. A meta-analysis reviewing the correlation between 
5-HTTLPR and PTSD found that carrying the 5-HTTL-
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the context of a traumatic event. For example, a study showed 
that the rs110402 polymorphism was associated with corti-
sol levels and the development of depression in adulthood in 
males who experienced childhood trauma.47 Another study 
found that the same polymorphism regulated the relationship 
between child abuse and adult depression,43 with the effect of 
rs110402 consistent with that reported by the previous study. 
This suggests that CRHR1 variations have the potential to be 
a biomarker for depression.

A protective effect of the CRHR1 TAT haplotype 
(rs7209436, rs110402, rs242924) was also discovered,43 which 
was later replicated in a study by Polanczyk et al.46 examining 
adult depression following childhood maltreatment. However, 
a different polymorphism, rs12944712, was found to be sig-
nificantly related to acute PTSD symptoms.48 A study tested 
this hypothesis in an epidemiologic sample of adults exposed 
to one of the 2004 Florida hurricanes and found that poly-
morphisms in the CRHR1 gene are related to post-hurricane 
PTSD symptoms and rs12938031 PTSD diagnosis in adults.49 
Overall, evidence suggests that CRHR1 variations may be im-
portant in PTSD, as well as other MDDs.

BDNF:
The brain-derived neurotrophic factor (BDNF) also plays 

a crucial role in the development of PTSD, as it is linked to 
depression and the extinction of fear, which is impaired in 
PTSD. BDNF regulates neuronal survival, growth, differen-
tiation, and synapse formation, and is known to be associated 
with MDD, anxiety disorders, and post-traumatic stress disor-
der (PTSD).50

BDNF is associated with PTSD risk and the exaggerated 
startle reaction (Table 1) in United States military service 
members who were deployed during the wars in Iraq and 
Afghanistan.51 A common single-nucleotide polymorphism 
(SNP) in the BDNF gene leading to a valine to methionine 
substitution at position 66 influences human hippocampal 
volume, memory, and susceptibility to PTSD. Recently, a study 
has demonstrated that the frequency distribution of the Val-
66Met polymorphism was different between subjects with and 
without PTSD.51 The frequencies of the Met/Met genotype 
and Met carriers are significantly higher in individuals with 
PTSD than those without PTSD. These findings are also con-
sistent with other results showing that the frequency of the 
Met/Met was greater among those with PTSD than non-
PTSD controls. Another study has also shown that the BDNF 
Val66Met genotype predicts response to cognitive behavior 
therapy in PTSD and possesses evidence that BDNF facil-
itates extinction learning.52 Additionally, another study used 
clinical assessments childhood trauma questionnaire(CTQ), 
and the posttraumatic stress disorder checklist(PCL) to find 
that people with the rs6265 Val/Val genotype and higher CTQ 
scores have higher PCL tests.53 This study associated the in-
teraction between CTQ and the BDNF polymorphism to be 
significant to PTSD symptoms, in addition to being positively 
correlated to the thickness of the left fusiform gyrus(IFFG) 
and the transverse temporal gyrus. The same thickness of both 
regions is also heavily connected to symptoms like depression 

amus releases the corticotropin-releasing hormone (CRH), 
which stimulates the pituitary gland to release adrenocorti-
cotropic hormones (ACTH), which then causes the adrenal 
glands to release cortisol. It is one of the major stress response 
systems regulating the secretion of the glucocorticoid cortisol, 
as cortisol helps the human body to regulate mood and be-
havior.

Dysregulation of the HPA axis alters cortisol feedback and 
morning cortisol release in PTSD patients, causing enhanced 
negative feedback to the HPA axis—this is abnormalities in 
cortisol levels were among the first findings in individuals with 
PTSD. Under controlled conditions, lower circulating levels of 
cortisol have repeatedly been described in subjects with PTSD 
in comparison to healthy individuals.38 Defined as hypocorti-
solism, the deficiency of cortisol in PTSD has been explained 
through chronic stress models which propose that HPA axis 
activity is increased in early stages, but decreases with a longer 
duration of stress, and subsequently reaches a state of hypoco-
rtisolism, which has been suggested as a key component in the 
development of various stress-related disorders. The fact that 
cortisol deficit may trigger PTSD is also supported by find-
ings that the administration of supplemental doses of cortisol 
to acutely ill medical patients reduces the PTSD outcome.39 
Elevated glucocorticoid levels were found to inhibit memory 
retrieval, and in clinical trials, the administration of cortisol 
provided significant positive effects on memory-related PTSD 
symptoms.

Enhanced negative feedback in the HPA axis can also cause 
depression and increased stress as the HPA axis becomes 
overly sensitive to cortisol. Similarly, HPA axis overactivity 
has also been identified in major depression, and a study as-
sociated patients with major depression with psychosis(PMD) 
with higher cortisol, in addition to a general higher elevation 
of HPA axis activity positively correlated to specific depressive 
subtypes that include psychosis.40 Involved in many disorders, 
cortisol has been shown to give positive treatment effects to 
PTSD, and as both the disorder and the hormone are deeply 
involved in MDD, this gives potential for treatment strate-
gies targeting cortisol regulation to be beneficial for managing 
symptoms of both disorders simultaneously.

HPA Axis: CRHR1:
A gene connected to the HPA Axis is the CRHR1 gene. 

The CRHR1 gene encodes the corticotropin-releasing hor-
mone receptor type I(CRHR1) gene, a protein that is essential 
for the activation of signal transduction pathways that activate 
mesolimbic and HPA axis responses to many types of stress.41 
CRH is one of the key stress factors in the central nervous 
system. The CRHR1 receptor is crucial for establishing the 
initial HPA axis response to stressful events. Variation in the 
CRHR1 gene has also been shown to moderate the relation-
ship between childhood maltreatment and cortisol response to 
the Dex/CRH test.42

Several other studies have also linked CRHR1 polymor-
phisms to MDD in interaction with childhood maltreatment 
or negative experiences.43-46 In relation to PTSD, numerous 
studies have investigated CRHR1 variation and depression in 

DOI: 10.36838/v7i10.138

ijhighschoolresearch.org



	 143	

and anxiety. Therefore, finding a way to moderate these genes 
may impact the direction of future research on treating the 
symptoms of PTSD and its comorbidities.

BDNF has also been shown to be connected to serotonin, 
linking it to MDD. Serotonin pathways influence BDNF 
expression, while BDNF regulates serotonin receptor de-
velopment, both of which contribute to mood disorders like 
depression54 and trauma stressor-related disorders like PTSD. 
With current research like this increasing, there is more po-
tential in finding more genetic and hormonal connections 
between the disorders for the purpose of looking into targeted 
gene therapy.

�   Treatment
Due to the lack of knowledge about the genetic factors for 

PTSD, the main treatment is talk therapies with a combina-
tion of medications for treating symptoms. Talking therapies 
include cognitive behavioral therapy (CBT), which aims to 
help you manage problems by changing how you think and 
act.55 The therapist will help the patient gain control of their 
fear and distress by reviewing any conclusions they have 
drawn about the experience. Another type of treatment is eye 
movement desensitization and reprocessing (EMDR), which 
involves recalling the traumatic incident in detail while mak-
ing eye movements, usually by following the movement of your 
therapist's finger.

As of now, the only authorized medications by the FDA for 
PTSD are selective serotonin reuptake inhibitors (SSRIs): ser-
traline (Zoloft), paroxetine (Paxil), and venlafaxine (Effexor), a 
serotonin–norepinephrine reuptake inhibitor (SNRI).56 These 
are all types of antidepressants that work by increasing sero-
tonin levels in the brain—SSRIs target serotonin, while SNRIs 
target both serotonin and norepinephrine. This medication 
alone will not cure PTSD, but a rise in serotonin levels can 
improve symptoms and make people more responsive to other 
types of treatment, such as CBT. In treatment, a psychiatrist 
will often switch to different SSRI or SNRI medications based 
on patient response, tolerability, or other issues of slow or rapid 
metabolism of those particular medications.

However, researching deeper into the genetic causes of 
PTSD may lead to more medications specialized in treating 
PTSD symptoms and causes. The most recent research focuses 
on the use of trauma-focused therapies such as Cognitive Pro-
cessing Therapy(CPT), Prolonged Exposure Therapy (PE), 
Eye Movement Desensitization and Restructuring (EMDR), 
and others with a significant trauma focus.57 Additional med-
ication could potentially reduce PTSD and its comorbid 
disorders’ symptoms simultaneously; however, benzodiazepines 
or other sedative-hypnotic medications should be avoided for 
long-term use due to risks of dependence, cognitive dysfunc-
tion, and reduced stress tolerance.

Possibility of Customized Treatments:
Other than benzodiazepines, various other medications 

could be considered alongside PTSD therapy. A study in-
vestigated drug-target interactions associated with PTSD 

based on a PTSD-related gene set and yielded a compre-
hensive network that provides insights into the relationship 
between various drugs and the genes implicated in PTSD.58 
Each drug correlates with a specific set of genes, indicating 
potential interactions that may influence treatment response 
and efficacy in affected individuals. Notably, the study’s use of 
gene ontology analysis resulted in finding the top PTSD-as-
sociated drugs—including quetiapine, venlafaxine, fluoxetine, 
bupropion, olanzapine, citalopram, antipsychotics, paroxetine, 
risperidone, opioids, methadone, aripiprazole, SSRIs, clozap-
ine, and antidepressants—revealing significant links to genes 
involved in neurotransmitter receptor activity, serotonin bind-
ing, and neural processes related to fear learning and extinction, 
aligning with known mechanisms of PTSD. As these drugs 
were identified mainly using statistics and functional analysis, 
clinical trials are required to validate their efficacy and effects, 
including the drugs already in use. The identified drugs can 
be categorized into SSRIs, SNRIs, norepinephrine-dopamine 
reuptake inhibitors (NDRIs), atypical antipsychotics, and opi-
oids. Their categories and the genes they can target directly 
can be found in Table 2 below. However, the actual treatment 
effects for each gene require more research and clinical trials to 
confirm their therapeutic results.

Blue squares include the drug names connected to their re-
spective category (green). The categories are connected to the 
aforementioned genes (purple), and being connected indicates 
the drug category being able to directly target the gene.59-68 
This diagram organizes the identified drugs into categories 
based on their effects, and also shows which genes current re-
search has related these drugs to.

Medical treatments often target gene families rather than 
single genes because diseases arise from complex genetic path-
ways involving multiple interacting genes. A drug designed 
for a specific pathway might be highly effective for one dis-
ease but less so for another, depending on how that pathway 
contributes to each condition. For example, dopamine-re-
lated treatments may work well for both Parkinson’s disease 
and schizophrenia, but their effectiveness varies because do-
pamine dysfunction affects these disorders differently. With 
future research, individuals with genetic mutations like DRD2 
A1, linked to neuropsychiatric disorders like PTSD, have 
the possibility of taking preventive measures such as avoid-
ing dopamine-stimulating substances like alcohol, engaging 
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in cognitive training, following a dopamine-balanced diet, 
and undergoing regular screenings to detect early signs of ill-
ness. If symptoms develop, treatment could follow a two-step 
approach, beginning with general drug therapy to stabilize 
symptoms, followed by personalized psychotherapy58 that ad-
dresses the specific ways their genetic traits influence behavior. 
For example, addiction therapy could target dopamine-driven 
impulsivity, while CBT for depression could focus on dopa-
mine receptor dysfunction’s impact on motivation and mood. 
This gene-pathway-based approach combines targeted drug 
therapy with talk therapy, which aligns with the mainstream 
way of treatment and, with further research, has the potential 
to optimize results.

Current research:
Current research for new treatment includes psychedelics, 

such as Methylenedioxymethamphetamine (MDMA), psi-
locybin, and ibogaine.69 In addition to psychedelic-assisted 
therapy for PTSD, there is a procedure called stellate ganglion 
block or SGB.70 A stellate ganglion block (SGB) is an injec-
tion of anesthetic medication into a collection of nerves called 
the stellate ganglion. These nerves are located in your neck, on 
both sides of your voice box. The injection can help relieve pain 
in your head, neck, upper arm, and chest. The stellate ganglion 
is like a routing center in the nervous system for the fight or 
flight nervous system, and studies have found that briefly anes-
thetizing the area effectively treats PTSD symptoms. The shot 
has some short-term side effects, such as a droopy or reddened 
right eye, but these diminish after 6 to 12 hours, while the im-
provements in the PTSD symptoms last longer. While some 
see improvement with one treatment, others need additional 
injections. Compared to other methods, SGB has shown posi-
tive results in three out of every four patients with PTSD. This 
treatment effectively resets the body and brain to a pre-trauma 
state, providing prompt relief and relaxation.

�   Discussion 
There has been much new and updated research into PTSD 

and its treatment over the last few years. Out of the many 
treatments researched, the trauma-focused therapies, deliv-
ered individually by the therapist, showed the most benefit in 
treatment. There is strong evidence that many of the systems 
that mediate stress responses also facilitate the encoding of 
aversive memories, which could form the basis for the develop-
ment of PTSD71 and open up avenues for the development of 
novel prevention strategies. The diversity of these symptoms, 
like those mentioned in Table 1, suggests the involvement of 
multiple neurobiological systems. The disorder also has a high 
degree of comorbidity with other psychiatric disorders such as 
depression, substance abuse, and panic disorder.

Early intervention in neurological or psychiatric disorders is 
likely to have a significant impact on outcomes. As seen from 
the previously mentioned studies in the genetic section, iden-
tifying the genetic causes of PTSD is crucial for developing 
more effective treatments and prevention strategies by address-
ing individual differences in risk factors, cell structure, and 

treatment response. Finding common genes between disorders 
would allow researchers to link treatment plans together. This 
study has identified several genes linked to PTSD susceptibil-
ity, and understanding these genetic influences could allow for 
early intervention in high-risk individuals. For example, those 
with a known genetic predisposition to PTSD could benefit 
from preventive measures like resilience training, stress man-
agement techniques, or early therapy after trauma exposure to 
reduce the likelihood of developing full-blown symptoms.

Additionally, genetic insights could lead to pharmacological 
treatments by shifting PTSD management toward precision 
medicine, rather than relying on one-size-fits-all approaches 
like SSRIs and SNRIs, treatments could be tailored to an indi-
vidual’s specific neurotransmitter imbalances. DRD2 regulates 
dopamine activity, affecting motivation, reward, and emotional 
processing, which links it to stress sensitivity, reward dysregu-
lation, and comorbidity with anxiety, depression, and PTSD.16 
As a result, targeting DRD2 pathways in drug development 
can help address mood dysregulation and other trauma-relat-
ed symptoms. If dopamine-related DRD2 variants contribute 
to PTSD by affecting emotional regulation and reward pro-
cessing,16 targeted therapies that modulate dopamine signaling 
could be particularly effective for these patients. Those with 
a heightened fear response due to genetic factors might also 
benefit more from exposure therapy, while individuals with 
dopamine-related emotional dysregulation could receive CBT 
focused on impulse control and mood stabilization. Knowing 
which genetic factors influence fear response and memory 
processing could potentially help refine personalized psycho-
therapy approaches, ensuring that individuals receive the most 
effective therapy for their specific neurobiological profile.

�   Conclusion 
As the genes and hormones, DRD2, COMT, SLC6A4, 

SLC6A3, cortisol, CRHR1, and BDNF are highly related 
to other disorders such as MDD in addition to PTSD, pa-
tients may benefit if genes related to comorbidity are identified 
and included in the personalized treatments. This research 
is especially relevant for military personnel, first responders, 
and others in high-risk professions, where genetic screening 
could help identify those who may need specialized resilience 
training or targeted interventions before trauma exposure. By 
integrating genetic research with pharmacology and psycho-
therapy, PTSD treatment and prevention can become more 
precise, proactive, and personalized, improving long-term out-
comes for those at risk.
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ABSTRACT: Corporate greenwashing practices will jeopardize sustainable development efforts and deter consumer trust in 
the long run. Especially in China, there is a lack of policies regulating the occurrence of greenwashing, which refers to exaggerating, 
misleading, trimming, or presenting false information on the level of sustainability of a particular product, service, or corporate 
action. This paper identifies four prevalent forms of greenwashing: Good Cover Bad, Vague Wording, Dishonesty, and Irrelevancy. 
Researchers collected data from a self-designed survey asking consumers to rank their purchase frequency of a particular product 
from three industries, beauty products, food and beverage, and clothing, before and after the brand commits greenwashing in a 
hypothetical situation. A cluster analysis compares and contrasts their responses, clustering all 481 respondents into four groups 
based on their shared behavioral preferences. By cross-comparing the four groups, we make connections on how individual socio-
economic background can influence their sensitivity to corporate greenwashing.  

KEYWORDS: Environmental Engineering, Pollution Control, Policy, Corporate Greenwashing, Consumer Response.

�   Introduction
Greenwashing refers to exaggerating, misleading, trimming, 

or presenting false information on the level of sustainability 
of a particular product, service, or corporate action. It has be-
come a more pressing and prevalent issue in China as societies 
grow in environmental awareness. Consumers’ expectations for 
environmentally responsible products incentivized corpora-
tions to take the shortcut and greenwash instead of properly 
investing in sustainable production. Greenwashing undermines 
environmental actions; in particular, it is incompatible with 
the UN Sustainable Development Goal 13, “Climate Action,” 
and the High-Level Expert Group’s pledge to ‘zero tolerance 
for net-zero greenwashing.’1 If left unaddressed, greenwash-
ing can impede environmental progress and erode consumer 
trust.2 It poses a significant challenge to the larger economy 
and individuals living under the system. Companies that ben-
efit from greenwashing tactics are less motivated to invest in 
truly sustainable practices.3 Consumers who identify instanc-
es of greenwashing may overlook the fundamental principles 
of sustainable development and thus underestimate the need 
for sustainable goals. In China, no specialized laws have been 
enacted against corporate greenwashing. The very concept of 
“greenwashing” is still in its infancy stages, unaware to the 
greater public. Currently, China regulates greenwashing pri-
marily through advertising and consumer protection laws.4 Yet, 
these laws do not cover all the various forms of greenwashing, 
leaving many firms with opportunities to get away unpenalized.

Previously identified research gaps include a lack of quan-
titative analysis of consumer sensitivity to different forms of 
greenwashing and how individual socioeconomic profiles may 
influence that sensitivity; a shortage in the examination of 
other stakeholders’ involvement in greenwashing aside from 

consumers and corporations; and an absence of a defining tax-
onomy that explores the difference in perceived severity of the 
various forms of greenwashing.3 Furthermore, few pieces of lit-
erature have addressed consumers’ responses to greenwashing, 
which is a critical force that incentivizes corporate activity. We 
identified consumer awareness as the most important break-
through point in designing an effective policy. Corporations 
will stop greenwashing if their profits are declining as a result. 
Thus, this paper seeks to align definitions of greenwashing by 
categorizing four prevalent greenwashing practices and localiz-
ing the taxonomy under the Chinese economy. Also, this paper 
aims to fill research gaps by conducting an in-depth analysis 
of greenwashing in three industries: beauty products, clothing, 
food, and beverage, all of which are frequent, daily products, 
and examines the difference in the impact of four identified 
forms of greenwashing on consumer purchase frequency. Last, 
concluding from the survey results, this paper will suggest im-
plications for stakeholders to understand, identify, preempt, 
and tackle greenwashing across industries.

Literature Review:
As societies become more environmentally aware, more 

protocols, such as the Corporate Social Responsibility (CSR) 
and the ESG (environmental, social, governance) criteria, have 
emerged as new evaluations for business investments. Data 
show that many consumers expect companies to demonstrate 
high social involvement, be environmentally active, and operate 
with high ethical conduct.5 To work up to that expectation, 
many firms, taking advantage of the underdeveloped environ-
mental legal system, adapt to greenwashing practices where 
they exaggerate the extent of their sustainability level or pres-
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ent misinformation to attract green consumers and create a 
more favorable brand image.5

Def inition of Greenwashing:
Corporate greenwashing is the act of exaggerating, mislead-

ing, trimming, or presenting false information on the level of 
sustainability of a particular product, service, or corporate ac-
tion.3 When discovered, greenwashing affects corporations in 
several ways. It lowers investors’ intention to invest and damag-
es consumers’ trust, consequently lowering purchase intention. 
For other competing firms, greenwashing by one corporate can 
ruin the reputation of the entire industry, which H. Wang et al. 
referred to as the spillover effect.6

Four main categories of greenwashing are identified in this 
paper:

Vague Wording. Vague wording refers to when firms tag 
their product/service with environmentally friendly labels yet 
do not provide authorized documentation to back up their 
claim. For example, in 2022, H&M was sued in New York for 
featuring an “environmental scoreboard” showing a clothing 
section produced with sustainable material. However, critics 
point out that the “scoreboard” characterizes certain items as 
being more sustainable than they are.7

Good covering, bad. Good cover, bad is a form of corporate 
greenwashing when firms intentionally display an incomplete 
record of their green credentials, showing only the favorable 
aspects of a product/service, or divert sustainability claims 
to cover a questionable environmental record. For example, 
HSBC, one of the largest consumer banks, had been adver-
tising its self-claimed environmental act of participating in 
a Net Zero alliance while intentionally avoiding mentioning 
their finances in a fossil fuel project. For this, HSBC had been 
officially called out by the Advertising Standards Authority 
(ASA) for committing greenwashing.8

Dishonesty. Dishonesty, as a form of greenwashing, exists 
when firms provide false or made-up data as any form of qual-
ification for their sustainability or when an inconsistency exists 
between corporate actions and stated intentions. For example, 
Coca-Cola once claimed its bottle packaging was 100% recy-
clable. Still, an environmental organization, the Sierra Club, 
points out that the sticker on the outside of the bottle is made 
of polypropylene, a non-recyclable material.9

Irrelevance. Companies make technically compelling but 
environmentally irrelevant claims.

Sectoral Impact of Greenwashing:
This research considers three consumer-related industries: 

food, clothing, and beauty. These three industries are cho-
sen for their regular association with consumer choice, and 
they account for a significant proportion of overall consumer 
spending.10, 11 These three industries are chosen for reasons as 
followed.

Greenwashing practiced by corporations in the food indus-
try can be highly implicit. Colors and images are less detectable 
elements, yet they convey hidden and significant meanings that 
can influence a consumer’s purchase decision.12, 13 For example, 
the color green on product packaging is often associated with 

concepts of nature and safety. Consumers tend to perceive it as 
a cue signaling an environmentally friendly product or brand, 
even when the product itself might not qualify as being sus-
tainable.14 In particular, research conducted by Boncinelli et 
al.15 proves that while green packaging, the practice of using vi-
sually stimulating elements such as colors and images on food 
packages, can mislead consumer perception of the level of sus-
tainability of a product, it can potentially increase the market 
share of a firm, incentivizing greenwashing. The involvement 
of multiple academic expertise, including psychology, biolo-
gy, and behavioral economics, poses a noteworthy challenge 
to policymakers when combating greenwashing in the food 
industry. For such reason, this research aims to uncover the 
implicit factors influencing consumers’ sensitivity toward gre-
enwashing on food products, and how policymakers could take 
advantage of this knowledge to better inform the public and 
discourage consumption.

The second industry examined in this study is the clothing 
industry, which was chosen for its high susceptibility to gre-
enwashing. According to the EU, textile production doubled 
from 2000 to 2015, and its consumption is expected to increase 
by 63% by 2030.16 This industry, one of the most environmen-
tally unfriendly industries, must adapt to a more sustainable 
production process.16 Currently, the EU has proposed several 
strategies to regulate the sustainability of the textile industry. 
First, the release of polluted water in manufacturing process-
es was banned. Then, a reduction in microplastics to alleviate 
the impact of microfiber shedding was required, and the stan-
dardization of green reports further enhanced the validity of 
sustainable development in the fashion industry.16

The social and policy expectations put on the fashion in-
dustry to be more sustainable can backfire and lead to more 
greenwashing.15 Greenwashing actions in this industry include 
overstating the level of sustainability of a firm or product and 
invalid eco-labeling, which, when unidentified, can help im-
prove brand image and incentivize guilt-free consumption. 
Thus, this study sought to investigate more effective policies 
to hinder greenwashing by understanding the consumer deci-
sion-making process in the clothing industry.

Finally, the cosmetics industry was also chosen for its high 
susceptibility to greenwash. Research done by Rocca et al.17 
claims that cosmetics, considering the enormous participation 
in the global resource and consumer market, have only recent-
ly entered the sustainability market. Information-wise, we are 
witnessing an increase in the number of articles published on 
sustainability in the cosmetics industry from 2010 onwards. 
More consumers are aware of the issue and start looking for 
sustainable products. Corporations adapting to sustainable 
marketing strategies are guaranteed an advantage over their 
competitors and obtain benefits in terms of brand reputation 
and customer satisfaction.18 However, this lures businesses to 
promote sustainability without actually investing in sustain-
able production, leading to greenwashing in the cosmetics 
industry. Corporations consider sustainability to be a social 
expectation enforced by stakeholders or the government rather 
than a corporate initiative.18
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It is important that policymakers have a better understand-
ing of what drives consumers to respond to greenwashing 
practices in the cosmetics industry in order to more effectively 
respond to growing malpractices, which are driven by demands 
for more sustainable products.

Consumer Response to Greenwashing:
In general, corporate greenwashing has the following effects. 

Since most manifestations of greenwashing appear in prod-
uct/business advertisements, greenwashing lowers consumers’ 
willingness to purchase the associated product, and they are 
less likely to trust advertisements accordingly. Greenwashing 
deters brand credibility; once lost, it becomes challenging to 
reestablish brand loyalty and consumer brand engagement. 
An interesting effect of corporate greenwashing regards its 
spillover effect, referring to when one brand greenwashes, 
consumers are less likely to buy similar products in the same 
industry, lowering the overall judgment of the industry.19

Several methods are proposed, and some have been im-
plemented to cope with greenwashing. First, the emergence 
of environmental organizations such as Greenpeace’s Stop-
Greenwash.org serves to regulate the CSR reports. Second, 
promoting education for sustainable development ensures 
consumers can detect misleading information. Third, examin-
ing CSR reports by a credible third party assists in providing 
valid documentation for corporations’ claimed sustainability.5

�   Methods
To meet the stated research objectives, this paper conducts 

a literature review on existing research on greenwashing. Con-
clusions drawn from the literature review are used to place 
the topic of greenwashing in a broader economic background 
and refine arguments made in this paper. Additionally, this 
paper will both quantitatively and qualitatively analyze data 
collected from a self-designed survey conducted in August 
2023. We spread the survey on social media, opened it up to 
all Chinese internet users, and received a total of 481 valid 
responses (n=481) from these online consumers in China. 
The survey is structured into three sections: consumer socio-
economics profile, including age, gender, income, occupation, 
status, and awareness of greenwashing prior to completing 
the survey; consumer purchase frequency by product type, in-
cluding luxury and necessity products from clothing, beauty 
products, and food and beverage industry, without corporate 
greenwashing; and purchase frequency of the same products 
under a hypothetical situation when brands commit each of 
the four, identified forms of greenwashing. The response in the 
third section serves as a measurement of consumer sensitivity 
toward corporate greenwashing. Considering the difference 
in socioeconomic background of individual respondents, this 
survey is designed to answer the research question: Which 
factors most significantly influence consumer purchase deci-
sions in response to corporate greenwashing? And how that 
may vary depending on respondents’ different socioeconomic 
backgrounds. This paper is separated into two sections.

This paper will dissect a cluster analysis that categorized 
the respondents into four groups based on similarities in their 

socio-economic profile and their responses to different forms 
of corporate greenwashing. The analysis was built based on 
first-hand data collected in the survey. These four groups 
identify behavioral preferences in consumers with distinct 
socioeconomic characteristics and provide insights into pol-
icy implications. In simple conclusion, three sets of matrixes 
are being compared in this paper, each contributing to the 
final cluster analysis: first, consumer purchase frequency of a 
particular product before and after a corporation commits gre-
enwashing; second, cross-comparison between the four forms 
of greenwashing, and how consumers sensitivity alters from 
one to another; and third, cross-comparison of products from 
three different industries, and how consumers respond differ-
ently depending on different product types.

Based on the survey results, a 5-point scale is designed to 
categorize consumer sensitivity specialized in the scope of this 
study.

• Not sensitive: 100% of respondents report no impact of 
greenwashing on consumer decision

• Modestly sensitive: over 75% of respondents report no 
impact or minor impact of greenwashing on consumer deci-
sion-making

• Moderately sensitive: over 50% of respondents report a sig-
nificant impact of greenwashing on consumer decision-making

• Sensitive: over 75% of respondents report a significant im-
pact of greenwashing on consumer decision-making

• Extremely sensitive: All respondents report a significant 
impact of greenwashing on consumer decision-making

�   Survey Results and Discussion
Economic analysis of Chinese consumers’ perception of gre-

enwashing
The survey has received a total of 481 valid samples (n=481), 

with the following results:
Behavior: Response to Greenwashing:
Purchase Frequency Without Perceived Greenwashing:
The first section of the survey asks respondents about their 

regular purchase frequency of beauty products, clothing prod-
ucts, and food & beverage products. Each product is divided 
into subcategories: necessity products (products consumers 
purchase regardless of income level) and luxury product (non-
life essentials products purchased with excess income). The 
results are summarized into the following points:

1. Most respondents purchase necessary beauty products on 
a seasonal and monthly basis.

2. The purchase of luxury beauty products is slightly less fre-
quent than that of necessary beauty products.

3. Most respondents purchase necessary clothing products 
on a seasonal and monthly basis.

4. The frequency of purchases of luxury clothing products is 
scattered, with no distinct trend.

5. Most respondents purchase necessary food and beverage 
products weekly and monthly.

6. The purchase frequency of luxury food and beverage 
products, such as wine, is evenly distributed and slightly less 
frequent than other products. More people are in the “no pur-
chase” or “seasonal purchase” group.
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directly contacting the responsible brand, which speaks to the 
social influence and resources this group has at hand.

Greenwashing Analysis: consumer responses to different in-
dustries:

The survey breaks down group-based consumer responses to 
the three industries on a 5-point scale.

Insensitive: Less than 25% of respondents report a significant 
impact of greenwashing on consumer decisions.

Modestly sensitive: Over 25% of respondents report a signifi-
cant impact of greenwashing on consumer decisions.

Moderately sensitive: Over 50% of respondents report a sig-
nificant impact of greenwashing on consumer decisions.

Sensitive: over 75% of respondents report a significant im-
pact of greenwashing on consumer decisions.

Extremely sensitive: All respondents report a significant im-
pact of greenwashing on consumer decisions.

a. Analysis:
A comparison between Table 3.0 and Table 3.1 shows that 

Group 1 is more sensitive to all forms of greenwashing in the 
beauty product industry than Group 2. This trend could be 
derived from the difference in gender composition in the two 
groups. Group 2 consists of more females who purchase beauty 
products more frequently and may continue to purchase favor-
able and established brands even if they commit greenwashing. 
Group 2 respondents have a more inelastic demand relative to 
greenwashing for beauty products.

A pattern exists in both groups where Irrelevancy appears to 
be the most tolerated form of greenwashing. This implies that 
consumers perceive Irrelevancy as a less severe act of green-
washing than the other three forms. Additionally, Dishonesty 
is the most sensitive form of greenwashing for both groups. 
Dishonesty is perceived as the most severe and unforgivable 
act, since it’s a deliberate act of deception by companies. Con-

�   Cluster Analysis 
The following cluster analysis has identified four groups of 

respondents with shared traits based on their purchase fre-
quency response to corporations committing each of the four 
types of greenwashing.

(1) Group 1: “Senior Eco-Enthusiasts”:
Group 1 consists of slightly more females than males, with 

the majority aging from 26 to 40. 70.6% of the respondents 
currently work full-time, with 16.5% working in administra-
tive positions and 16.2% in purchasing. Most respondents have 
three or more cohabitants and are modestly familiar with gre-
enwashing, with a quarter of the respondents having already 
taken action against it. Out of the quarter who have taken 
action, 52% have taken action involving a cease in purchas-
ing products from the greenwashing brand, and 45.6% have 
decided to share their environmental knowledge with family 
and friends. (*Cohabitant: includes family members living in 
the same household and dependents, aka people financially 
dependent on the respondent)

(2) Group 2 “Sustainable Professionals”:
Group 2 consists of 20% more females than males, with 

the majority aging from 18 to 25 and 31 to 50. 61.2% of the 
group currently works full-time, with 17.3% occupying ad-
ministrative positions and 15.3% in marketing. 67.3% of the 
respondents have three or more cohabitants, and slightly over 
half of the group is unaware of greenwashing, with more than 
a quarter of the population being entirely unfamiliar with the 
concept. Out of the aware half, 37.8% have taken action ad-
vocating against greenwashing through a cease in purchasing 
products from the greenwashing brand.

(3) Group 3 “Green Beginners”:
Group 3 consists of an equal percentage of males and females 

and a considerable 5.3% percentage of non-binary gender. The 
age group is polarized with the majority aging from 18-25 and 
41-50, respectively. More than half of the respondents cur-
rently work full-time, and 36.8% are students. 57.9% of the 
respondents have three or more cohabitants. Slightly over half 
of the respondents in Group 3 are modestly aware of green-
washing. Compared to the previous two groups, this group 
has a lower percentage of respondents who had taken action 
against greenwashing; nevertheless, most action-takers avoid-
ed purchasing greenwashing brands.

(4) Group 4 “Selectively Active Elites”:
Respondents in this group are distinctively characterized. 

Group 4 has more females (66.7%) than males (33.3%). All re-
spondents fall into the 31- to 50-year-old age cohort and work 
full-time in either a marketing, administrative, or teaching 
position. This group comprises the well-off, knowledgeable 
individuals, with the majority having three or more cohabi-
tants. Surprisingly, 66.6% of the group is unfamiliar with 
greenwashing, yet the remaining 33.3% is highly active against 
greenwashing practices. Group 4 has taken action, including 
educating their families and friends about greenwashing and 
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Table 1.0.: Group 1’s reaction to Greenwashing in the Beauty Industry. 
Group 1 respondents are highly sensitive toward all four forms of corporate 
greenwashing practices in the beauty industry.

Table 1.1.: Group 2’s reaction to Greenwashing in the Beauty Industry. 
Group 2 respondents are less sensitive to corporate greenwashing practices 
in the beauty industry than Group 1. There are significantly fewer consumers 
who will respond to greenwashing by immediately switching brands.
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a. Analysis:
Group 1 is more sensitive to the Good Cover Bad form of 

greenwashing, as shown in Table 4.4, and Group 2 is more 
sensitive to the Dishonesty form of greenwashing, as shown 
in Table 4.5. This appears to be the opposite of the tendency 
of consumer reaction towards greenwashing in the Food and 
Beverage industry. This indicates that consumer response to 
the same form of greenwashing may change depending on the 
product.

a. Analysis:
Due to their limited awareness of sustainability and green 

consumption, Group 3 individuals are reluctant to act against 
any form of greenwashing in the beauty product industry 
(Table 3.6). They simply cannot distinguish greenwashed 
products from truly sustainable products and are unaware of 
the consequences of such malpractice.

Group 4's distinct behaviors are characterized by their 
complete negligence of greenwashing in the beauty indus-
try, demonstrating their perfectly inelastic demand for such 
products (Table 4.7). Considering the female-dominating 
composition of Group 4, many of whom also work as corporate 
administrators, it becomes clear that these respondents have a 
strong preference for their chosen brands of beauty products 

sumers value integrity when deciding whether they want to 
purchase from a certain brand.

a. Analysis:
In general, Group 2 is more sensitive toward greenwash-

ing behaviors in the Food and Beverage industry than in the 
Beauty Products industry (Table 3.3). This could be explained 
by considering the majority female presence in Group 2, of 
which the majority has a family make-up of three or more 
cohabitants. The fact that females tend to take responsibility 
for most housekeeping chores, like food and beverage purchas-
ing, could explain why they are more sensitive toward products 
they purchase for themselves and their families on a frequent 
basis. Potentially, people may associate product quality with 
greenwashing and refuse to buy a greenwashed product, per-
ceiving it as of worse quality, especially when it deals with food 
and beverages.

Good Cover Bad is an obvious violation of consumer trust. 
It is also one of the most sensitively responded to forms of gre-
enwashing, demonstrating the significance of consumer trust 
in purchase decisions, as shown in Tables 3.2 and 3.3.
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Table 1.2.: Group 1’s Reaction to Greenwashing in the Food and Beverage 
Industry (FB). Group 1 respondents are highly sensitive toward all four 
forms of corporate greenwashing practices in the FB industry, similar to their 
response to beauty products.

Table 1.5.: Group 2’s Reaction to Greenwashing in the Clothing Industry. 
Group 2 respondents are highly sensitive toward all four forms of corporate 
greenwashing practices in the CLO industry, different from their response to 
beauty products and FB products.

Table 1.6.: Group 3’s Reaction to Greenwashing in the Beauty Product 
Industry. Group 3 respondents are insensitive to the practice of vague wording 
as a form of corporate greenwashing in the beauty industry and modestly 
sensitive toward the other three forms.

Table 1.7.: Group 4’s Reaction to Greenwashing in the Beauty Product 
Industry. Group 4 consumers are completely insensitive to all four forms of 
corporate greenwashing in the beauty industry.

Table 1.3.: Group 2’s Reaction to Greenwashing in the Food and Beverage 
Industry. Group 2 respondents display a lower sensitivity toward corporate 
greenwashing practices in the FB industry compared to group 1. There are 
significantly fewer consumers who will respond by immediately switching 
brands.

Table 1.4.: Group 1’s Reaction to Greenwashing in the Clothing Industry 
(CLO). Group 1 respondents are highly sensitive toward all four forms of 
corporate greenwashing practices in the CLO industry, similar to their 
response to beauty products and FB products.
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and that environmental concerns are neither compelling nor 
important enough to alter their purchasing behavior.

c. Analysis:
Group 4 is significantly more sensitive and active against 

corporate greenwashing in the Food and Beverage industry, 
as shown in Table 3.9, than in the Beauty Product Industry. 
This could be explained considering the Group 4 respon-
dents’ pursuit of a healthy lifestyle and highly disciplined diet. 
(Assumption made based on their economic make-up) Their 
demand for distinctly high-quality food and beverages ac-
counts for their rejection of any form of greenwashing in food 
and beverages. (In other words, they are financially capable and 
mentally aware of their diet.) This also hints at how consumers 
may associate greenwashing with product quality.

There is no notable tendency regarding Group 3’s reaction to 
greenwashing in the Food and Beverage industry (Table 4.8). 
They are neither particularly active nor responsive, though 
their actions match the previously made assumption that they 
are “green beginners” who have just been introduced to the 
concept of greenwashing.

c. Analysis:
Group 4 is significantly more sensitive towards greenwash-

ing in the Clothing Industry than Group 3, as shown in Table 
3.10 and Table 3.11. It can thus be inferred that Group 4 re-
spondents have a more elastic demand for clothing products. 
Building off that conclusion, it can be assumed that Group 4, 
with a major percentage of respondents in positions of power, 
has other priorities, such as monetary benefit, that shape their 
evaluation of greenwashing severity in different products. A 
notable tendency shows that Group 4 respondents are partic-
ularly sensitive to greenwashing when corporations manifest 
brand dishonesty, compared to the other three groups.

�   Conclusion 
This research reveals the complex relationship between con-

sumer purchase behaviors and corporate greenwashing across 
three industries in China. Our findings show that consumers 
can be clustered into four groups based on their sustainability 
awareness, socioeconomic status, and attitude toward gre-
enwashing. Different forms of greenwashing can also be 
categorized into four groups: Dishonesty, Good Cover Bad, 
Irrelevancy, and Vague Wording. Dishonesty and Good Cover 
Bad elicit the strongest consumer repulsion during purchase 
for Group 1, Group 2, and Group 4 consumers, while Vague 
Wording and Irrelevance are more tolerated, especially among 
consumers with inelastic demand or limited awareness. Ad-
ditionally, consumers from Group 4 appear to be completely 
insensitive toward all four forms of greenwashing in the beauty 
industry, possibly due to high adherence to established brand 
values. This study underscores the importance of targeted poli-
cy measures. One-size-fits-all regulations are unlikely to hinder 
greenwashing effectively. Instead, policies should incorporate 
educational outreach, third-party certification, and stronger 
legal qualifications tailored to consumer group dynamics and 
industry characteristics.

Limitations:
Several limitations exist in the research methods. First, the 

survey collected 481 valid responses, which may not fully rep-
resent China's diverse consumer population. Survey responses 
were based on hypothetical scenarios, which may not accu-
rately capture consumers’ real-life purchase behaviors. For a 
better understanding of consumer behaviors, future researchers 
could conduct offline, real-time experiments given the proper 
resources and financial support. Additionally, this study only 
examined three industries (beauty, food and beverage, and 
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Table 1.8.: Group 3’s Reaction to Greenwashing in the Food and Beverage 
Industry. Group 3 respondents are insensitive to the practice of vague wording 
and irrelevance as a form of corporate greenwashing in the FB industry and 
modestly sensitive toward the other three forms.

Table 1.11.: Group 4’s Reaction to Greenwashing in the Clothing Industry. 
Group 4 consumers are completely insensitive to all four forms of corporate 
greenwashing in the clothing industry.

Table 1.9.: Group 4’s Reaction to Greenwashing in the Food and Beverage 
Industry. Group 3 respondents are insensitive to the practice of good cover 
bad as a form of corporate greenwashing in the FB industry, and modestly 
sensitive toward the other three forms.

Table 1.10.: Group 3’s Reaction to Greenwashing in the Clothing Industry. 
Group 3 respondents are insensitive to vague wording and irrelevance as a 
form of corporate greenwashing in the clothing industry, and modestly 
sensitive toward the other three forms.
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clothing). While these sectors are consumption-heavy, other 
industries like electronics or automobiles may exhibit different 
greenwashing dynamics.

Nonetheless, results from this study suggest that policymak-
ers to combat greenwashing by raising consumer awareness 
on the deceptive nature of greenwashing practices. When 
consumers realize and stop the purchase of greenwashed 
products, it will discourage companies from greenwashing 
more immediately than what many current policies are do-
ing. Future research should focus on evaluating country and 
industry-specific policies and examining the role of differ-
ent stakeholders in preventing and addressing corporate 
greenwashing. Additionally, further research into how distinct 
socioeconomic factors—such as income level, social status, and 
family composition—influence each consumer cluster could 
help policymakers design more targeted and effective regula-
tions.

�   Acknowledgments 
I want to thank my mentor, Ms. Zitong Li, for taking the 

time to guide me, step-by-step, from the survey building to 
academic essay writing and eventually producing this original 
paper. For further interest, please check out the original survey 
design for this research. 

https://www.wjx.cn/vm/wxAIPNe.aspx#

�   References
1. Greenwashing – the deceptive tactics behind environmental claims. 

https://www.un.org/en/climatechange/science/climate-issues/gre-
enwashing (accessed Nov 10, 2023), United Nations.

2. Ioannou, I.; Kassinis, G.; Papagiannakis, G. How greenwashing 
affects the bottom line. https://hbr.org/2022/07/how-greenwash-
ing-affects-the-bottom-line (accessed Nov 10, 2024), Harvard 
Business Review.

3. Santos, C.; Coelho, A.; Marques, A. A Systematic Literature Re-
view on Greenwashing and Its Relationship to Stakeholders: State 
of Art and Future Research Agenda. Manag. Rev. Q. [Online] 
2023,1-25. https://doi.org/10.1007/s11301-023-00337-5. (ac-
cessed Sep 25, 2023).

4. Sustainability claims and greenwashing in China.
https://cms.law/en/cze/publication/cms-green-globe/china (ac-
cessed Jan 22, 2024).

5. Wolniak, R. Relations between Corporate Social Responsibility 
Reporting and the Concept of Greenwashing. Zesz. Nauk. - Poli-
tech. Łódz., Organ. Zarz. [Online] 2016, 443–453.

6. Ahmad W.; Zhang Q. Green purchase intention: Effects of elec-
tronic service quality and customer green psychology. J. Clean. Prod. 
[Online] 2020, 267. https://doi.org/10.1016/j.jclepro.2020.122053. 
(accessed Sep 25, 2023).

7. Adegeest, D.-A. H&M “greenwashed” its sustainability scores, says 
investigation.
h t t p s : / / f a s h i o n u n i t e d . c o m / n e w s /
fashion/h-m-greenwashed-its-sustainability-scores-says-investiga-
tion/2022070448454 (accessed Jan 22, 2024).

8. Hicks, R. Eco-Business. https://bankonourfuture.org/news/hs-
bc-climate-action-festival/ (accessed Oct 21, 2023).

9. Sierra Club Sues Coca-Cola and Others Over Recyclability Claims.

h t t p s : / /www. s i e r r ac lub.o rg /env i ronmenta l - l aw/ s i e r -
ra-club-sues-coca-cola-and-others-over-recyclability-claims. 
(accessed Jan 1, 2024).

10. Eurostat. How much are households spending on food?
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-
20201228-1 (accessed Dec 22, 2023).

11. Ma, Y. Statista. China: Urban per capita spending on food 2022.
https://www.statista.com/statistics/278858/per-capita-expendi-
ture-of-private-households-in-china-on-groceries/ (accessed Dec 
31, 2023).

12. Grandi, B; Cardinali, M.G. Colours and price offers: how 
different price communications can affect sales and customers’ per-
ceptions. SSRN. [Online] 2022, 68, 1-16. https://doi.org/10.2139/
ssrn.4052192 (accessed Dec 30, 2023).

13. Grossman, R.; Wisenbilt, J. What we know about consumers’ 
color choices. J. Market. Pract. Appl. Market Sci. [Online] 1999, 5, 
78–88. https://www.emerald.com/insight/content/doi/10.1108/
EUM0000000004565/full/html (accessed Dec 30, 2023).

14. Labrecque, L.I; Milne, G.R. Exciting Red and Competent Blue: 
The Importance of Color in Marketing. J. Acad. Market. Sci. [On-
line] 2012, 40, 711–727. https://doi.org/10.1007/ (accessed Dec 30, 
2023).

15. Boncinelli, F; Gerini, F; Piracci, G; Bellia, R; Casini, L. Effect of 
executional greenwashing on the market share of food products: An 
empirical study on green-colored packaging. J. Clean. Prod. [On-
line] 2023, 391, 1-10. 
h t t p s : / / w w w . s c i e n c e d i r e c t . c o m / s c i e n c e /
article/pii/S095965262300416X?ref=pdf_download&fr=RR-2&r-
r=821d1377f9fa0976#bib22 (accessed Nov 09, 2023).

16. Brussels, E. C. European Commission. EU Strategy for Sustain-
able and Circular Textiles.
https://ec.europa.eu/environment/publications/textiles-strategy_
en (accessed Jan 2, 2023).

17. Rocca, R; Taisch, M; Acerbi, F; & Fumagalli, L. Sustainability 
Paradigm in the Cosmetics Industry: State of the art. Elsevier Sci. 
[Online] 2022, 3, 1-14. 
h t t p s : / / w w w. s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i /
S2772912522000574?ref=cra_js_challenge&fr=RR-1 (accessed 
Nov 9, 2023)

18. Eccles, R.G; Ioannou, I; Serafeim, G. The Impact of Corporate 
Sustainability on Organizational Processes and Performance. Harv. 
Bus. Sch. [Online] 2014, 11. 
https://doi.org/10.1287/mnsc.2014.1984 (accessed Jan 2, 2024)

19. Wang, H; Ma, B; Bai, R; The spillover effect of greenwashing be-
haviours: An experimental approach. Emerald Publishing Limited 
[Online] 2019, 3, 283-295. 
https://www.emerald.com/insight/content/doi/10.1108/MIP-01-
2019-0006/full/html (accessed Jan 22, 2024).

�   Authors
Yufang He is a sophomore at BASIS International School of 

Guangzhou. She is intrigued by studies that approach environ-
mental issues and policies from an interdisciplinary perspective, 
just like the topic explored in this paper.

Ms. Zitong Li graduated from the University of Toronto 
with a dual degree, Master of Public Policy and Asia Pacific 
Studies. She has 10 years of research experience at the United 
Nations Development Programme, think tanks, NGOs, and 
sustainability consultancies, focusing on ESG, sustainable de-
velopment, and corporate social responsibility.

DOI: 10.36838/v7i10.148

ijhighschoolresearch.org



© 2025 Terra Science and Education	 155	

Fighting the Obesity Epidemic: A Comprehensive Literature 
Review on Sugar Taxation      

Vineet Vishnubhotla        
Northwood High School, 4555 Portola Parkway, Irvine, California, USA; vineetvishnubhotla@gmail.com 
Mentor: Gursel Aliyev 

ABSTRACT: Sugar-sweetened beverage taxation has been adopted in many countries due to the adverse health outcomes 
associated with consuming excess sugar. Sugar is directly related to obesity and type 2 diabetes. Treating these diseases can put 
stress on healthcare systems. This review analyzes the effectiveness of sugar taxes in reducing consumption, identifies the most 
impactful tax rates, and explores which socioeconomic groups are most affected, along with how firms respond to government-
imposed taxes.  
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�   Introduction
A study done by the WHO1 found that people who consume 

1-2 sugary beverages per day have a 26 percent greater chance 
of diabetes.

Obesity rates have risen over the past decade, primarily due 
to heavy sugar consumption. According to the American Heart 
Association,2 the average American consumes 17 teaspoons of 
added sugar daily, 2-3 times the recommended amount. This 
amounts to about 60 lbs of added sugar annually, or 85 grams 
of added sugar daily. The most common sources of added sugar 
are sugar-sweetened beverages, coffee, desserts, and sweets.

Implementing sugar taxes serves public health goals and 
offers economic benefits. Over time, governments can cut 
healthcare costs and redirect healthcare expenditures towards 
improved education, improving infrastructure, and helping 
low-income households.

This paper explores the economic and public health ratio-
nale for sugar taxes. It seeks to answer the following research 
question: How do sugar taxes impact consumption patterns 
and public health outcomes in the United States?

�   Discussion 
Supply & Demand Concepts:
In economics, supply refers to the amount a seller is will-

ing to produce, while demand refers to the amount consumers 
want at a given price. When supply increases, it usually means 
more sellers in a given market. As such, prices tend to drop 
when supply increases, as there are close substitutes (i.e., other 
sellers).

Demand has an inverse relationship with price. When prices 
go up, demand falls, and vice versa. However, specific products, 
or services for that matter, can have different needs.

Demand may not react swiftly to price changes for more ex-
clusive or sought-after items.

Price elasticities3 are defined as the percent change in quan-
tity demanded / price change. If demand were to change 
minimally for a large change in price, then there would be a 
small price elasticity of demand, or PE. Smaller PEs mean the 
demand for the goods is inelastic or less responsive to price. 
Larger PEs mean the demand for the goods is probably elastic 
or very responsive to price.

The absolute value of calculated PEs below 1 is inelastic, 
whereas anything above 1 would be considered elastic.

When price elasticity (PE) is less than 1 or inelastic, firms 
can transfer the tax burden by raising prices. However, when 
PE is less than 1, firms cannot effectively pass the tax onto 
consumers and must absorb it themselves, often leading to a 
revenue loss.

Price Elasticity of a Sugar-Sweetened Beverage Tax:
Recent studies in Mexico have found price elasticities rang-

ing between -1.06 and -1.29 for soft drinks and -1.16 for SSBS 
(Sugar-Sweetened Beverages).4

Research4 in Mexico used a difference-in-difference model 
to find that untaxed beverages showed a higher absolute dif-
ference, starting at 63m, following the immediate aftermath of 
sugar taxation. However, this positive disparity decreased over 
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Figure 1: Price Elasticity Graph.
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the 12-month tax period and became statistically insignificant 
by November 2014. Nonetheless, consumption still increased 
by 36 mils per capita per day. Sensitivity analysis may suggest 
a potential overestimation of 4 percent.

In Ecuador, study5 found that price elasticity ranges between 
-1.17 and -1.33, depending on economic status.

In the UK,6 price elasticity for sugar taxes ranges from 1.2 
to 2.80. In response to government taxation, sellers have raised 
prices slightly, resulting in a notable 33.8% reduction in sugar 
consumption. This may indicate more elastic demand in the 
UK than in other countries worldwide.

Research done in Chile found a price elasticity of -1.37, cor-
responding to a 10% tax on sugary drinks.7 This means that 
if the price increased by 10%, consumption would reduce by 
13.7%.

A meta-analysis done by Escobar scanning the literature 
found a combined price elasticity estimate of -1.30.8 Research 
also found that when prices rise, the consumption of fruit juic-
es increases (0.388), whole milk increases (0.129), but there is 
a decrease in diet soft drinks (-0.423).

An analysis used regression models and controlled for de-
mographic variables, income, and prices of other food and 
drink items to analyze the price elasticity of sugar taxation.9 
Brazil's adjusted price elasticity coefficient for household con-
sumption of sugar-sweetened beverages (SSBs) was -0.85. 
This would mean that a 1.00% rise in SSB prices would cor-
respond to a 0.85% decline in SSB consumption and signal 
inelastic demand.

While price elasticities measure consumer sensitivities, it is 
also important to evaluate consumption patterns post-tax im-
plementation.

Post-Tax Sugar Beverage Consumption Rates:
To investigate the impact of Hungary's sugar tax, imple-

mented in 2012, Pfinder used an Interrupted Time Series 
Analysis.10 The study revealed a 4 percent reduction in the 
consumption of sugar-sweetened beverages subject to the tax. 
Although the research showed minimal risk of bias across var-
ious domains, the certainty of evidence for both primary and 
secondary outcomes was deemed very low. It's important to 
note that the tax did not encompass unprocessed sugar.

However, factors that can exist beyond taxes could contribute 
to declining consumption. In Ireland, for example, consump-
tion decreased by 154 calories between 2009 and 2016, 
compared to a drop of 205 calories between 2003 and 2004, 
without taxation, highlighting consumers already switching to 
healthier choices.11 The same journal also references a study 
using Nielsen Home Scanner Data to analyze sugar consump-
tion rates.12 However, this choice of methodology has several 
limitations, with one being that the data excludes consump-
tion outside of the home.

In a comparison of two reviews, it was found that two stud-
ies, comprising a randomized controlled field experiment and 
a descriptive field study, targeted “less healthy” food and bev-
erage categories in supermarkets. In a randomized controlled 
field experiment,13 groups were assigned to either a control 
group or an experimental group, subjected to a 10% tax on 

“less healthy” foods and drinks, which included SSDS. Both 
studies found that while there was a short-term decrease in 
SSD purchases after one month of taxation, this effect was 
not sustained at the three or six-month follow-up. This can 
indicate that consumers can revert to their prior purchasing 
trends after the initial “shock” of a 10% increase in the price of 
a sugary beverage.

A WHO report on taxing sugar-sweetened beverages 
(SSBS) found that a 20 percent tax would lead to an equivalent 
20 percent decrease in consumption.14 Further research on the 
effectiveness of this hypothetical 20 percent tax was conduct-
ed by Gardiner15 and Finkelstein,16 suggesting that higher tax 
rates, such as 20%, may reduce SSB consumption. In compari-
son, lower rates may have little to no impact on sales.

Research also finds that higher tax rates call for the re-for-
mulation of beverage products in the sugar industry. 14,15,17 The 
application and severity of SSB taxes can vary across countries.

Types of Taxes:
Excise sugar taxes are usually placed on produced items 

and are sometimes imposed based on the amount of sugar (in 
grams) of a particular drink.18 Excise taxes are also an example 
of a sin tax, which attempts to limit the consumption of a good 
that negatively affects society.

Value-added taxes are added at every production stage, in-
cluding distribution and sale.19 Each part of the production 
will typically be passed on to the next at a higher price to cover 
these costs. For example, when Coca-Cola ships out its bottles 
to retailers, the price of its distribution will be higher. When 
retailers (usually store owners) sell their bottles to consumers, 
they will charge a higher price to offset the tax. This effectively 
raises the price paid by the consumer. Ad valorem taxes are 
directly proportional to the product’s price, meaning they are 
fixed percentage rates on beverages.20 A higher-cost beverage 
would have a higher tax as a result.

Tax design plays an important role in reductions in obe-
sity rates as seen through ad valorem taxes (percentage of a 
product, ex., 60 percent of the price is taxed), leading to larger 
reductions in total consumption compared to fixed tax rates, 
explained in The American Journal of Clinical Nutrition.21 
However, utilizing simulation methodologies, the research 
found that excise taxes were equally effective at reducing 
healthcare costs and preventing diseases as ad valorem taxes.22

Research advocates for specific taxes based on the amount 
of sugar rather than ad valorem taxes. Ad valorem taxes, which 
are calculated as a percentage of the product's price, can re-
sult in price equalization between sugary and diet beverages. 
This means that it reduces the motivation for consumers to 
choose healthier alternatives. Multiple researchers8, 23-25 believe 
that the effectiveness of these taxes can be diminished if price 
equalization occurs.

Escobar8 also supports the idea of taxing all sugar when it 
leaves the factory or enters the country. He argues that this 
approach might be more effective than targeting specific bev-
erages, as it simplifies the implementation process and ensures 
everyone pays tax. Veitch26 and Andreyeva27 suggest that this 
unexpected trend may be attributed to price equalization strat-
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egies, where retailers adjust the prices of diet and sugary drinks 
to minimize consumer switching based on price. This is main-
ly found in ad valorem taxes. It is important to note that the 
evidence on this specific topic is limited.

Substitution Effects of a Sugar Tax:
Research4 found that although sugar-sweetened beverage 

consumption decreased, clear substitution effects may halt 
potential findings. Additionally, as multiple review papers28-30 
show, it is necessary to determine how much consumers may 
substitute their sugar consumption, calling for more extensive 
research on substitution effectiveness.

Studies done by Powell and Fletcher31, 32 show that once ca-
loric replacement and substitution are accounted for, there may 
be no net benefit of a tax on SSBS.

Research on Hungary, Mexico, France, and Polynesian sugar 
taxes found consumers switching to alternatives.33 However, 
some researchers specify that the switch wasn’t immediate, as 
seen in the Hungarian sugar tax.34 Alternatively, some research-
ers have argued that consumers may not switch to alternatives. 
A 2020 study of substitution effects in Hungary found some, 
but confidence in predictions was very low.35 The uncertainty 
stems from the observational study design, the potential mis-
classification of food products, and the specific parameters of 
the Hungarian tax.

Briggs also found that many people use other high-calorie 
or unhealthy products to substitute for their unhealthy eat-
ing when sugar-sweetened beverages are pricier.36 Fowler also 
found substitution effects that may occur with various foods,37 
as a recent report has found pizza as a common substitute.

38 This is significant as research has commonly found diet 
drinks as a substitute.39 Aguilar40 found that while states in 
the US have not experienced notable changes in substitution 
rates,40 Mexico exhibited distinct substitution patterns. With-
in one year, the decrease in calorie and sugar consumption 
was counteracted by rises in the consumption of untaxed food 
items.

Ultimately, a recent meta-analysis36 has hypothesized that a 
10% tax on sugar taxes may slightly increase the consumption 
of untaxed beverages, such as water or milk. Still, this effect is 
not always significant and varies by jurisdiction.

Responses to Sugar Tax from Retailers:
Ponce's study of the Berkeley sugar tax found that in re-

sponse to sugar taxes, many retailers raised prices of SSBS 
relative to non-taxed beverages.40 Their study found that 84% 
of retailers raised the price of soda, and less than 5% increased 
the price of substitutes, such as water or milk.

Regressivity of a Sugar Tax:
Regressivity refers to low-income groups, which usually lack 

access to healthy foods due to their lower budgets and may 
struggle to find other adequate food/drink sources when these 
taxes are administered.41 This can have a more pronounced 
impact on them than on a middle-or upper-income group.

Regarding analysis, Roberts points out the scarcity of 
peer-reviewed experimental and observational evidence re-

stricting our understanding of the magnitude and the character 
of regressive (and progressive effects) sugar taxes.42

World Cancer Research Fund International recognizes the 
regressivity of such a tax and how it disproportionately af-
fects lower-income populations.43 However, the report argues 
that sugar-sweetened beverage (SSB) taxes are crucial to ac-
knowledge due to the heavy burden of obesity and diet-related 
NCDS (Non-Communicable Diseases) within these commu-
nities.

Several studies have found regressive impacts of sugar tax-
es.44-50 Governments need to assess whether a nationwide 
implementation of the sugar-sweetened beverage (SSB) tax 
benefits all socioeconomic strata, giving evidence supporting 
its primary impact on children, adolescents, and low-socioeco-
nomic groups.

Some concerns have even been brought to policymakers, as 
certain nations have chosen to repeal sugar taxes over concerns 
regarding potential job losses. As the Department of Health, 
Ireland51 study shows, these taxes can worsen inequality.

Research in South Africa52 relates to Adam Smith's four 
principles for an effective tax, emphasizing the necessity for 
fairness. The equity of sugar taxes, or fairness, is debatable as 
it unfairly impacts low-income groups, who allocate a larger 
proportion of their income to sugary drinks.

Gruber and Kosegi53 believe the benefits of corrective mea-
sures of sin taxes are indeed more pronounced for low-income 
groups. The correctness of a tax implies the ability to change 
behavior in both the short and long term, leading to healthier 
choices. This means that poorer consumers, who often exhibit 
a strong demand response to taxation, derive relatively greater 
advantages from taxes, even if the financial costs are regres-
sive. Despite concerns about the prevalence of heart disease 
and other ailments, this does not imply that taxes are entirely 
detrimental to the well-being of low-income individuals, as 
the Journal of Economic Perspectives10 agrees, along with al-
ternative research.

However, some studies have not found significant regressiv-
ity issues. Research in Brazil8 analyzing the Brazilian sugar tax 
found that, notably, SSBs constituted 1.7% of the total calo-
ries purchased by households, with their price roughly double 
that of other food and beverage items. Interestingly, while the 
relative consumption of SSBs tended to increase with income, 
peaking at 2.6% among the highest income quartile, the price 
per calorie of SSBs did not exhibit significant changes with 
rising income levels. The report found an income elasticity co-
efficient of 0.41, suggesting that a 1.00% increase in income 
would lead to a 0.41% increase in SSB consumption, imply-
ing the opposite effect where higher households may face the 
highest burden.

This evidence is also supported by a study in the UK,36 which 
found reductions were more significant among higher-income 
groups than lower-income groups, contradicting the regressive 
trend in US modeling studies.

Similar research also found minimal differences,55 finding 
that low-income individuals would pay slightly more SSB tax 
than their high-income counterparts, with per capita estimates 
at $19.97 and $18.84, respectively.
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Ultimately, conflicting reports on the regressivity of a sugar 
tax explain why regressivity can vary from location to location. 
However, it is important to note that much of the data finding 
non-regressivity was from the early 2010s.

It’s important to note that many ad valorem taxes, such as 
the one in the UK, may only specifically apply to certain sug-
ar-sweetened beverages. For example, they might only apply to 
“luxury” beverages or beverages already priced too high before 
a tax that low-income groups were not buying pre-imple-
mentation. As a result, high-income consumers may see more 
hard-hitting effects in those situations.

�   Conclusion 
Contrary to popular belief, many studies have found that 

sugar taxes have inelastic demand, meaning consumers don’t 
react swiftly to changing prices. This makes sense as the 
addiction to sugary beverages, regardless of the price, has con-
tributed to the obesity pandemic.

Although specific price elasticity estimates may differ across 
studies, sugar taxes are seen to have primarily inelastic de-
mand. This means that larger taxes will be more successful in 
curbing sugar consumption. Because of inelastic demand, con-
sumers will bear more burden than suppliers when sugar taxes 
are implemented.

Overall, evidence suggests that well-designed sugar taxes—
set at high rates—can reduce consumption, but may impact 
low-income individuals.
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ABSTRACT: Adolescents’ SNS (Social Networking Service) usage greatly affects their relationships, mental health, and 
physical well-being. According to this study, adolescents tend to prefer their cyber identities (within SNS, video games, or other 
internet communities) to their “real” identity as a family member or student. This preference leads to smartphone immersion. 
This review article aims to examine the research surrounding adolescents’ SNS usage, SNS overdependence, and the relationship 
between SNS overdependence and adolescents’ ego identity. 2024 Statista demonstrates that the rate of smartphone ownership and 
usage among teenagers is higher than in other age groups, and is steadily increasing. The study also showed that female teenagers 
spend more time on social media than their male counterparts. The main purpose of SNS usage in teenagers was to communicate 
with friends or family (with TikTok and Instagram being the most popular mediums). Through analysis of preceding research 
papers, this literature review will demonstrate how adolescents’ SNS overdependence is a central factor in ego identity formation. 
Developing self-control ability is the main factor in reducing SNS overdependence. This literature review will illuminate how to 
prevent adolescents’ SNS overdependence and form an optimistic ego identity.  

KEYWORDS: SNS (Social Networking Service), SNS Overdependence, Ego Identity, Adolescence, Smart Media.

�   Introduction
Recently, a new neologism, Phono sapiens, has emerged. 

This compound word of ‘smartphone’ and ‘homo sapiens’ refers 
to a new generation that conceptualizes smartphones as a part 
of their body, an extension of self.1 Smartphones have become a 
widespread, deep-rooted element of adolescents’ cultures.

According to the 2022 Pew Research Center,2 nearly half of 
U.S. teens self-proclaim to use the internet “almost constantly.” 
In 2014 to 2015, 95 percent of adolescents used the internet; 
however, in 2019, 97 percent of adolescents used the internet. 
The percentage (56%) of adolescents who use the internet sev-
eral times a day and the percentage (46%) of adolescents who 
utilize the internet almost constantly both increased. This SNS 
overdependence has negative mental, physical, and relational 
effects.4,9

In adolescence, because of rapid changes in social, cognitive, 
and physical development, teenagers are often confused and 
threatened by a constantly shifting self-awareness. Therefore, 
the establishment of ego identity emerges as an important issue 
in adolescence.10 With the development of Information and 
Communication Technologies, digital media techniques such 
as SNS expand opportunities to express one’s identity beyond 
the familial or academic realm (whether that be through a vir-
tual character or anonymous chat forum).

However, since SNS overdependence is a fairly recent devel-
opment, research into the field is inadequate. Further, there is 
a dearth of research exploring the relationship between adoles-
cents’ SNS overdependence and their ego identity.

This review article aims to find characteristics of over-de-
pendence through articles about SNS usage and other research. 

Moreover, it aims to analyze the relationship between adoles-
cents’ ego identity and SNS overdependence and provide the 
basic data for prevention programs that will encourage positive 
ego identity formation.

Key Words:
1. SNS (Social Networking Service)
SNS can be defined as a web-based online service where 

people reveal personal information publicly or privately to 
form relationships in the virtual space.18

2. SNS Overdependence
Smartphone overdependence refers to “a state in which ex-

cessive smartphone use increases the salience of smartphones 
and decreases self-control, resulting in serious consequenc-
es.”19,22

Central to the definition of addiction is a dependence on a 
substance or activity. Smartphone addiction is generally con-
ceptualized as a behavioral addiction. Literature suggests that 
mood tolerance, salience, withdrawal, and cravings have been 
associated with excessive smartphone use.23

In addition, in this study,24 smartphone addiction means "a 
state of severe anxiety and loss of control due to excessive use 
and immersion in various functions of a smartphone, causing 
obstacles to his or her daily life." As described above, there is 
no significant difference in meaning between smartphone ad-
diction and smartphone overdependence.

According to the Korea National Information Society 
Agency (NIA),25 the tendency of SNS overdependence is sim-
ilar to smartphone addiction or internet addiction. Also, SNS 
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overdependence means continually using SNS even though 
one experiences serious psychological and social consequences 
because of increased salience and self-control failure.

Within the scope of this paper, SNS overdependence can be 
seen as similar to smartphone addiction or internet addiction. 
In addition, the paper will consider both the positive and neg-
ative aspects of internet usage, instead of treating adolescents 
as pathological diagnostic subjects. This study will utilize a 
unified word: SNS overdependence.

To sum up, this study defines SNS overdependence as using 
SNS constantly despite serious consequences, as well as ex-
periencing withdrawal and tolerance by over-communicating 
and over-concentrating on SNS.

3. Ego Identity
Ego identity is the perception of selfhood: personality, fu-

ture outcomes, and societal belonging. According to Erikson, 
the main developmental obstacle that adolescents face is ego 
identity confusion. In other words, the developmental task of 
an adolescent is to form a firm perception of who they are, 
where they are headed, and where they fit in.26

Sub-elements in ego identity can be divided into six cat-
egories: Independence, Self-Receptiveness, Future Certainty, 
Goal Orientation, Proactive Personality, and Intimacy.27 First 
is independence, the degree to which one feels able to actively 
influence one's role and environment, also known as ability. 
Second is self-receptiveness, which is the self-perceived ability 
and talent level. Third is future certainty, the degree of hope 
one has for the future, the confidence to actualize one’s dreams. 
Fourth is goal orientation, the will to fulfill tasks and realize 
conceptions of one’s long-term identity.27 Fifth is a proactive 
personality, the ability to recognize one's role and do tasks 
proactively.29 The last category is intimacy, the level of group 
membership, degree of self-exposure, social flexibility (in-
habiting various private and public selves), and the ability to 
maintain close relationships.

�   Methods
1. SNS usage status of Korean youth:
South Korea's rate of social media usage is second in the 

world. 92 percent of South Koreans use social media.30 Espe-
cially among teenagers and young adults, smartphone retention 
rates were 100 percent and 99.4 percent, respectively, the high-
est among the age groups. The first and second most highly 
ranked purposes for smartphone usage are ‘communication’.31

In the U.S., according to the February 2024 Statista (Figure 
1, Figure 2),30 among several age groups: 18-24, 25-34, 35-44, 
45-54, 55-64, and 65+, ages 18-24 showed the highest aver-
age time spent using social media. While users aged 18 to 24 
spent 186 minutes a day on social media, respondents aged 65 
and older utilized social media for 102 minutes daily. Preferred 
platforms also differ. TikTok was most used by teenagers aged 
18-24. Their daily use averaged 76 minutes on the platform. 
Respondents aged 25-34, aged 35-44, and aged 45-54 spent 
most time on TikTok with an average of 50 minutes, 47 min-
utes, and 45 minutes, respectively. However, for respondents 

aged 55 to 65, Facebook dominated with approximately 45 
minutes of daily usage.

In South Korea, the 2022 Teenager Media Use Survey Re-
port in Korea records that Korean teenagers’ average daily 
internet usage is approximately 8 hours, more than their daily 
average of 7.2 hours of sleep. Today, the internet has consumed 
teenagers’ daily lives, especially KakaoTalk and Instagram.

According to the American Academy of Pediatrics (AAP),32 
teens frequently say that social media helps keep them con-
nected to friends and family. This paper also found that teenage 
females tend to consider communication as more important 
than their male counterparts. Perhaps because of this, there 
are more female social media users than males. Therefore, this 
review article suggests that the government and other com-
panies should devise programs to improve female students' 
relationships.

This study55 showed that gender is a large factor in smart-
phone overdependence, game addiction, and SNS addiction. 
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Figure 1: Average time spent on selected social media platforms daily among 
adults in the United States in February 2024, by age group (in minutes). 
Among all the age groupings, age 18-24 showed the highest average time 
spent using social media. (Created in Canva).

Figure 2: This table illustrates the favored social media platforms of various 
age groups. TikTok was most popular among teenagers and young adults aged 
18-24. (Created in Canva).
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The male students showed a higher tendency towards game 
addiction than their female counterparts. However, female 
students were more vulnerable to smartphone overdependence 
and SNS addiction than their male peers. In addition, this 
study showed that females with depression are more likely to 
become addicted to SNS than males struggling with depres-
sion.

2. The condition of adolescents' SNS overdependence:
This article3 covers the condition of adolescents’ SNS over-

dependence through the Korea Ministry of Science and ICT 
and statistical data of the Korea National Information Society 
Agency (NIA), from September to November of 2023.

The Korea Ministry of Science and ICT and the Korea Na-
tional Information Society Agency (NIA) collected data to 
prevent smartphone overdependence and find effective policy 
solutions. In 2023, researchers conducted 1000 South Kore-
an household visits, surveying smartphone users aged 3-69. 
The collected data results are in Table 1. Table 1 shows the 
percentage of smartphone over-dependence risk groups in 
children aged 3 to 9, adolescents aged 10 to 19, adults aged 20 
to 59, and older adults aged 60 to 69 from 2019 to 2023.

In 2019, the percentage of over-dependence risk groups 
was 22.9%. A 30.2% risk for smartphone over-dependence 
was shown in adolescents. In adulthood, the risk decreased to 
18.8%, and shrunk further to 14.9% for those aged 60 to 69.

In 2023, the percentage of over-dependence risk groups in 
childhood was 25.0%. Adolescence was 40.1%, adulthood was 
22.7%, and for those over 60, 13.5%. Adolescents’ smartphone 
over-dependence was the highest among the age groups. In 
the last 5 years (2019-2023), the percentage of adolescents' 
smartphone over-dependence has increased by 32.7%.3 4 of 
10 Korean adolescents are in danger of over-dependence.

The three factors of smartphone over-dependence are 
self-control failure, resilience, and serious consequences. The 
result and scale of smartphone over-dependence are extracted 
from these three factors.3

First, self-control failure. Self-control failure means the 
users’ control ability decreases due to smartphone usage com-
pared to users’ subjective goals.

Second is salience. Salience means that within one’s life, 
using smartphones becomes one’s most important and prom-
inent activity.

The last is serious consequences. This refers to consistent 
smartphone usage despite the user’s experience of negative 
physical, psychological, and social consequences.3

Each factor was rated on a scale of 4 points for prevalence in 
the adolescent over-dependence risk group. Self-control fail-
ure scored highest with 3.03, while salience was the second 
most prevalent (score 2.84), and serious consequences were 
lowest (score 2.44).

On the other hand, the general adolescent user group expe-
rienced self-control failure (score 2.10), salience (score 1.87), 
and serious consequences (score 1.72). Both groups showed 
that self-control failure was high for smartphone usage.

This NIA research concluded that excessive smartphone us-
age increases salience and decreases self-control ability, leading 
to serious consequences. This study35 showed that social grati-
fication and social media self-control failure (SMSCF) are two 
important mechanisms through which SNS use affects emo-
tional health. Users may also experience negative emotions 
due to their internal failure to utilize self-control in regards to 
social media. The study illustrated that insufficient self-con-
trol in SNS use is closely associated with Facebook addiction 
and smartphone addiction. Another study found that users 
with low self-control tend to be attracted to friend-network-
ing SNS, but not SNS with an entertainment and information 
sharing focus.33 Other studies have shown that using SNS late 
at night is positively associated with sleep depletion, indicating 
a failure of self-control in using SNS during rest time.33

This study showed that self-control ability is the most im-
pactful factor in adolescents’ SNS overdependence.

3. The relationship between SNS overdependence and ego
identity:

Adolescents are in the process of forming an ego identity, 
in other words, a concept of who they are and their place in 
society. This individuality is often found through a crisis of 
role confusion.36

Erikson37 viewed ego identity as a continually improving 
sense of oneself, rather than a calcified social reality. Ego iden-
tity is not changed by external status, but through a gradual 
development of confidence in one’s abilities to eventually ar-
rive at internal homogeneity and continuity.

Waterman38 defined ego identity as a clear concept of one-
self, decisions about life goals, values, and beliefs, practical 
actions to carry out those decisions, degree of self-acceptance, 
a sense of one's own uniqueness, the exploration of several po-
tential identities, and confidence in one's future. Weinreich39 

Table 1: 2019-2023 Recent 5 Years Smartphone Over-dependence Risk 
Ratio.
 Resource: The Report of 2023 The Condition of Smartphone Over-
dependence from Korea National Information Society Agency (NIA).
Within the years 2019 to 2023, adolescents aged 10-19 showed the highest 
smartphone over-dependence among the age groups in each year 2019 to 
2023. (Created in Canva).
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sion was positively associated with the severity of PI/EA and 
IA. The results demonstrated that the severity of self-identity 
confusion was related to the severity of IA, either directly or 
indirectly. The indirect relationship was mediated by the sever-
ity of PI/EA. This research suggests that early detection and 
intervention of self-identity confusion and PI/EA should be 
the objectives for programs aiming to lower the risk of IA.

•	 The mediating effect of ego identity in the relationship
between depression and aggression due to SNS overde-
pendence:

Adolescents’ smartphone dependence has a high positive re-
lationship with depression and other behavioral issues such as 
aggression. This study48-50 also demonstrated a negative rela-
tionship between depression and aggression.

In this study,51 adolescents' smartphone dependence affects 
depression, aggression, and ego identity was a mediating effect. 
The degree of depression and aggression in Korean adolescents 
who have high ego identity has been analyzed to be low de-
pression and aggression so which shows a positive factor for 
adolescents.

Summarizing preceding research, Figure 3 shows the rela-
tionship between SNS overdependence and adolescents' ego 
identity.

� Conclusion
Through preceding research on the media usage of teen-

agers, studies conclude that the purpose of using SNS is to 
communicate with loved ones. In other words, teenagers highly 
prioritize communication in the digital world.

Also, SNS overdependence status reports show that teen-
agers’ SNS overdependence is increasing, especially among 
teenage girls. Today, governments and other organizations are 
seeking several solutions to the issue of SNS overdependence. 
Governmental approaches to mitigating the digital addiction 
of minors have drastically different. For example, Australia’s 
Kennedys law,52 new legislation passed in 2024, prohibits 
children under 16 from using social media without verified 
parental consent. In the UK, ‘The Online Safety Act,’ set to 

defined it as a self-understanding reached through reflection 
about one’s past, present, and future.

The concept of ego identity by Erikson36 suggests that 
it’s the answer to the question ‘Who am I?’. This constant 
self-evaluation is an essential component of maintaining a 
healthy personality.27 If this ego identity cannot form, life de-
velopment will be delayed, and negative symptoms such as low 
self-esteem and addiction will develop.40 Studies have demon-
strated a negative relationship between SNS addiction (similar 
to internet addiction or smartphone addiction) and ego 
iden-tity.41-43

•	 SNS activity has a positive effect on ego identity:
Early adolescents require psychological time and space to

face the task of identity formation. The smartphone space of-
fers numerous possibilities to try out various selves.

Through SNS, adolescents can express themselves and com-
municate actively, utilizing texts, pictures, emoticons, and avatar 
nicknames. This paper showed that teenagers’ immersion in 
smart devices has a positive effect on online communication. 
Within the virtual space, adolescents are able to engage in de-
bates and emotional communication that they would not be 
comfortable with in “reality.” This study52 revealed a positive 
effect of online communication on one’s ego identity.

This study53 also showed that social media platforms can 
allow the sharing of one’s interests and activities, through text, 
videos, and images. This type of personal sharing on social me-
dia, especially as an authentic form of self-expression, can help 
teenagers better understand who they are. It concludes that 
social media can help to build Identity, Self-Expression, and 
Self-Affirmation.

•	 SNS overdependence has a negative effect on ego iden-
tity:

Middle school students plagued by internet addiction do 
not fully form an ego identity.44 The communication addiction 
group possesses a low ego identity compared to the normal 
group.42

This study45 shows that South Korean students' internet 
addiction has a significant impact on ego identity. There is 
a negative relationship between internet addiction and sub-
factors of ego identity, such as Self Receptiveness, Future 
Certainty, Goal Orientation, Proactive Personality, and In-
timacy. According to preceding research from the U.S.,17 the 
past experiences and behavior of users, and their ego-identities 
are important prediction factors in SNS usage. Also, ego iden-
tity and belongingness are highly impactful on the tendency 
towards SNS addiction.

This study46 shows the degree of ego identity followed by 
excessive immersion in smart media. This study found that ad-
olescents with excessive immersion in smart media show low 
ego identity.

This study47 aims to examine the relationship between 
self-identity confusion and Internet addiction (IA) and the 
mediating effects of psychological inflexibility and experi-
ential avoidance (PI/EA) indicators in college students. The 
researcher included that the severity of self-identity confu-
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Figure 3: Summarizing preceding research, Figure 3 shows ‘The 
Relationship Between SNS Overdependence and Adolescents' Ego Identity’. 
SNS Overdependence has a high positive relationship with depression and 
aggression. In turn, this depression and aggression can have a mediating effect 
on ego identity. (Created in Canva).

ijhighschoolresearch.org



	 165	

Effects of Depression and Self-Esteem, Chonnam National Uni-
versity Graduate School, 2022. 
https://www.riss.kr/link?id=T16495181

6. Park, Y.-S. Influence of Adolescents' Smartphone Dependency on 
the Aggression Mediated by Depression. The Correction Welfare 
Society of Korea 2018, 55, 23–48. 
https://doi.org/10.35422/cwsk.2018.55.2.

7. Shin, E. Current status of smartphone usage and addiction among 
adolescents: Focusing on the body and mental health. RISS. 
https://www.riss.kr/link?id=T13317064

8. Kim, B.-N. Effect of Smartphone Addiction on Youth’s Social De-
velopment. The Journal of the Korea Contents Association 2013, 
13 (4), 208–217. https://doi.org/10.5392/jkca.2013.13.04.208.

9. Jo, S. The Relationship between Smartphone Addiction and 
Self-Esteem, Impulsiveness, and Sociability among High School 
Students. Domestic Master's thesis Sogang University, 2012, 
https://www.riss.kr/link?id=T12897811

10. Hyeonok, S.; Choi, S.-Y; Park, A.-C. A Structure Model Analysis 
between a Family Environment, Perceived Social Support, Self-Ef-
ficacy, and Ego-Identity of Adolescents. Korean Journal of Youth 
Studies 2010, 17 (2), 109–129. 
https://www.riss.kr/link?id=A104557920

11. Ellison, N. B., Heino, R., & Gibbs, J. (2006). Managing Im-
pressions Online:- 97 Self-Presentation Processes in the Online 
Dating Environment. Journal of Computer-Mediated Communi-
cation, 11(2), 415-441.

12. Seong-ho, L.(2020). The Effects of Adolescents' Smartphone 
Dependency on Depression and Aggression: Focusing on the Me-
diating Effect of Self-Identity. Seoul Cyber University. 
https://www.riss.kr/link?id=T15624099

13. Oh, Y.-K. (2012). The Relationship Between SNS Addiction Ten-
dency and Loneliness, Depression, Interpersonal Relationships, 
and Social Support. Master's Thesis, Korea Counseling Graduate 
School.

14. Koc, M., & Gulyagci, S. (2013). Facebook Addiction Among 
Turkish College Students: The Role of Psychological Health, De-
mographic, and Usage Characteristics. Cyber psychology, Behavior, 
and Social Networking, 16(4), 279-284.

15. Spraggins, A. (2009). Problematic use of online social networking 
sites for college students: Prevalence, Predictors, and association 
with well-being. Ph.D. University of Florida.

16. Wan, C. (2009). Gratifications & Loneliness as Predictors of 
Campus-SNS Websites Addiction & Usage Pattern among Chi-
nese College Students. The Chinese University of Hong Kong.

17. Pelling, E. L. & White, K. M. (2009). The theory of planned be-
havior applied to young people’s use of social networking websites. 
Cyberpsychology, Behavior, and Social Networking, 12(6), 755-759

18. Choi S.-J; Lee J.-H. Constructing Media Rhythm Indices: Ap-
plication of Post-TV Media Platforms. Journal of Communication 
Research. 2022, 59 (1), 139–184. 
https://doi.org/10.22174/jcr.2022.59.1.139.

19. 2019 Survey on Smartphone Overdependence, Available online: 
https://www.nia.or.kr/site/nia_kor/ex/bbs/View.do?cbIdx-
=65914&bcIdx=21939&parent Seq=21939

20. 2020 Survey on Smartphone Overdependence, Available online: 
https://www.nia.or.kr/site/nia_kor/ex/bbs/View.do?cbIdx-
=65914&bcIdx=23109&parent Seq=23109

21. 2021 Survey on Smartphone Overdependence, Available online: 
https://www.nia.or.kr/site/nia_kor/ex/bbs/View.do?cbIdx-
=65914&bcIdx=24288&parent Seq=24288

22. 2022 Survey on Smartphone Overdependence, Available online: 
https://www.nia.or.kr/site/nia_kor/ex/bbs/View.do?cbIdx-
=65914&bcIdx=25356&parent Seq=25356

be fully implemented in 2025, enhances the protective frame-
work by imposing a duty of care on online platforms to shield 
children from harmful content and interactions. Within the 
U.S., in 2024, California passed legislation to impose robust 
requirements on businesses offering online services likely to be 
accessed by children under 18.

But as these papers have shown, adolescents utilize SNS not 
only as a tool for communication, but also as an important 
way of performing and developing an identity. Put altogether, 
applying the benefits of using SNS, such as self-expression on 
SNS, forming a healthy culture among adolescents, and be-
longingness from communicating well, SNS overdependence 
prevention programs should be developed. This study53 ana-
lyzed 13 research papers about the intervention methods of 
smartphone addiction. The results show that art therapy was 
found in 6 research papers (37.5%), exercise therapy in four 
research papers (25.0%), and cognitive behavior therapy in 
three research papers (18.6%). Future SNS overdependence 
prevention programs should include art therapy, as it has been 
demonstrated to mitigate SNS overdependence in adolescents. 
To maximize the function of communication, not only the gov-
ernment, but also companies should develop some programs or 
campaigns that can prevent SNS overdependence and rein-
force belongingness and communication among friends.

The hypothetical research model proposed in this study—
formulated to explain the causal relationships among 
adolescents’ SNS overdependence, ego identity, aggression, and 
depression based on prior research and theoretical consider-
ations—requires evaluation of its statistical adequacy through 
future empirical data collection.

Given that all variables within the model represent latent 
constructs and considering the importance of measurement 
validity and reliability, it is essential to employ statistical anal-
ysis methods based on structural equation modeling (SEM), 
which has been increasingly adopted in contemporary social 
science research.
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