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RESEARCH ARTICLE

MRI-based Diagnosis of Alzheimer’s Disease using Deep 
Learning with CycleGAN for Data Augmentation  

Ahmed Badr Shaker Hammam Badr  
Gharbiya STEM School, El Galaa Tanta , El Gharbiya, Egypt; ahmed.badr162003@gmail.com 

ABSTRACT: Alzheimer’s disease is a progressive disease-causing deterioration of neurons in the brain, leading to dementia and 
eventually death. Diagnosis of Alzheimer’s conventionally consists of a combination of neuropsychological tests and laboratory 
tests, and clinical diagnosis accuracy lies at around 77%, As Alzheimer’s is associated with loss in brain mass, which can be 
discerned from MRI scans, it is a suitable task for deep learning and computer vision. An accurate and efficient machine learning 
model could be of great assistance to physicians as it could reinforce their diagnoses. However, deep learning typically requires large 
amounts of data, and medical data is often scarce. A recent breakthrough in machine learning, the generative adversarial network 
(GAN), allows for generation of realistic images, providing a potential solution to the lack of data. In this study, I constructed 
ResNet50-based convolutional neural networks to perform Alzheimer’s disease classification using MRI scans, achieving an 
F-1 score of 89%. Furthermore, by generating samples using CycleGAN, I demonstrated that GANs can significantly improve
classification accuracy when used for data augmentation, achieving an F-1 score of 95%.

KEYWORDS: Alzheimer’s Disease; MRI; CycleGAN; Data Augmentation. 

� Introduction
Background:
Alzheimer’s disease (AD) is a progressive disease character-

ized by the loss of cognitive ability and  is the sixth leading 
cause of death in the United States. The progression can be 
categorized by severity, consisting of mild, moderate, and severe 
AD. These stages are typically classified and diagnosed based 
on a variety of factors, including cognitive tests, interviews with 
family members, and laboratory tests. Early diagnosis of AD is 
critical, as it can greatly improve patients’ quality of life and in 
some cases halt or slow the rate of progression. According to a 
study conducted by Beach et. al. in 2012, there was wide vari-
ation in AD diagnosis accuracy, but the overall accuracy was 
77%.¹ This is far from perfect, as many AD cases are misdi-
agnosed, with a low true negative rate. This raises the demand 
for a computer assisted tool to reinforce physicians’ diagnoses.

As AD causes the breakdown and death of neurons, these 
changes in brain mass can be observed through technology 
such as magnetic resonance imaging (MRI), computerized 
tomography (CT), and positron emission tomography (PET). 
These scans are suitable for computer vision and deep learn-
ing algorithms, particularly in image classification. Recent 
advancements in machine learning, such as the convolutional 
neural network (CNN), have achieved results in classification 
that outperform humans in some cases.² Diagnosis of AD 
using machine learning can serve as a powerful tool for physi-
cians, supplying an additional metric for diagnosis.

Convolutional neural networks typically require large data-
sets to perform effectively. However, medical data is often 
scarce and limited in size. This is largely due to the high stan-
dards of consistency and organization required for medical 
data, and the cost and time required for data collection. For 
example, the ADNI dataset, one of the largest datasets created 
for Alzheimer’s disease neuroimaging, only consisted of 800 

individuals. As a result, the lack of data in medical imaging is 
a prominent obstacle preventing more widespread use of ma-
chine learning.

This raises a demand for data augmentation techniques to 
improve medical machine learning models. One recently intro-
duced technique is the generative adversarial network (GAN), 
one of the most influential milestones in machine learning.³ By 
having two neural networks, a generator, and a discriminator, 
compete against each other, GANs achieve promising results 
in image generation, super resolution, and data augmentation, 
among many other applications. 

The lack of large amounts of medical data leads to signif-
icant potential for the use of GANs for data augmentation. 
Using a relatively small dataset, GANs can generate similar 
but original images, as opposed to image modifications used 
in classical data augmentation. In this study, I investigate the 
potential for using deep learning in Alzheimer’s disease clas-
sification by creating a convolutional neural network model. I 
also test the feasibility of using GANs for data augmentation, 
specifically using the CycleGAN architecture.
� Literature Review
Convolutional Neural Networks:
A convolutional neural network (CNN) is a type of neural 

network that specializes in dealing with pattern recognition 
in images. Input usually consists of a three-dimensional array 
containing width, height, and the pixel values in the image. A 
diagram of the architecture of a convolutional neural network 
is shown in Figure 1.

CNNs use layers of convolutions, where a filter or kernel is 
used to create a feature map, allowing the network to sample 
context within each frame as neighboring pixels are included. 
These feature maps allow the model to detect low level features 
within regions. Pooling layers are also added, which create sub-
samples of the previous layer. In classification tasks, a standard 
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fully connected feed forward neural network is commonly 
applied to the flattened final feature map output by the con-
volutional layers.

Transfer Learning:
A common method of training image classification networks 

is through transfer learning, which is the process of using 
pretrained models to operate on a different task, essentially 
transferring the knowledge stored in the original network. 
Common pretrained models include VGG, Inception, or 
ResNet, all of which have performed well on datasets such 
as ImageNet.⁵ Transfer learning can often allow for quicker 
training times along with high accuracy and is also less prone 
to overfitting.

Generative Adversarial Networks:
Generative adversarial networks were first proposed in 2014 

by Ian Goodfellow.⁶ The paper suggests the simultaneous 
training of two adversarial networks in the style of a zero-sum 
minimax game. The goal of the generator is to create images 
that trick the discriminator into classifying them as real and 
does so by taking in random noise and up sampling it through 
convolutional layers. In contrast, the goal of the discriminator 
is to correctly classify what is fake data from the generator and 
what is real data from the training set. This is also usually done
through a convolutional neural network, returning a probability 
that the image is real.

Loss = Ex[log(D(x))] + Ez[log(1 − D(G(z)))] 
The discriminator attempts to maximize D(x), which is the 

likelihood of a correct sample being classified correctly. The 
generator wants D(G(z)), the likelihood of the discriminator 
classifying its generated image as real, to be as high as possible, 
and thus wants to minimize 1-D(G(z)). This means that 
the desired G will be minimized, and the desired D will be 
maximized. During each training iteration, the discriminator 
is updated through gradient ascent in order to maximize the 
loss function, and the generator is then updated through 
gradient descent. 

CycleGAN:
Zhu et al. proposed a cycle consistent GAN network that 

allows for unpaired image to image translation.⁷

Consisting of two generators and two discriminators, Cycle-
GAN allows for discriminatory verification in both directions. 
Standard GAN loss is used to determine the realistic-ness of 
the generated images by comparing the generated image with 
a real image in the other domain. To ensure that the trans-
formations are cycle consistent, cycle consistency loss is also 
introduced. When an image is passed through both generators, 
the resulting image is compared with the original image, as 
shown in Figure 4. Using the loss functions together essential-
ly allows the generators to learn a spatial transformation from 
one class to the other.

The generators G and F learn the spatial mappings from X 
to Y and vice versa, and are verified by discriminators Dy and 
Dx. CycleGAN has been applied to topics such as style trans-
fer and object transfiguration and produces impressive realistic 
results.

Data Augmentation:
As stated before, GANs have great potential in data 

augmentation. Traditional data warping augmentation consists 
of techniques such as geometric transformations, filters, and 
random erasing.¹⁰ This can reduce overfitting and improve 
accuracy. In contrast, GANs are a method of oversampling, 
as they are able to extrapolate beyond the training set to 
generate synthetic data, rather than solely modifying existing 
data within the training set. This is substantially useful in 
fields lacking large amounts of data, such  as in medicine. 
One instance of GANs being used in augmentation is a study 
conducted by Frid-Adar et al. proposing the use of synthetic 
images in liver lesion classification.¹¹ GAN generated data was 
used with a CNN for image classification on a dataset of size 
182. Standard DA techniques resulted in 78.6% sensitivity and 
88.4% specificity, while the addition of GAN synthesized data 
yielded 85.7% sensitivity and 92.4%.

Figure 1: CNN Architecture. Adapted from Buetti-Dinh et al.4 

Figure 2: The GAN uses the following loss function, where x represents 
real samples and z represents generated samples. 

Figure 3: CycleGAN architecture. Adapted from Goodfellow et al.8 

Figure 4: CycleGAN Loss. Adapted from Hosseini-Asl.9 
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from using different model architectures and displays the sig-
nificance of using GAN augmentation. Section 4 and 5 report 
conclusions and future work respectively.
�   Methodology
Figure 5 outlines the model pipeline, consisting of dataset 

acquisition, preprocessing (including GAN augmentation), 
and classification using a CNN.

Data Acquisition:
Data used in the preparation of this article were obtained 

from the Institute for Information & Communications Tech-
nology Promotion (IITP) database. The primary goal of ADNI 
has been to test whether serial magnetic resonance imaging 
(MRI), positron emission tomography (PET), other biolog-
ical markers, and clinical and neuropsychological assessment 
can be combined to measure the progression of mild cognitive 
impairment (MCI) and early Alzheimer’s disease (AD). The 
specific dataset used for training was the ADNI1 standardized 
MRI dataset, categorized by severity: AD, MCI, and normal 
cognition (NC). For the purposes of this study, I trained a net-
work to classify between AD and NC. The dataset contained 
705 samples labeled as NC and 476 samples labeled as AD.

Data Preprocessing:
The data was stored in NIFTI files, which were converted 

into three dimensional NumPy arrays using nibabel. A csv file 
containing information about the scans, patients, and ground 
truth diagnosis labels was also downloaded from the ADNI 
database. As the NIFTI image data is three-dimensional, 
slicing was required to prepare samples for training. To capture 
as much information from the original image, I extract three 
slices, one each from the axial, coronal, and sagittal orientations. 
The slices are taken by retrieving the midpoint of each axis 
length and were resized to 224 x 224.

Two different methods of preprocessing were considered 
and tested:

Skull stripping was applied, which is the process of removing 
the skull from the MRI images. This isolates the brain tissue, 
allowing for more consistency among samples. This was done 
using the Extractor function from the deep brain library.

RAS + ISO transforms, and histogram normalization were 
performed using the TorchIO library.¹⁹ These transforms 
change the orientation of the MRI image to also improve 
consistency.

GAN based Data Augmentation:
I constructed the CycleGAN models using the implementa-

tion from.⁷ The model architecture is shown in Figure 6. 
The model consists of two generators, where one is trained 

to convert NC samples to AD samples and the other is trained 
to convert AD samples to NC samples. During training, a real 
NC image is passed through the first generator, and the result-
ing fake AD image is compared with a separate real AD 

Alzheimer’s and Machine Learning:
As MRI scans are an important aspect of the diagnosis 

of Alzheimer’s, there exists substantial literature regarding 
machine learning methods. The most common model is a 
convolutional neural network, as they are ideal for image pro-
cessing. Farooq et al. used a four-way CNN classifier between 
the following classes: normal cognition (NC), early mild cog-
nitive impairment (MCI), late mild cognitive impairment, and 
Alzheimer’s disease (AD).¹² The model was trained on the 
Alzheimer’s disease Neuroimaging Initiative (ADNI) dataset. 
The only data augmentation performed was flipping images 
due to the symmetrical nature of MRIs, and specific slices 
were selected to exclude those without gray matter informa-
tion. The proposed network based on GoogLeNet and ResNet 
outperformed other studies done on the same dataset, with  
about 98% accuracy. Hosseini-Asl et al. used a deeply adap-
tive 3D convolutional neural network (DSA 3D-CNN) on 
the CADDementia dataset, which could then be generalized 
to the ADNI dataset, which they used for validation.¹³ The 
model achieved a 94.8% accuracy in task specific classification. 
Glotzman et al. proposed a network of 2D CNNs, applied to 
three images extracted from each sample in the ADNI data-
set.¹⁴ This allowed for the use of two dimensional CNNs on 
a three-dimensional dataset while preserving features. Both 
MRI scans and PET scans were used, and both two-way clas-
sification (NC vs AD) and three-way classification (NC vs 
MCI vs AD) were tested. Two-way classification with PET-
AV 45 scans performed the best, with 83% accuracy.

There have been relatively few applications of generative 
adversarial networks in classifying AD. A study by Bowles et 
al. used GANs to model the progression of the disease using 
MRI data.¹⁵ Using image arithmetic, the model could predict 
changes in the brain over time and results were comparable 
to longitudinal examination data. Another study conducted 
by Pan et al. used GANs to synthesize PET scans from MRI 
scans in order to fill in gaps in data as many AD patients do 
not have both due to the high cost of PET scans.¹⁶ A cycle 
consistent generative adversarial network was used as the first 
step, which was used in order to learn mappings between the 
two image domains. The features are then fed into a landmark 
based multimodal multi-instance learning classifier for diag-
nosis. Kim et al. conducted a feasibility study on using GANs 
for slice selective learning on PET scans.¹⁷ Using a BEGAN, 
they showed that double slices over the posterior cingulate 
cortex achieves the best performance, and that two slices per-
formed significantly better than using one slice.

It is also important to consider the practical applications of 
machine learning in AD diagnosis. A survey conducted by R. 
Bryan on applying machine learning to AD diagnosis notes 
that machine learning models are biased by the original popu-
lation, as it is limited to the dataset that it was trained upon.¹⁸ 
The overall conclusion reached was that although it is unlikely 
that machine learning models can replace the skills of radiol-
ogists, they can serve as useful tools to complement human 
skills.

The remainder of this paper is organized as follows. Section 
2 describes the methodology and pipeline for model construc-
tion. Section 3 presents and discusses the results obtained 

Figure 5: Overview of the model pipeline.
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image through the discriminator, computing GAN loss. The 
loss equation, as displayed in equation (1), is the same as the 
one proposed in the original GAN paper.³ G represents the 
generator, DY represents the discriminator for AD samples, x 
represents a real NC image, and y represents a real AD image.
(1)   

LGAN(G,DY,X,Y)=Ey∼pdata(y)[logDY(y)]+Ex∼pdata(x)[log(1−
DY (G(x)))

This process is repeated, starting with a real AD image, 
resulting in another GAN loss, represented in equation (2) F 
represents the generator, Dx represents the discriminator for 
NC samples, x represents a real NC image, and y represents a 
real AD image.
(2)

LGAN(G,Dx,X,Y)=Ex∼pdata(x)[logDx(x)]+Ey∼pdata(x)[log(1−
Dx (F(y)))

The fake images are also passed through the second generator, 
returning a reconstructed version of the original image. Cycle 
consistency loss is computed by summing the losses from 
comparing the original NC image x with its reconstructed 
image F(G(x)) and comparing the original AD image y its 
reconstructed image G(F(y)). This is represented in equation 
(3), adapted from.⁷
(3)

Lcys(G,F)=Ex∼pdata(x)[||F(G(x)−x||1]+Ey∼pdata(y)[||G(F(y) 
−y||1]

The overall loss function incorporates both GAN losses and 
the cycle consistency loss and is represented in equation (4). λ 
is a constant representing how much weight is placed on the 
cycle consistency loss, and λ= 10 is used. The objective of this 
loss function is to minimize G and F , which represent loss for 
the two generators, and maximize Dx and Dy, which are the 
two discriminators.
(4)

L(G,F ,Dx,Dy)=LGAN(G,DY,X,Y)+LGAN(F ,Dx,Y,X)+ 
λLcys(G,F)

The generator is based on the ResNet architecture, and 
consists of down sampling,⁹ residual blocks, and up sampling. 
Instance normalization and reflection padding is used as 
described in.⁷ The tanh activation function is used in its last 
layer to scale the output image between -1 and 1. The generator 
architecture is shown in Figure 7.

The discriminator is a CNN using PatchGANs, which 
classify whether an image is real, or fake based on patches. This 
decreases the number of parameters needed and is effective for 
images with high resolutions. The model also uses LeakyReLU 

Figure 6: CycleGAN Architecture.

as its activation function and utilizes instance normalization. 
The discriminator architecture is shown in Figure 8.

The original dataset was split according to the label and 
randomly paired. Three individual Cycle- GAN models were 
created, where each one was trained on data from a different 
MRI slice. Each model used the Adam optimizer with a 
learning rate of 2e-4 and were trained for 100 epochs with a 
batch size of 1, as specified in the CycleGAN paper.

The trained model was used to generate sufficient samples to 
create a balanced dataset. An AD version of each NC sample 
was generated and vice versa. A total of 705 AD samples and 
476 NC samples of each orientation were generated, for a total 
of 1181 images of each class, as shown in Table 1.

Convolutional Neural Network Classifier:
I used a transfer learning approach to create the model 

architecture as it would save training time and is generally 
effective when datasets are small. I used the ResNet50 
convolutional neural network (CNN) as our pretrained model, 
as shown in Figure 9.

The pretrained ResNet50 architecture takes in 3-channel 
RGB images while the MRI scans are grayscale. To match the 
network, the one channel images were transformed to three 
channels by stacking the tensor three times across dimension 

Figure 7: CycleGAN Generator Architecture.

Figure 8: CycleGAN Discriminator Architecture.

Table 1: Dataset sizes after GAN augmentation.

Figure 9: ResNet50 Architecture. Adapted from.20

ijhighschoolresearch.org
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0. The last layer was also modified to become a binary 
classifier. I used a modified CNN with multiple inputs in order 
to better encapsulate volumetric data. The model architecture 
consists of three ResNet50 CNN models, where outputs from 
each individual CNN are concatenated and passed through 
fully connected layers, which returns the diagnosis group. The 
model architecture is shown in Figure 10.

The neural network was fine-tuned using the Adam optimizer 
with a learning rate of 1 e-4 and trained for 50 epochs with 
a batch size of 32. A training, validation, and testing split of 
80%-10%-10% was used.

Model Evaluation:

�   Results and Discussion
Comparison of Preprocessing Methods:
Two methods of preprocessing were tested, skull stripping 

and TorchIO transforms. Figure 11 displays the resulting 
images after applying preprocessing.

Table 2 compares the results from applying different meth-
ods of preprocessing on the three input ResNet50 networks as 
shown in Figure 6. The different transforms were not compati-
ble with each other, so results were obtained separately.

The model utilizing TorchIO transforms improved upon 
the unmodified model, increasing the F1 score from 86.3% 
to 87.5%. However, the model utilizing skull stripping out-
performed both models. This is likely because it improves the 
consistency among samples in the dataset, which makes it eas-
ier for the model to extract important features. The model with 
skull stripping was kept for the remainder of the study.

CycleGAN Generation Results:
Examples of CycleGAN generated images are shown in 

Figure 12.

By observation, the synthesized Alzheimer’s sample displays 
more dark space throughout the brain when compared to the 
normal sample that it was transformed from, which is an indi-
cation of loss of brain mass and a characteristic of Alzheimer’s 
disease. On the contrary, the synthesized normal sample on the 
bottom right has much less dark space. While the quality of 
our synthetic images has not been verified by experts, they ex-
hibit many characteristics of real MRI images.

Comparison with GAN Augmentation:
When using CycleGAN for augmentation, an additional 

705 AD samples and 476 NC samples of each orientation 
were generated, for a total of 1181 images of each class. Table 
3 shows that there was a substantial increase in performance to 
the CNN model when GAN augmentation is applied. The F1 
score for the ResNet50 model increased from 0.863 to 0.946, 
an 9.6% increase. The F1 score for the ResNet50 using skull 
stripping increased from 0.891 to 0.951, an 6.7% increase.

These results indicate that the addition of CycleGAN 
improves CNN classification performance. From this, it is rea-
sonable to infer that the synthesized images had meaningful 
features that benefited the model.The increased size and bal-
ance among classes in the CycleGAN augmented dataset are 
also factors that are potentially responsible for the increase in 

Figure 10: Proposed Multiple CNN architecture.

Figure 11: Normal sample (left) and Alzheimer’s sample (right). The 
original slices are displayed in the first column, the skull stripped samples are 
displayed in the second, and the TorchIO transformed samples are displayed 
in the third.

Table 2: Comparison of ResNet50 networks with different preprocessing.

Figure 12: CycleGAN image synthesis.

Table 3: Comparison of CNN models with GAN augmentation.
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performance. Overall, these results demonstrate the effective-
ness of GANs in data augmentation.

�   Conclusion
In this study, I constructed convolutional neural network 

models utilizing the ResNet50 architecture to diagnose 
Alzheimer’s disease using MRI scans, with variants using 
one input and three inputs. I also address the problem of size 
limitations in medical datasets with the use of generative 
adversarial networks (GANs). Using the ADNI1 dataset, I 
demonstrated that the addition of GANs can greatly improve 
deep learning classification accuracy for Alzheimer’s disease 
diagnosis. Specifically, I used CycleGAN to generate images of 
one class using the other, balancing the dataset and increasing 
its overall size. Our results show that classification accuracy 
improved substantially, with F1 scores increasing from 0.863 
to 0.946 for the standard model and 0.891 to 0.951 for the 
model utilizing skull stripping. Due to the lack of large datasets 
in many medical fields, the results obtained in this study can 
be generalized to many other fields as well. Overall, with 
promising results in data augmentation, GANs have potential 
to significantly improve upon classification tasks across a wide 
variety of applications.

Future Work:
a. Processing:
Upon inspection, the current methods of preprocessing 

yield some inconsistency between images, particularly in axial 
scans, due to subjects having slight variation in brain shape. 
In the future, other methods of preprocessing could be used 
to improve consistency across each slice taken. Software such 
as statistical parametric mapping could also be applied to 
perform preprocessing such as gray matter segmentation and 
modulation to reduce variation between images.

b. Intermediate Stages:
The current model serves to classify between MRI scans that 

either have or don’t have Alzheimer’s disease. The intermediate 
stage, mild cognitive impairment (MCI), could also be 
incorporated into the classifier. Augmented CycleGAN could 
be implemented to generate images of all three classes.

c. MRI and PET Fusion:
Diagnosis of Alzheimer’s Disease often uses both MRI 

scans and PET scans. In contrast to MRIs, which provide 
identification of abnormalities in the brain, PET scans can 
show areas of low metabolism, allowing for differentiation 
between Alzheimer’s and other types of dementia. Using a 
fused image with both scans in conjunction would contain 
more features and will likely improve classification accuracy.

d. External features:
A full Alzheimer’s disease diagnosis requires many elements 

other than neuroimaging, such as mental status tests and 
physical exams. Incorporating all of these elements would 
greatly improve the accuracy of a machine learning system.
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ABSTRACT: Neurodegenerative diseases (NDDs), including Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s 
Disease (HD), and Amyotrophic lateral sclerosis (ALS), are characterized by detrimental, chronic neuroinflammation primarily 
generated by the aberrant inflammatory response of microglia, the resident immune cells of the brain. The inflammatory signature 
of microglia is mediated by pro-inflammatory cytokines, including Interleukin 1beta (IL-1ß). Although upregulated IL-1ß is 
speculated to be a key component of microglia’s aberrant immune response in NDDs, the mechanisms causing IL-1ß upregulation 
are unclear; however, alterations in the microglial epigenetic profile are emerging as a possible contributor to increased IL-1ß. 
This review summarizes updated discoveries on the role of epigenetic alterations in influencing microglial IL-1ß pathways in 
NDDs. It specifically focuses on elucidating the impact of microRNAs, histone acetylation agents, histone methylation agents, 
and DNA methylation agents on the inflammatory profile of microglia. The findings summarized below emphasize epigenetics 
as a key component of neuroinflammation in NDDs and suggest that future therapeutic developments target the dysregulation 
of epigenetic agents in microglia.

KEYWORDS: Biomedical and Health Sciences; Genetics and Molecular Biology of Disease; Neurodegenerative Diseases; 
Microglia; Epigenetics; Interleukin 1-beta. 

�   Introduction
Pathology and Neuroinflammatory Signature:
Introduction to Neurodegenerative diseases :
Neurodegenerative diseases (NDDs) are chronic, progressive 

neurological disorders that inhibit or degrade normal cognitive 
and motor functions of the healthy brain.¹ Neurodegenerative 
diseases such as; Alzheimer’s Disease (AD), Amyotrophic later-
al sclerosis (ALS), Parkinson’s Disease (PD), and Huntington’s 
Disease (HD) are characterized by neuronal and synaptic loss, 
neuroinflammation, and consequential cognitive or motor de-
cline.² Although AD, ALS, PD, and HD progress in various 
brain regions and generate diverse clinical symptoms, they 
share some similarities in basic pathology and pathogenesis. 
They are classified as proteinopathies – abnormal intracellular 
or extracellular protein aggregation within specific central ner-
vous system (CNS) regions. ALS, for example, is characterized 
by intra-neuronal inclusions comprised of an accumulation of 
transactivation response DNA binding protein 43 (TDP-43), 
which affects the brain and spinal cord’s upper and lower mo-
tor regions, causing a loss of motor function.² PD, the second 
most common NDD worldwide, is characterized by the accu-
mulation of cytoplasmic Lewy bodies in the substantia nigra 
resulting from the aggregation of the protein α-synuclein. In 
HD, intranuclear inclusions of the protein huntingtin (HTT) 
appear throughout the striatum and cortex, resulting in pro-
gressive atrophy of these distinct regions of the brain.³ There 
are multiple risk factors for the development of neurodegener-
ative diseases, including hereditary genetic mutations, previous 
illness, and aging.⁴,⁵

The most common neurodegenerative disease worldwide 
is AD, accounting for an estimated 60-80% of all dementia 
cases.⁶ AD is uniformly characterized by the abnormal ag-

gregation of two proteins: amyloid-beta (Aß) and tau. As Aß 
accumulates in the extracellular matrix of the CNS, it is initial-
ly concentrated around the hippocampus and neocortex and 
gradually permeates other areas of the brain as the pathology 
progresses. Tau aggregates in intraneuronal inclusions in AD, 
forming neurofibrillary tangles that compromise neuronal 
function and lead to neuronal death.² These protein aggregates 
cause a progressive loss of memory and general cognitive func-
tion, making the disease the sixth leading cause of death in the 
United States.⁷

Microglia and Neuroinflammation :
The immune response in the CNS plays a crucial role in 

regulating the pathology and progression of neurodegenerative 
diseases. Specifically, microglia, the resident immune cells in the 
CNS, have been identified as an essential and complex compo-
nent of NDD progression.³ In the healthy brain, microglia are 
responsible for an extensive range of functions, including neu-
ronal monitoring, homeostasis, phagocytosis, and responding 
to invasion or injury.⁸,⁹ They are highly interactive with their 
extracellular surroundings, as exhibited by their high concen-
tration of membrane signal receptors and cellular processes. 
In response to a homeostatic shift in the brain parenchyma 
due to injury or invasion, microglia will assume an “activat-
ed” role characterized by functional, genotypic, and phenotypic 
changes.⁸ When activated, microglia typically polarize to an 
M1 state defined by the reduction of cellular processes, an en-
larged soma, a shifted transcriptome, and increased production 
of pro-inflammatory markers.⁹,¹⁰ These alterations primarily 
serve to kill off any invading specimens and provide a protec-
tive response to immune challenges in the brain; however, in 
NDDs and aging, this response is exacerbated, resulting in a 
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in the initial stages of AD development, microglia assume a 
predominately beneficial role in ameliorating AD pathology 
by surrounding Aß plaques to phagocytize the aggregated 
protein.¹⁰ However, microglial regulation is impaired as the 
disease progresses, resulting in chronic neuroinflammation and 
the detrimental upregulation of pro-inflammatory cytokines 
such as TNF-α, IL-1ß, IL-6, IL-8, IL-33, and more. This 
pro-inflammatory shift in microglial function contributes to 
neuronal death and neurodegeneration, which in turn further 
augments neuroinflammation, resulting in dangerous and in-
evitable cycles of disease progression.¹⁰,¹²

Epigenetic Alterations Impact Neurodegeneration:
Although it was previously determined that microglia 

undergo a pro-inflammatory shift in NDDs and aging, the 
mechanisms behind this phenomenon remain elusive.³,⁹-¹¹,¹³ 
Some researchers have begun studying age-related epigenetic 
modifications to elucidate a process that causes the aberrant 
microglial immune response commonly observed in 
neurodegenerative diseases.¹³ In recent years, the field of 
epigenetics has experienced a sharp increase in attention 
as groundbreaking studies reiterate the importance of 
epigenetic mechanisms in mediating genetic function and 
disease pathologies.¹³-¹⁵ The term epigenetics refers to the 
mechanisms that influence gene expression without altering or 
involving DNA sequences. These mechanisms include DNA 
methylation and histone modifications such as acetylation, 
methylation, phosphorylation, ubiquitination, and more. 
Another mechanism involves the use of microRNA or non-
coding RNA in silencing the mRNA expression of certain 
genes.¹³-¹⁵ These alterations have been implicated in many 
diseases, including cancers, autoimmune disorders, and more 
recently, neurodegenerative diseases.¹³,¹⁴ Indeed, aging was 
determined as the primary risk factor in developing AD, and 
multiple studies have linked aging with aberrant epigenetic 
regulation.⁵,¹⁶-¹⁸

In the case of neurodegenerative diseases like AD, epigenetic 
abnormalities are believed to impact disease pathology via 
altering the processes by which microglia produce and release 
specific pro-inflammatory cytokines in response to immune 
challenges.¹³ In many studies involving microglia, the bacterial 
immune challenge lipopolysaccharide (LPS) is used to activate 
microglia; however, in NDDs, immune challenges that activate 
microglia originate from the excess of protein aggregates that 
are abnormally accumulating throughout the CNS, including 
Aß, tau, α-synuclein, and TDP-43. Pro-inflammatory cytokines 
that are upregulated in activated microglia include those of 
the interleukin family, such as interleukin 1-Beta (IL-1ß), 
along with tumor necrosis factor-alpha (TNF-α), and many 
others.¹³ Increasing evidence has supported the argument that 
epigenetic alterations may contribute to the elevation of these 
cytokines seen in many NDDS.18 Although these potent 
cytokines have begun to be studied more in-depth, knowledge 
concerning the specific molecular mechanisms and pathways 
contributing to the production of IL-1ß at the epigenetic 
level must be elucidated to expand our understanding of the 
complex role of microglia in NDDs.

�   Discussion 
Epigenetic changes in IL-1ß pathways:
IL-1ß: Overview
While IL-1ß is a crucial contributor to neuroinflammato-

ry pathology seen in NDDs, it is also vital for an appropriate 
immune response of microglia in the healthy brain. It has even 
been found to have neuroprotective, tissue-remodeling, and re-
parative roles within the CNS.¹⁹ Indeed, in specific contexts, 
temporary neuroinflammation resulting from IL-1ß may be 
primarily beneficial in responding to immune challenges; 
however, IL-1ß is currently understood as having a neurotoxic, 
deleterious role in neurodegenerative diseases.¹²,¹⁹ For exam-
ple, the rapid induction of IL-1ß production was found to lead 
to neuronal damage and death, and additional clinical studies 
have identified increased IL1ß expression in the postmortem 
brain tissue of individuals with AD or PD.²⁰ This deleterious 
role is essentially a consequence of the aberrant increase in IL-
1ß production experienced in microglia in aging and NDDs, 
which results in chronic neuroinflammation.²¹

While some specific aspects of IL-1ß secretion re-
main unknown, scientists have elucidated a conventional, 
NLRP3-dependent two-step pathway for myeloid IL-1ß pro-
duction.²²,²³ Initially, a primary signal indicating an immune 
challenge (i.e., LPS) is received by a pattern recognition recep-
tor such as toll-like receptor 4 (TLR4), which then stimulates 
a cascade of processes that activate the nuclear factor kappa-b 
(NF-kB) complex. NF-kB will induce transcriptional activi-
ty to produce components of the NLRP3 inflammasome (i.e., 
the adapter apoptosis-associated speck-like protein containing 
a caspase recruitment domain (ASC) and the effector prote-
ase caspase-1), as well as pro-IL-1ß.²²,²⁴ Upon stimulation by 
a secondary signal (pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns (DAMPs)), 
the NLRP3 inflammasome will be activated and cleave pro-
IL-1ß via Caspase-1, thereby producing mature IL-1ß to be 
secreted by the cell.²² Like most neurological processes, IL-
1ß production in the CNS is not yet fully understood. For 
example, although the primary IL-1ß production pathway is 
dependent on NLRP3, the synthesis of the active Caspase-1 
that is necessary to cleave pro-IL-1ß can be performed by 
multiple inflammasomes, including NLRC4, NLRP6, AIM2, 
and NLRP1b.²⁵ Despite this, our current grasp provides valu-
able insight into the molecular mechanisms allowing for the 
IL1ß expression that is observed in NDDs, and recent find-
ings have implicated epigenetic changes as a driving factor of 
IL-1ß-mediated neuroinflammation in the CNS.

Acetylation:
Histone acetylation is the addition or removal of acetyl 

groups from lysine tails of histones to modulate alterations in 
chromatin folding. Histone acetyltransferases (HATs) loosen 
chromatin structures to create euchromatin, thus allowing 
transcription factors easier access to DNA binding regions 
and increased gene expression. By adding an acetyl group to 
lysine tails, the positive charge of histones is neutralized, and 
the attraction between histones and the negatively charged 
phosphate backbone of DNA is weakened.²⁶ Opposite from 
HATs, histone deacetylases (HDACs) remove acetyl groups 
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the IL1ß transcriptional start site, which correlated with de-
creased cognitive function in mice.³¹ SIRT1 upregulation has 
also demonstrated a neuroprotective role by deacetylating ly-
sine 310 on the RelA/p65 segment of NF-kB, resulting in the 
reduced production of pro-inflammatory cytokines activated 
by the NF-kB cascade, including IL-1ß.³²,³³

Despite the hope that HDAC inhibitors will be developed 
as a clinical treatment in NDDs, there remains uncertainty 
regarding their exact impacts on pro-inflammatory cytokines. 
For example, results suggesting the effectiveness of the 
comprehensive HDAC inhibitor Trichostatin A (TSA) in 
ameliorating NDD-associated neuroinflammation have varied 
among studies. A study by Hsing et al. demonstrated that TSA 
mitigated neuroinflammation and cognitive dysfunction in 
LPS-treated mice by reducing multiple pro-inflammatory cy-
tokines, including IL-1ß.³⁴ Another study observed a positive 
correlation between TSA and IL-1ß production in monocytes, 
and still, another indicated that TSA had no significant im-
pact on IL-1ß production.²⁹,³⁵ These varied outcomes indicate 
a flawed or incomplete understanding of the comprehensive 
role of HDACs in regulating IL-1ß production. In the future, 
elucidating this role should be a major focus to develop thera-
peutic options for treating neuroinflammation.

Along with that histone deacetylation, histone acetylation 
homeostasis is also impaired in neurodegenerative diseases. 
A global reduction of HATs in the diseased brain is associat-
ed with the irregular acetylation of specific proteins involved 
in neuroinflammation. While not widely observed in mi-
croglia, the reduction of acetyltransferases such as p300 and 
CBP was especially relevant in propagating neuronal loss 
via apoptosis induced by the activation of the inflammato-
ry protein caspase-6.³⁶ Along with regulating CBP/p300, 
caspase-6 is a mediator of NLRP3 inflammasome activation, 
and caspase-6-/- mice exhibited significantly reduced IL-1ß 
levels.³⁷ One study determined that the TTK210-mediat-
ed activation of p300 and CBP promoted neurogenesis and 
memory duration in mice models, suggesting that this ther-
apeutic target might help treat cognitive loss seen in aging 
and NDDs.³⁸ The underlying mechanisms causing acetylation 
dysregulation are not fully understood; however, many have 
looked towards age as a major risk factor. Peleg et al. demon-
strated the significance of aging in a study that suggested a role 
for age-related acetylation irregularities at histone 4 lysine 12 
(H4L12) in contributing to impaired memory consolidation 
in mice.³⁹

MicroRNAs:
MicroRNAs (miRNAs) are a family of non-coding RNA 

molecules that influence gene expression by assembling into 
an RNA-induced silencing complex (RISC). When mature 
miRNA assembles into a RISC, the complex will bind with 
the base pairs of target mRNA, allowing the RISC to inhib-
it gene expression by cleaving mRNA or repressing mRNA 
translation.⁴⁰ It was recently determined that miRNAs play an 
influential role in the CNS through the regulation of microg-
lial activation, and there is evidence to suggest that miRNA 
dysregulation in neurodegenerative diseases may contribute to 
chronic neuroinflammation and NDD pathology via the aber-
rant regulation of IL-1ß production in microglia.¹³ In a study 

from lysine residues to increase the charged attraction between 
positive histones and negative DNA strands, thus condensing 
chromatin structure into heterochromatin. This process 
inhibits transcription factors’ access to DNA binding regions 
and reduces gene expression. Both HATs and HDACs are 
crucial for mediating gene expression and, therefore, cellular 
protein synthesis. The HAT-HDAC equilibrium is vital in 
maintaining proper expression; a deficiency in either protein 
would offset the careful balance of histone acetylation, resulting 
in hyper- or hypo- acetylation of histones. Such a shift would 
have severe implications on cellular homeostasis.²⁷

The impairment of the HAT-HDAC equilibrium seen in 
some NDDs is primarily a consequence of irregular HDAC 
regulation. Certain HDACs, such as histone deacetylase 4 
(HDAC4), have been shown to impact IL-1ß pathways; 
however, the exact mechanism has not yet been elucidated.²⁸ 
Some evidence suggests that HDACs can result in the 
upregulation of pro-inflammatory proteins, including IL-
1ß, through a signaling cascade involving TLR4. Upon 
stimulating murine macrophages with LPS, a TLR4 agonist, 
IL1ß expression was reduced in cells treated with the 
HDAC inhibitor (HDACi) suberoylanilide hydroxamic acid 
(SAHA).²⁹ IL-1ß was also significantly reduced in LPS-
stimulated macrophages treated with the HDAC4-specific 
siRNA.29 These results indicate that the upregulation of 
HDACs – particularly HDAC 4 – may contribute to the 
sensitization of the TLR4 pro-inflammatory pathway that 
produces aberrant IL1ß expression. Another proposed role 
of HDACs in contributing to disease pathology is their 
involvement in regulating microRNA activity. One study found 
that HDAC inhibition increased the expression of MiR-146a, 
a negative regulator of IL-1ß.³⁰ Histone deacetylase inhibitors 
SAHA and LBH589 were able to significantly upregulate 
MiR-146a expression by reducing deacetylation of its 
promoter. Consequently, MiR-146a downregulated the IL-1ß 
inflammatory response by suppressing interleukin-1 receptor-
associated kinase-1 (IRAK1), a molecule that interacts with 
other components to activate IL1β transcription. Although 
these results were observed in fibroblast-like synoviocytes, 
their shared mesenchymal origination with microglia may 
indicate that a similar mechanism is at work in NDD-
associated microglia.³⁰

While studies involving HDAC inhibitors have provided 
promising results, therapeutic options for mitigating IL-1ß 
production may also concern facilitating the upregulation 
of certain class II HDACs, such as Sirtuin 1 (SIRT1), an 
HDAC that acts by deacetylating other proteins in addition 
to histones. Unlike other HDACs, SIRT1 deficiency is widely 
associated with cognitive dysfunction in aging and NDDs 
because of its inhibitory effects on IL-1ß production in the 
healthy brain. One role of SIRT1 in microglia is to activate 
DNA methyltransferase 1 (DNMT1), a protein that, in 
tandem with other DNA methyltransferases, is responsible for 
the methylation of the IL1ß promoter at specific CpG sites. 
When SIRT1 is present, its activation of DNMT1 allows for 
higher methylation of the IL1ß promoter, resulting in decreased 
expression of IL1ß. DNMT1 inhibition by 5-Azacytidine 
decreased methylation at a CpG site 215 bp upstream from 
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by Cardoso et al., miR-155 was a pro-inflammatory mediator 
that was upregulated after introducing an LPS challenge to an 
N9 murine microglial cell line and primary microglia cultures. 
This upregulation of mi-155 led to a substantial decrease of 
the negative inflammatory regulator SOCS-1, resulting in an 
excess of microglial IL-1ß.⁴¹ The positive correlation between 
mi-155 and IL-1ß was especially relevant in the pathogenesis 
of PD, as α-synuclein induced inflammation was significantly 
attenuated in MiR-155-/- mice.⁴² Although there exists many 
biological factors that may contribute to the observed results, 
these findings suggest that miR-155 might be a feasible target 
for future therapeutic approaches, specifically those targeting 
PD.

Some miRNAs can influence IL-1ß production by medi-
ating the expression of other epigenetic agents influencing 
IL1ß genes, including the deacetylase, Sirtuin 1 (SIRT1).⁴³ 
As previously indicated, SIRT1 is a critical epigenetic me-
diator of IL-1ß. In SIRT1 deficiency – as observed in aging 
and NDDS -- IL-1ß is upregulated due to hypomethylation 
of this cytokine’s promoter.¹⁸ In a study carried out by Li et 
al., the microRNA miR-204 was believed to inhibit SIRT1 
expression and therefore negatively correlate with the meth-
ylation of the IL1ß promoter, resulting in the upregulation of 
IL-1ß and other pro-inflammatory cytokines in N9 cells.⁴³ 
Another study demonstrated that the microRNA miR-129-
5p improved cognitive function in mouse models of AD by 
inhibiting SOX6 expression, which correlated with decreased 
IL-1ß.⁴⁴ Similarly, overexpression of miR-181-c attenuated 
inflammation in LPS-stimulated macrophages by inhibiting 
the TLR4/NF-kB signaling pathway and thereby decreasing 
IL1ß expression.⁴⁵ MiR-181-c was found to be under-ex-
pressed in the blood, brain, and cerebrospinal fluid of AD 
patients, a discovery that may implicate miR-181-c deficiency 
as a potential contributor to IL-1ß upregulation and neuroin-
flammation.⁴⁶ Interestingly, one study found that miR-181-c 
deficiency increased the enzyme Serine palmitoyltransfer-
ase (SPT). Upregulated SPT might account for an increase 
in Aß levels since SPT is known to positively correlate with 
Aß aggregation in sporadic AD.⁴⁷ Taken together, the current 
research on microRNAs as a critical regulator of the microg-
lial IL-1ß response in neurodegenerative diseases supports 
the idea that targeting microRNAs in next-generation ther-
apeutics would likely be a valuable tool in alleviating NDD 
neuroinflammation.

Methylation:
DNA Methylation :
At the epigenetic level, methylation can refer to DNA 

methylation or histone methylation. DNA methylation is 
characterized by the covalent binding of methyl groups to the 
C5 position of cytosine-guanine dinucleotide (CpG sites) of 
DNA.⁴⁸ Methyltransferases (DNMTs) link methyl groups to 
CpG rich regions, called CpG islands, which are typically located 
upstream of gene promoters. The methylation of CpG islands 
restricts the binding of transcription factors and polymerases 
to gene promoters and thus reduces gene expression.⁴⁹,⁵⁰ It is 
generally understood that genes corresponding with DNA 
promoters that have dense arrangements of methylated 

CpG islands will be inactive. Although there are many 
complex factors at play regarding protein synthesis, high 
promoter methylation typically correlates with silenced gene 
transcription, which results in decreased protein production. 
In NDDs, global DNA methylation is significantly altered.⁵⁰ 
Recently, studies linking DNA methylation alterations in 
NDD-associated microglia and worsened cognitive deficits 
have begun to shed light on the role of methylation agents in 
microglia-induced neuroinflammation.¹⁸,¹⁹ 

One study in which adult and aged mice were injected with 
an LPS challenge found that mRNA levels of methylating 
agents DNMT1, DNMT3a, and DNMT3b were reduced in 
isolated microglia, while IL-1ß production was heightened. 
Further, IL-1ß levels were highest in microglia treated in 
vitro with both LPS and the DNMT-inhibiting agent, 
5-Azacytidine (5-aza-dC).¹⁸ These observations indicate that, 
although the IL1ß promoter does not overlap a CpG island, 
the methylation of CpG islands near the IL1ß promoter may 
still notably impact the expression of IL1ß.³¹ Interestingly, 
while 5-aza-dC upregulated IL1ß expression, it reduced the 
expression of Casp 1 and NLRP3 – proteins necessary in 
forming the NLRP3 inflammasome that cleaves pro-IL-1ß to 
produce mature IL-1ß. These results indicate that there remain 
uncertainties about how various proteins involved in the IL-
1ß inflammatory pathway interact. However, these findings 
indicate that the reduction of DNMTs and consequent 
hypomethylation of the proximal IL1ß promoter is positively 
correlated with upregulated IL-1ß production. Moreover, 
aged and LPS-stimulated mice with decreased DNMT levels 
exhibited reduced cognitive function -- as determined through 
an administered locomotor test -- compared to younger and 
control mice samples, which was attributed to upregulated 
IL1ß expression.¹⁸

There are few studies available that further expand 
on the role of DNA methylation in IL-1ß regulation of 
NDD-associated microglia; however, the importance of 
DNA methylation in regulating IL1ß expression is further 
demonstrated in several studies that focus on non-microglia 
cells, including chondrocytes and THP-1 cells. In one study, 
human chondrocytes were treated with an immune challenge, 
and IL1ß and DNMT1 expression levels were measured. 
While control chondrocytes did not express significant IL1ß 
mRNA, chondrocytes treated with 5-aza-dC experienced a 
5-fold increase in IL1ß mRNA levels, which translated into 
the IL-1ß protein. The % methylation at CpG sites specific 
to the IL1ß promoter in 5-aza-dC-treated chondrocytes 
was also considerably reduced.⁵¹ Interestingly, another study 
determined Zaluzanin D (ZD), a type of sesquiterpene lactone 
from the leaves of Vernonia Arborea, as a possible mediator of 
DNA methylation of CpG islands found in promoter regions 
coding for the transcription of matrix metallopeptidase 9 
(MMP-9). MMP-9 is a known activator of IL-1ß -mediated 
inflammation, and multiple studies have supported the ability 
of MMP-9 to cleave proIL-1ß in an NLRP3 and Caspase-1-
independent pathway in numerous immune cell variances.⁵²,⁵³ 
Consequently, the ZD-mediated decrease in MMP-9 
expression also correlated with reduced IL-1ß production 
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in THP-1 cells⁵⁴, which may suggest an epigenetic-based 
therapeutic role for ZD in ameliorating IL-1ß inflammation. 

While the cell variances observed in the aforementioned 
studies differ from microglia in function and phenotype, their 
shared mesenchymal-derived origination and the similar 
results determined from microglia-specific studies involving 
IL-1ß indicate that the conclusions extrapolated from studies 
including varying cell types may also pertain to microglia 
stimulated by NDD-associated immune challenges.¹⁸,⁵¹-⁵⁴ Still, 
more reliable insight into the impact of MMP-9, ZD, DNMTs, 
and other methylation-associated agents on microglial IL-1ß 
production can and should be elucidated in future research. 
Such knowledge would likely provide a more comprehensive 
understanding of the role of DNA methylation in microglia-
induced neuroinflammation and neurodegeneration.

Histone Methylation:
Differing from DNA methylation, histone methylation is 

the covalent binding of methyl groups to positively charged 
histone tail residues, including arginine and lysine.¹³,⁵⁵ This 
binding is primarily facilitated by histone methyltransferases 
(HMTs), which can be categorized by histone tails and further 
by degree: lysine tails can be mono-, di-, or tri-methylated, and 
arginine tails can be mono-, symmetrically, or asymmetrically 
di-methylated. Unlike histone acetylation, histone methyla-
tion does not operate via altering the electronegative attraction 
between DNA and histones; instead, it utilizes complex enzy-
matic and catalytic activities to influence chromatin structure. 
Like histone acetylation, histone methylation remains in a 
critical balance between histone methyltransferases, such as 
H3K27me3, and histone demethylases, such as Jumonji do-
main-containing 3 ( Jmjd3), which remove methyl groups 
from histone tails.⁵⁶ This balance is believed to be interrupted 
in NDDs and is implicated in aberrant production of IL-1ß in 
the microglial immune response.⁵⁷,⁵⁸

Jumonji domain-containing 3 ( Jmjd3) -- a type of demeth-
ylase that removes the trimethyl group from histone H3K27 
-- is an essential regulator of both pro-inflammatory and an-
ti-inflammatory markers, and it is reduced in age and PD.⁵⁹ 
Jmjd3 is a crucial two histone demethylase because its expres-
sion prompts microglia to polarize to an anti-inflammatory 
(M2) activation state, which can combat adverse effects of 
pro-inflammatory (M1) microglia that often proliferate aber-
rantly in NDDs. One study determined that the suppression of 
Jmjd3 in LPS-treated microglia cell cultures results in exagger-
ated M1 polarization and was associated with the upregulation 
of pro-inflammatory cytokines, including IL-1ß.⁵⁸ Jmjd3 sup-
pression and its impact on IL1ß expression were also evaluated 
in murine macrophages stimulated with LPS and interferon-γ 
(IFN-γ). Interestingly, this study found that Jmjd3-mediated 
methylation of the IL1ß promoter increased upon stimulation, 
a phenomenon that positively correlated with IL1ß expres-
sion.⁵⁷

The opposing conclusions presented in these studies may be 
attributed to Jmjd3’s role as a mediator of both M1 and M2 
markers. As demonstrated in the two studies, Jmjd3 is thought 
to impact gene expression of IL1ß by regulating the methyl-
ation level of its promoter; however, Jmjd3 also regulates the 

methylation of promoters coding for the transcription of M2 
markers, including arginase 1 and CD206. Therefore, the sup-
pression of Jmjd3 not only attenuates IL1ß expression but may 
also result in the hypermethylation of genes transcribing an-
ti-inflammatory proteins, effectively reducing their expression 
and subsequently reducing the potential of microglia to resist 
M1 polarization. Ultimately, a significant downregulation of 
anti-inflammatory M2 proteins that generally oppose the 
proliferation of pro-inflammatory cytokines like IL-1ß could 
result in a disruption of protein homeostasis that cannot be 
controlled solely by the reduction of IL-1ß production, as seen 
in Jmjd3 suppression.⁵⁷-⁵⁹ The impact of DNA methylation on 
M2 markers in worsening IL-1ß associated inflammation is 
also apparent through the methylase H3K27me3. H3K27me3 
is negatively correlated with brain-derived neurotrophic fac-
tor (BDNF), an important anti-inflammatory molecule and 
M1 antagonist. H3K27me3 was upregulated in aged mice, 
which contributed to impairments in memory consolidation.⁶⁰ 
Further, BDNF-injected mice exhibited a decrease in IL-1ß 
levels.⁶¹ These findings indicate that the hypermethylation of 
the BDNF promoter through an increase in H3K27me3 might 
contribute to upregulated IL-1ß levels in microglia.¹²,⁶¹

�   Conclusion
Despite the steps that have been taken to elucidate the 

processes of microglial neuroinflammation in NDDs, the exact 
pathogenesis of IL-1ß-associated neuroinflammation remains 
a complex and unclear topic within the field of neurology. 
The prospect that multiple, intricate molecular mechanisms 
can generate a singular biological effect has made the 
neuroinflammatory process challenging to study and observe, 
especially through in vivo models. Many of these epigenetic 
molecular mechanisms have been implicated in the pathology 
of NDDs, including in microglial neuroinflammation. 
Systems influencing microRNAs, histone acetylation, DNA 
methylation, and histone methylation have been observed as 
having a particular impact on the production of the cytokine 
IL-1ß, a critical pro-inflammatory marker of microglia in 

Figure 1: Dysregulated epigenetic agents possibly contributing to increased 
IL-1ß. Epigenetic agents that are abnormally downregulated in NDD-
associated, activated microglia include MicroRNAs miR-146a and miR-181-c, 
histone acetylases p300 and CBP, histone deacetylase SIRT1, and DNA 
methylases DNMT1, DNMT3a, and DNMT3b. Epigenetic agents that 
are abnormally upregulated in NDD-associated, activated microglia include 
MicroRNAs miR-155, miR-129-5p, and miR-204, histone deacetylase 
HDAC4, and histone methylase H3K27me3. Histone demethylase Jmjd3 
has been observed correlating with increased IL-1ß in NDD-associated 
microglia when both upregulated and downregulated.
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NDDs. Such systems were often dysregulated in NDD-
associated mice models or microglial cultures/cell lines, which 
contributed to the aberrant production of IL-1ß and, in some 
studies, consequent cognitive decline.

While the studies discussed in this review advance our 
understanding of the role of epigenetics in NDDs, they also 
demonstrate a significant lack of knowledge concerning 
specific epigenetic mechanisms and their impact on microglia. 
For example, many studies have observed an important link 
between epigenetic alterations and IL-1ß production in 
various cell lines, including chondrocytes, synoviocytes, THP-
1 cells, and more; however, the conclusions drawn from such 
studies have yet to be observed in microglia. Indeed, a lack of 
evidence linking epigenetic alterations and IL-1ß production 
in microglia may be preventing the development of NDD-
specific therapies targeting the regulation of epigenetic systems 
impacting neuroinflammation. The constantly evolving 
classification of microglial activation presents an additional 
challenge in applying the insights regarding epigenetics to 
developing therapies that aim to alleviate neuroinflammation; 
recent reports have called into question the reliability of the 
M1/M2 polarization scheme of activated microglia, arguing 
that such classification may oversimplify the true variability 
of microglia behavior amid immune challenges.⁶² Another 
limitation is whether studies involving murine microglia or live 
mice models can be applied to human models, as the two have 
significant biological and neurological differences. Despite 
such obstacles, this updated review presents a compilation 
of evidence suggesting that the dysregulation of multiple 
epigenetic mechanisms in microglia contributes to aberrant 
IL-1ß production and consequent chronic neuroinflammation, 
a major hallmark of neurodegenerative diseases such as AD, 
PD, HD, and ALS. These conclusions present epigenetic 
changes as a critical subject of future studies aimed at clarifying 
the molecular mechanisms responsible for NDD-associated 
microglia activation and neuroinflammation.
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ABSTRACT: Nowadays, emojis have become a popular and useful means of communication over the internet. This study 
aims to investigate the difference between cerebral palsy (CP) patients’ and neurotypical individuals’ understanding of 33 most 
used emojis from the iOS system. Participants were 11 children and adults with CP who were diagnosed with mild cerebral 
palsy and 11 neurotypical peers who were age and gender matched as controls. The CP patients filled out a printed version of 
a questionnaire, and the neurotypical peers filled out an online version of it in which participants were asked to independently 
rate the valence of 33 emojis on a scale from 0 to 10. Overall, the interpretations of emojis between CP and neurotypical peers 
were mostly consistent. However, independent two-sample t-test analysis showed that the difference of the two groups’ ratings 
was significant (p’s < 0.05) for five emojis. This study demonstrated that despite previous research suggested that CP patients had 
worse emotion interpretation, they could interpret most emojis similarly to their neurotypical peers with some exceptions. Possible 
explanations were also discussed in the paper. Because of this similarity, emojis can potentially be a powerful tool to assist CP 
patients to communicate more efficiently.

KEYWORDS: Behavioral and social science; Cognitive psychology; Emojis; Cerebral palsy; Emotion interpretation. 

�   Introduction
Cerebral palsy (CP) is one of the most common motor dis-

orders in children, with approximately 2.11 cases per 1000 live 
births.¹ It is defined as a group of disorders caused by damage 
to developing brains, typically in the prenatal setting. CP af-
fects patients’ muscle tone and posture, and in turn, influences 
patients’ motor abilities.² While prior research focuses mainly 
on the motor development of CP patients,³-⁶ their psycholog-
ical capabilities and emotional well-being are less frequently 
studied. This paper aims to investigate the communication 
skills of CP patients, particularly their interpretations of a set 
of commonly used symbols in text communication —emojis.

Communication is the transfer of information from one 
person to another one. To achieve this, communicators should 
be able to send and receive messages, and have similar, if not 
the exact same, understanding of message interpretations 
as their conversation partners. However, patients with CP 
may have difficulties sending and/or receiving messages.⁷ 
Moreover, they frequently have delayed timelines in expressing 
and understanding language.⁸ This language impairment may 
limit their interactions with others and cause various problems 
in their day-to-day lives. Further research has demonstrated 
that a significant proportion of CP children aged 8 to 12 years 
have social impairments.⁹ In social relationships, adolescents 
and young adults with CP were found to be less active than 
their peers.¹⁰ While the expression of language is often 
impaired in patients with CP due to motor disabilities and 
dysarthria, facial expressions can be used as an alternative way 
to communicate their thoughts. In fact, half of the children 
in Himmelmann, Lindh, & Hidecker’s 2013 study⁷ used facial 
expressions, in addition to eye gaze, gestures, and pointing, as a 
way to communicate thoughts, compensating for their delayed 

language expression. Another study that explored CP patients’ 
use of online social networks (OSNs) has shown that OSNs 
have helped children with CP communicate with others and 
enhance their communication skill¹¹ The use of OSNs may 
thus help CP patients with their day-to-day social interactions, 
possibly resulting in improved quality of life. 

An important aspect of communication is the communication 
of affect: the transfer of information regarding underlying 
experiences of feeling, emotion, or mood. The same message 
carrying different affects can have drastically different 
meanings. For instance, the sentence “I had pizza today” with 
a positive affect could express excitement, whereas the same 
sentence with a negative affect could express disappointment 
and dissatisfaction. During face-to-face conversations, vocal 
tone, facial expression, and gestures can serve as cues to the 
speaker’s affect, and these cues are as important as the words 
being said.¹²,¹³ Nowadays, communication modalities are no 
longer limited to face-to-face interactions due to a wealth of 
communication technologies. Online social media and chat apps 
are among the most common tools for people to communicate 
with families and friends. During the COVID-19 pandemic, 
people have relied more heavily on social media, which has 
become an indispensable part of daily communication for many. 
However, through social media, vocal tone, facial expression, 
and gestures are no longer available to communicators. As 
these cues are limited or removed, the communication of affect 
becomes more prone to misinterpretation.¹⁴

In OSNs, non-verbal cues for affect are not entirely absent. 
Instead, communicators can adapt by making these cues explicit. 
For example, people can express their agreement or appreciation 
via outright statements.¹⁵ For example, “I loveeating pizza.” In 
addition to such expressions, capitalization can be considered
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a substitute for shouting, multiple exclamation points for 
excitement, and emoticons/emojis for facial expressions.¹⁶ 
Emojis cover a wide range of meanings, ranging from facial 
expressions like smiling or crying, body gestures like thumbs-
up or thumbs down, to representations of objects, animals, 
food, places, or events.¹⁷ Emojis are powerful tools for 
communication with the potential to shape how messages are 
understood.¹⁸ In recent years, emojis have become a common 
means of expressing one’s feelings and affect in online 
communication. This rise is intertwined with the popularity 
of OSN in which people interact with friends, describe their 
daily routines, and post opinions, experiences, and queries 
about various topics.¹⁹,²⁰ This rise also calls for research 
investigating people’s understanding of emojis and how they 
interpret messages accompanied by different emojis. 

In recent years, researchers have studied how the typical 
adult population understands emojis extensively. Overall, 
people tend to have consistent interpretations for most emojis, 
even when they were presented across various operating 
systems such as Android and iOS.²¹ It has also been found that 
emojis are generally placed at the end of sentences.²²,²³ and 
that the interpretations of emojis tended to be positive.²⁴,²⁶ 
When emojis accompanied a positive message, the message 
was likely to be perceived as more positive. On the other hand, 
when emojis accompanied a negative message, the message 
was likely to be perceived as less negative. Furthermore, the 
number of emojis was found to influence the intensity of its 
moderating effects on message affect interpretation¹⁶,²⁶; but 
see counter arguments in Riordan & Trichtinger, 2017¹⁴ and 
Riordan & Kreuz , 2010.²⁷ Emojis were also found to express 
intimacy through a showing of informality or playfulness.²⁴

While we have a relatively solid understanding of how 
typical adult populations interpret emojis, there is a lack of 
data regarding how these symbols are interpreted by less typical 
populations. Emojis can potentially help CP patients better 
communicate with others in the online environment and help 
with their interpersonal communication and relationships. if 
CP populations interpret the emojis similarly to neurotypical 
individuals, this is the indication that emojis may be a tool 
to assist CP patients’ communication, which implies that 
they already utilize facial expression to compensate for their 
linguistic communication impairments. On the other hand, 
if CP individuals perceive particular emojis differently from 
neurotypical persons, changes should be made to make 
communication easier for CP patients. Moreover, emojis may 
be used as a potential means for intervention in addition to 
assisting with communication. Therefore, how CP patients 
interpret emojis and whether they have the same understanding 
of facial expression as their neurotypical peers must be 
investigated. This study aims to create a comprehensive profile 
of CP patients’ understanding of 33 commonly used emojis, 
and to compare their affect ratings with their neurotypical 
peers. For the purpose of this study, we tested the difference of 
affect ratings of emojis from the iOS system between cerebral 
palsy patients and their neurotypical peers. We hypothesized 
that there is an overall difference of affect ratings between CP 
patients and neurotypical individuals. Due to the fact that 

there is limited knowledge of CP patients’ interpretation on 
emojis, this study is exploratory in its nature. We do not have a 
specific hypothesis of how and where the differences of affect 
ratings are. 
�   Methods
Participants:
After contacting a total of four charity houses through 

personal connections in Shanxi and Beijing, we visited the 
charity houses and recruited the participants who resided 
there. As a result, seventeen children and adults with CP 
participated in the study (aged 3 to 28 years old), and eleven 
completed the study (aged 5 to 28 years old). In our final 
sample, all of those who finished were diagnosed with mild 
cerebral palsy and did not have severe communication or 
motor impairment at the time of the study. They were able 
to have a comprehensive understanding of the instructions 
and procedures in the study. Another eleven neurotypical 
peers participated in the study as controls (age and gender 
matched). All twenty-two participants spoke Mandarin 
Chinese as their native language and resided in major cities 
in China. The CP patients had lived in a charity house for an 
average of 9.95 years (range: 1.5 to 20 years) at the time of 
the study.

All participants filled out a questionnaire regarding their 
understanding of emojis independently. The CP patients 
filled out the questionnaire on printed papers, as many CP 
participants did not own their personal mobile phone or 
electronic devices, and many felt more comfortable when 
writing by hand. Their typically developing peers completed 
the same questionnaire online through their own laptops or 
PCs, because, in order to match the age and gender of CP 
participants, neurotypical participants were far away from 
each other and located in eight different cities in China. 
To this end, distributing the questionnaire online was more 
productive and effective. The questionnaire was written in 
simplified Chinese. From recruiting participants to finishing 
collecting the answers in questionnaires, the process lasted 
for 25 days.

At the beginning of the questionnaire, participants were 
asked basic demographic questions and CP patients were 
additionally asked about their experience with the disorder 
and their time living in the charity house. The rest of the 
questionnaire consisted of standardized questions asking 
participants’ impressions of individual emojis. The emojis used 
in this questionnaire were identical to the ones used in Jaeger, 
Roigard, Jin, Vidal, and Ares’s 2019 study,²⁹ comprising the 
33 facial emojis that were most frequently used in online 
social media. Table 1 shows the 33 emojis and their semantic 
meanings reported by participants in Jaeger et al.’s study.

For each of the 33 emojis, participants were asked to rate 
their sentiments regarding the emojis using a 11-point scale. 
The instruction was as follows: “As you answer the following 
questions, please note that 0 means you think the emoji 
expresses a very negative emotion, 5 means neutral (neither 
positive nor negative), and 10 means a very positive emotion, 
and choose a number from 0 to 10 to express how you feel 
when you see each emoji.” The order of the emojis was 
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Mneurotypical= 7.27, SDneurotypical= 2.49). Upon closer examination 
of these five emojis, CP patients tended to interpret them more 
neutrally whereas neurotypical participants had more leaned 
opinions (either more positive or more negative pairs) and 
3000 pairs of different people (negative pairs). 

Then, an independent two-sample t-test was performed to 
compare CP patients’ and neurotypical patients’ ratings for 
each of the 33 emojis. The results of the t-tests are summarized 
in Table 1. There was a significant difference between CP 
patients’ ratings and neurotypical participants’ ratings for five 
emojis. CP patients found the emoji of confounded face 😖 
to entail a more negative affect than their neurotypical peers 
(MCP= 1.55, SDCP= 1.44; Mneurotypical= 3.27, SDneurotypical= 2.15; 
t(20)= -2.21, p= .039). CP patients also had a more neutral 
affect for the emojis of persevering face 😣 (MCP= 4.45, 
SDCP= 2.58; Mneurotypical= 2.72, SDneurotypical= 1.49; t(20) = 
2.43, p= .025), disappointed face 😞 (MCP= 3.55, SDCP = 2.11; 
Mneurotypical= 2.72, Sneurotypical = 1.49; t(20) = 2.12, p = .047), 
and unamused face 😒 (MCP= 4.36, SDCP = 1.86; Mneurotypical= 
2.64, SDneurotypical= 1.75; t(20)= 2.25, p= .036), while their 
neurotypical peers had more negative ratings. On the other 
hand, CP patients interpreted the emoji of the face with 
stuck-out tongue and tightly closed eyes 😝 as more neutral 
compared to the positive ratings from their neurotypical peers 
(MCP= 4.91, SDCP= 2.07; Mneurotypical= 7.27, SDneurotypical= 2.49; 
t(20)= -2.42, p= .025).

Furthermore, several trending relationships were found: CP 
patients found both the face with tears of joy 😂 (t(20)= -1.98, 
p= .061) and face screaming in fear 😱 (t(20)=-1.73, p=0.099) 
more negatively than did their neurotypical peers, and found 
the angry face 😠 (t(20)= 1.91, p= .071) more positively. No 
significant differences were found between CP patients’ rat-
ings and neurotypical participants’ ratings for the remaining 
25 emojis.
�   Discussion
Overall, CP patients and neurotypical patients had similar 

and consistent affect understandings for most of the test-
ed emojis. While recent findings indicate that CP patients 
generally have worse emotional understanding than their neu-
rotypical peers,³⁰ in this study, they understood the effects of 
emojis similarly to their neurotypical peers. CP patients only 
interpreted five emojis’ affects significantly differently from the 
neurotypical group. Further experiments can investigate how 
CP patients’ emotional understanding is related to their inter-
pretations of emoji affect.

It is worthy to note that, out of the five emojis, four entailed 
negative emotions (see Table 1 for the reported meanings 
of these emojis in Jaeger et al.’s 2019 study). Since the 
interpretation of emojis tends to be positive,²⁴,²⁶ CP patients 
may have a harder time interpreting those entailing negative 
feelings as they defy normal expectations. Furthermore, with 
the exception of the confounded face 😖, the other four emojis 
were rated more neutrally by CP patients compared to their 
neurotypical peers. It could be that they may encounter these 
emojis less frequently in their day-to-day life, resulting in a less 
thorough understanding of these emojis. Some emojis received 
ratings from both extremes (score of 0 and 10), which may 

randomized for each participant. Ratings were then averaged 
for each emoji across participants. Ratings from the CP 
patients and those from their typically developing peers were 
compared using two sample t-tests.
�   Results and Discussion
To better understand the data, ratings were arbitrarily 

grouped as follows: 0 to 3 were considered negative affect, 4 
to 6 were neutral, and ratings from 7 to 10 were considered 
positive affect. Table 1 shows the distribution of affect ratings 
among cerebral palsy (CP) participants and neurotypical par-
ticipants for the 33 emojis. The mean and standard deviation of 
ratings for each emoji are also shown in Table 1.

Note. The image, affect rates, t-score, p-value, emoji meaning, and 
arousal level of each of the 33 emoji are shown.

CP and neurotypical participants overall have consistent 
affect ratings for most of the emojis. The five emojis that 
induced the most different ratings from the two groups were: 
angry face 😠 (MCP= 4.64, SDCP= 3.64; Mneurotypical= 2.27, 
SDneurotypical= 1.90), face throwing kiss 😘 (MCP= 6.36, SDCP 
= 3.61; Mneurotypical= 8.36, SDneurotypical= 1.80), persevering face 
(MCP = 4.45, SDCP= 2.58; Mneurotypical= 2.27, SDneurotypical= 
1.49), face with tears of joy 😂 (MCP= 4.45, SDCP = 2.77; 
Mneurotypical= 6.73, SDneurotypical= 2.37), and face with stuck out 
tongue and tightly closed eyes 😝 (MCP= 4.91, SDCP = 2.07;   

Table 1: The rating distributions for each of the 33 emojis from CP 
and neurotypical participants are shown. The mean ratings and standard 
deviations are calculated for each emoji across CP and neurotypical 
participants. The results of t-tests performed are also shown. The emoji 
meanings and arousal scores (range 1-9) are from Jaeger et al.’s 2019 study. 

Emoji 
# Emoji 

Negative (0-3) Neutral (4-6) Positive (7-10) Average 

t 
score    p-value Emoji Meaning Arousal CP  neurotypical CP  neurotypical CP  neurotypical  CP (SD)  neurotypical(SD) 

1 
 

45.50% 81.80% 27.30% 18.20% 27.30% 0 4.64(3.64) 2.27(1.90) 1.91  0.071✝ 
angry,grumpy, 
mad 6.1 

2 
 

81.80% 54.50% 18.20% 36.40% 0 9.10% 1.55(1.44) 3.27(2.15) -2.21 
 

0.039* 
confounded, 
angry 5.8 

3 
 

18.20% 0 0 9.10% 81.80% 90.90% 7.55(3.39) 8.27(1.62) 
  -

0.64     0.528  cool, relaxed 5.0 

4 
 

27.30% 45.50% 54.50% 45.50% 18.20% 9.10% 4.45(2.34) 3.64(2.29) 0.83     0.417 sad, bad 4.2 

5 
 

36.40% 45.50% 27.30% 54.50% 36.40% 0 4.91(3.11) 3.45(1.51) 1.39 
    
0.178 

confused, 
puzzled 3.5 

6 
 

9.10% 0 18.20% 18.20% 63.60% 81.80% 6.36(3.61) 8.36(1.80) -1.64     0.116 
loving,blowing a 
kiss 6.5 

7 
 

27.30% 81.80% 54.50% 18.20% 18.20% 0 4.45(2.58) 2.27(1.49) 2.43     0.025* 
helpless, 
confused 4.8 

8 
 

27.30% 0 9.10% 36.40% 63.60% 63.60% 7.09(3.33) 7.55(1.97) -0.39     0.701 smiling, happy 6.7 

9 
 

27.30% 27.30% 45.50% 54.50% 27.30% 18.20% 5.09(2.55) 4.64(2.06) 0.46     0.651 
awkward, 
grimace 5.8 

10 
 

27.30% 9.10% 27.30% 36.40% 45.50% 54.50% 5.64(2.46) 7.18(2.44) -1.48    0.155 
crazy,silly, 
flirtation 6.7 

11 
 

18.20% 0 45.50% 54.50% 27.30% 45.50% 5.18(2.86) 6.73(2.10) -1.45      0.164 
smiling,happy, 
awkward 5.9 

12 
 

27.30% 9.10% 9.10% 27.30% 54.50% 63.60% 5.55(2.62) 6.64(1.75) -1.48      0.264 smirk, smug, sly 4.7 

13 
 

54.50% 81.80% 27.30% 18.20% 18.20% 0 3.27(3.00) 2.36(1.50) 0.90      0.380 exhausted, tired 5.6 

14 
 

18.20% 0 0 63.40% 81.80% 36.40% 7.73(2.57) 6.36(2.11) 1.36      0.190 content, relief 3.5 

15 
 

45.50% 0 36.40% 54.50% 18.20% 45.50% 4.55(2.77) 6.73(2.37) -1.98  0.061✝ 
laughing, happy 
tears 6.8 

16 
 

45.50% 54.50% 45.50% 36.40% 9.10% 9.10% 3.45(2.02) 3.18(2.09) 0.31       0.759 
stressed, 
nervous 4.1 

17 
 

90.90% 36.40% 0 45.50% 9.10% 18.20% 1.82(2.36) 3.18(3.02) -1.73 
       
0.099✝ 

scared, scream, 
surprised 3.2 

18 
 

45.50% 90.90% 45.50% 9.10% 9.10% 0 3.55(2.11) 1.91(1.45) 2.12 0.047* 
disappointed, 
sad, unhappy 3.2 

19 
 

27.30% 63.60% 63.60% 36.40% 9.10% 0 4.36(1.86) 2.64(1.75) 2.25  0.036* 
dissatisfied, 
annoyed 3.7 

20 
 

36.40% 9.10% 45.50% 90.90% 18.20% 0 5.45(2.30) 4.36(1.57) 1.30 0.208 
neutral, straight 
face 3.9 

21 
 

18.20% 0 27.30% 100.00% 54.50% 0 6.45(2.81) 5(0.63) 1.68 0.109 
sleeping, 
sleepy 2.3 

22 
 

0 0 27.30% 45.50% 72.70% 54.50% 7.64(2.16) 7.18(1.40) 0.59 0.564 
flirtation,joke, 
humor 5.4 

23 
 

18.20% 9.10% 36.40% 90.90% 45.50% 0 5.09(2.66) 4.64(0.81) 0.54 0.594 
indifferent, 
unconcerned 3.8 

24 
 

63.60% 45.50% 36.40% 36.40% 0 18.20% 2.45(2.62) 4.18(3.37) -1.34 0.195 
crying,sad, 
sobbing 5.6 
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indicate a lack of understanding. Similarly, it was shown that 
the face with stuck-out tongue and tightly closed eyes 😝 (the 
only positively affected emoji with a significant difference in 
ratings between CP and neurotypical participants) was hard to 
interpret even for typically developing participants. In Jaeger 
et al.’s 2019 study,²⁹ participants had reported both “naughty/
playful” and “dislike/disgust” for this emoji. Future studies 
should be performed to explore CP patients’ understanding of 
facial emojis using interviews or free-response questions. This 
can provide a more comprehensive profile of how CP patients 
assign meaning to these emojis.

The more neutral ratings for the four emojis were in line 
with findings from a recent brain-imaging study. In their 2019 
study, Belmonte, Montoya, Gonzalez-Roldan, and Riquelme 
found that children with CP rated affected pictures (either 
pleasant or unpleasant) as less arousing, and demonstrated 
decreased amplitudes of evoked potentials in early brain 
processing latencies.³¹ The lower arousal level in CP patients 
when viewing affected pictures may explain why CP patients 
in our studies gave some emojis significantly more neutral 
ratings compared to their neurotypical peers. 

It is also worthwhile to mention that, in Jaeger et al.’s 2019 
study, the mean arousal scores for these five emojis are relatively 
neutral (ranging from 3.2 to 6.4 on a scale from 1 to 9). The 
two emojis for which CP patients had significantly lower 
affect ratings than their neurotypical peers (i.e., the face with 
stuck-out tongue and tightly closed eyes 😝 and confounded 
face 😖) had arousal scores of 5.8 and 6.4. The other three 
emojis for which CP patients had significantly higher ratings, 
had arousal scores of 3.2, 3.7, and 4.8. It seems that among 
these five emojis, higher arousal scores were associated with 
lower affect ratings in CP patients and lower arousal scores 
with higher affect ratings. The arousal scores of emojis may be 
related to CP participants’ understanding of affect and could 
potentially explain the discrepancies in CP and neurotypical 
participants’ understandings. Future studies could further 
explore this association.

While CP patients’ communication skills lay along a broad 
spectrum, it is important to note that all participants in this 
study were relatively high functioning, and the sample size was 
relatively small. It is thus unclear as to whether the findings of 
this experiment can be generalized to the entire CP population. 
Another limitation of this study is that a different survey was 
sent to CP and neurotypical participants: CP participants used 
printed questionnaires while neurotypical people filled them 
out online. Since emojis are typically used on the internet 
and in social media, the ratings of emojis on paper might be 
different from those on a phone or laptop.

This study concluded that CP patients understand emojis 
similarly to neurotypical participants, so it is indicated 
that emojis may be a tool to help them communicate since 
they already use facial expression to compensate for their 
reduced language expression.⁷ Conversely, when CP patients 
understand certain emojis differently from neurotypical 
people, such as the five special emojis discovered in this study,  
necessary adjustments are needed to facilitate CP patients’ 
communication. In addition to helping with communication, 

emojis may also serve as a potential intervention method. 
Currently, OSNs are a useful tool for patients with severe CP 
who have communication impairments. Emojis would be an 
effective complimentary tool for use on chat boards for those 
who have severe cerebral palsy and reduced language capacities. 
Since emojis might be a powerful tool to assist CP patients 
or even people who have communication impairments more 
generally, it is worthwhile to dedicate more effort to exploring 
how these populations understand emojis.
�   Conclusion

This study shows that, overall, CP patients interpret emojis 
from the iOS system similarly to neurotypical people despite 
their motor and communication impairments. However, a 
significant ratings difference exists among five emojis. These 
significant differences can be interpreted by CP patients’ 
harder time in life, relatively high arousal level, and CP 
patients’ and neurotypical people’s lack of clear understanding 
of certain emojis. Further studies can explore how exactly CP 
patients interpret emojis and how CP patients’ emotional 
understanding is associated with their interpretations of emoji 
affect. Still, if CP patients and neurotypical peers interpret the 
effects of emojis consistently, it may be helpful for CP patients 
to use emojis to communicate in the future, demonstrating 
their facial expressions. On the other hand, if CP populations 
understand emojis differently, emojis may be adjusted or 
altered for them to better assist their communication abilities. 
Thus, It is valuable to devote more into understanding how 
CP patients and even people with other communication 
impairments interpret emojis.
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ABSTRACT: In recent years, zebrafish (Danio rerio) have proven to be a new, cutting-edge animal model that successfully 
meets the rising demand for personalized cancer studies. This is because zebrafish produce a large quantity of eggs, allowing a 
vast number of animals to be used in drug trials. Furthermore, when zebrafish are born, their transparent bodies facilitate internal 
anatomical imaging that is unparalleled among other animal models. The xenografting technique takes advantage of these traits 
and utilizes ex vivo tumor biopsy implantation to specifically test cancer response to different drug regimen. After fluorescently 
labeled tumors are xenografted and fluorescently imaged, images are usually analyzed using ImageJ. However, like CellProfiler, 
developed by the Broad Institute, can automatically assess hundreds of images using an automated pipeline system which works 
several times faster than manual methods like ImageJ. This study compares the CellProfiler pipeline to the manual approach to 
determine whether it is a better method to use in subsequent research. For this analysis, 200 images comprised of zebrafish in four 
different drug trial groups were used: (1) a fish water control treatment, (2) 100 µM Gemcitabine test treatment, (3) 0.5% DMSO 
control treatment, and (4) a 100 µM Gemcitabine in 0.5% DMSO test treatment. Initial images were then taken of the embryos 
post-implantation and again after four days of drug exposure according to their treatment group. Subsequently, the images were 
manually and automatically analyzed in ImageJ and CellProfiler. The two manual and automated analysis groups indicated that 
CellProfiler produces the same level of statistical validity when compared to ImageJ. In addition, the CellProfiler pipeline proved 
to be far quicker at analyzing images and preserved significant study hours when run independently from human supervision. 
Overall, these findings conclude that CellProfiler is an effective and rapid way to analyze high-volume datasets that produce 
information on-par with the human eye while outpacing ImageJ in the process. It was able to cut down image analysis time by 
98% while maintaining statistical accuracy comparable to ImageJ.  It also provides a new computational method to analyze images 
using machine learning and high-throughput neural networks that can even more rapidly assess and categorize images to better 
inform clinicians of drug responsiveness. 

KEYWORDS: Pre-Clinical studies; biomedical imaging; biostatistics; zebrafish; xenografts; translational oncology; fluorescent 
imaging; CellProfiler; machine learning. 

�   Introduction
In the domain of personalized medicine, the ubiquity of ze-

brafish serves as an optimistic indicator of both rapid progress 
and access to customizable cancer treatment trials. Their ver-
satility, ability to produce large quantities of transparent eggs, 
and low-maintenance care regimens allow them to be the ide-
al candidate to use in high-volume cancer studies and drug 
trials.¹,² However, when working with many zebrafish in any 
cancer study, the biggest and most time-consuming aspect are 
the manual analysis of fluorescent microscopy images and scor-
ing tumorigenesis progression by eye. This inherently requires 
expending excessive person power on a process that can be 
automated, resulting in more available time to refine research 
methods to ensure accuracy in these high-throughput studies. 
Earlier research in xenograft automation like the ZeOncoTest 
aimed to completely standardize the implantation and drug 
testing procedure to optimize image data results and over-
all study reliability.³ The aforementioned study by Cornet et. 
al. demonstrated that the ZeOncoTest can better unveil the 
complex way drugs interact and behave with cancers and their 
attempts to standardize the implantation methods explored 
new avenues to assess drug responsiveness that we incorporat-

ed in our study. Furthermore, open-source technologies such 
as QuantiFish developed by Stirling et. al. worked to auto-
mate approaches for assessing progressing bacterial infections 
within zebrafish models and demonstrated results that were 
well-correlated to those derived from software like ImageJ.⁴ 
In our research, QuantiFish served as a reference point for 
developing high-fidelity automated pipelines despite the fact 
that the software was specific to evaluating progressive infec-
tious diseases and other pathology within fish. Using our prior 
oncolytic analysis methods, we enhanced our automation ap-
proaches and drew inspiration from QuantiFish, whose ability 
to perform well against manual technologies matched one of 
our goals for this research study.

Lastly, automated object recognition analyses have been per-
formed in previous zebrafish xenograft studies which utilize 
full image thresholding to differentiate tumor clusters from the 
surrounding embryonic environment. Research conducted by 
Ghotra et. al. utilized an automated image measurement tool 
to orient images along a standardized coordinate system for 
analysis. This allowed for later tumor object recognition to find 
tumor clusters and place them at specific locations within the 
coordinate system.⁵ By using a large sample of ~90 images, the 
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various coordinate plots of tumor cell clusters were overlayed 
to create an aggregated coordinate graph that showed how 
various tumor implants progressed from their 2-day implant 
stage to their 6-day stage. In our study, we took similar thresh-
olding approaches to refine our automated object recognition 
approach as we developed the CellProfiler pipeline. Ghotra et. 
al. successfully developed a reliable and consistent method to 
locate fluorescent tumor cells using a thresholding system. We 
decided that a similar approach would provide a fruitful av-
enue towards achieving consistent tumor recognition in our 
automated analysis. However, while the earlier study used an 
image measurement tool to automatically orient images prior 
to being analyzed, our study did not attempt to apply a stan-
dard orientation to each embryo image. This was primarily due 
to the fact that our data would not be represented in the same 
coordinate system as the previous study; instead, we could ex-
tract the tumor area measurements from each image regardless 
of the embryo’s orientation. Nonetheless, the study of Ghotra 
et. al. allowed us to construct a preliminary foundation for our 
object recognition approach that would prove successful in our 
study.

In zebrafish cancer studies, ImageJ is one of the most widely 
used software for manual image analysis but is limited by its 
inability to automatically run its visual processing algorithms. 
This means that researchers are required to spend excessive 
time running the same calculations on the images they gather 
when imaging tumor cells, particularly in zebrafish xenograft 
assays. This study aims to research how effective the CellPro-
filer pipeline system automatically analyzes zebrafish tumor 
images when compared with the manual method by human 
eye in ImageJ. The significance of this research aim is under-
scored by the need to distribute research data more rapidly to 
clinicians to help cancer patients. It is also emphasized by the 
demand to reduce tedious image processing hours that hinder 
scientists in their research approach. Using a large dataset of 
almost 800 images collected previously from various zebrafish 
xenograft assay studies, an optimized CellProfiler pipeline was 
designed to analyze the tumor images and was tested against 
ImageJ. Based on initial estimates during pipeline testing and 
development, the data produced by the automated pipeline 
was anticipated to have a lower process time than the ImageJ 
dataset while maintaining the same level of reliability.
�   Methods
Zebrafish Tumor Biopsy Implantation:
Pancreatic cancer tissue was collected following a Whipple 

procedure. Tumor tissue was collected by a pathologist, 
evaluated, and immediately placed in transfer solution on ice, 
where it was delivered to our laboratory. Next, the pancreatic 
cancer biopsy was cut from its 1 cm3 biopsy size into smaller 
~1 mm3 samples at the lab. Following, the smaller tissue 
samples were stained with DiI, a red fluorescent dye. Once 
the tumor fragments are stained, they were placed in a pre-
implant preparation solution of 90% fetal bovine serum, 1x 
tricane, 50 U/mL penicillin, and 0.05 mg/mL streptomycin.⁶ 
Next, the two-day old embryos with green, fluorescent blood 
vessels were sedated and embedded in a shallow layer of 1.5% 
low-melt agarose in a custom implant plate and immersed in 

implantation. Following, the stained tumor fragments were 
aligned on a small glass shelf on the surface of the implant 
plate, cut to size, and implanted into the yolk of the embryo 
using a tungsten needle. Post implantation, the embryos were 
transferred to 96-well plates and submerged in a solution of 
sterile PTU water to prevent pigmentation. The embryos were 
photographed using an Olympus Vanox AH2 high-power 
fluorescent microscope to confirm successful implantation. 
The embryos were separated into their four treatment groups 
to assess Gemcitabine efficacy on tumor size mitigation: a 
fish water control group, 0.5% DMSO control group, 0.5% 
DMSO and 100 µM Gemcitabine drug group, and 100 µM 
Gemcitabine only group. After four days of exposure to their 
designated drug regimen, the embryos were re-imaged and 
photographed to track tumor progression.  

CellProfiler Pipeline Development:
In order to design an optimized pipeline to run on any 

image with fluorescently labeled tumor implants, a set of 
approximately 750 randomly assorted images were imported 
into CellProfiler to help test the quality of the automated 
pipeline being built. The randomization of these images 
ensured that the different measurement and image processing 
modules could be reliably exposed to a wide array of different 
image features as the pipeline went through various testing 
phases. By running the pipeline in the designated Test Mode, 
each image was individually assessed from start to finish 
to pinpoint different specific flaws in the pipeline interface 
and check to confirm that the pipeline was collecting data 
about the right objects using the proper object identification 
algorithm. 

These algorithms mainly utilized image thresholding to 
separate different pixel intensities into clusters that correlated 
with the objects found in the image. Using that technique, 
the pipeline successfully separated multiple objects based 
on the threshold (or pixel brightness for greyscale images) 
of the pixels associated with it. Of the many thresholding 
methods that were tested, the two that yielded the most 
promising results were the minimum cross entropy and Otsu 
triple-class thresholding algorithms. Minimum cross entropy 
(MCE) uses the idea of “entropy,” a measurement of how 
easily an image can be separated into two different layers by 
grouping intensity values into two, binary segments.⁷,⁸ In 
order to differentiate between objects, the MCE thresholding 
algorithm measures its new thresholding separation against 
the original non-binarized picture and minimizes the 
variance between the entropies in each image. The Otsu 
triple-class algorithm uses three separate threshold classes 
to separate pixels into groups by minimizing the variance 
between each class. This method allowed the algorithm 
to take advantage of three different threshold channels to 
develop an optimized object recognition profile compared to 
the MCE binary approach. This ultimately proved to be more 
successful in recognizing different focal layers of the embryo 
photos among the test images and was ultimately used in the 
finalized CellProfiler pipeline.
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cropping or masking edits prior to being run on the pipeline. 
Once the pipeline was complete, the images from the Gem-
citabine trial were passed through the automated analysis and 
the data exported into a spreadsheet for manual data cleaning 
and calculations.

Statistical Analysis in R Studio:
After the data was exported from CellProfiler, it was 

piped into an R Script that was able to filter and segment 
the data into multiple data frames for visual analysis in 
several steps (Figure 4). Initially, the aggregated dataset was 
summarized to determine general trends in the different 
treatment groups.¹⁰ This was done by taking the entire image 
dataset and analyzing all treatment groups using a boxplot to 
assess differences in data spread and distribution among the 
treatment groups. 

This produced a visual that was rapidly able to demonstrate 
that the 100 µM Gemcitabine drug was most effective at re-
ducing tumor area in the absence of 0.5% DMSO, while also 
having the largest data spread compared to the other trials. 
However, it also indicated that the Gemcitabine alone did not 
produce a very significant negative change in tumor area. From 
there, the data was filtered into two distinct data frames: one 
DMSO trial group data frame and one control group data 
frame. This facilitated separate but simultaneous analysis of 
both treatment types to compare the effect of DMSO on the 
embryos while also tracking the effect of 100 µM Gemcitabine 
on both groups without the influence of DMSO. In that way, 
the strategic separation of the trial groups allowed for a more 
diligent assessment of the usefulness of DMSO in the context 
of drug delivery, especially in future xenograft assays.
�   Methods
Comparative Data Analysis:
The final component in the automated image analysis 

process was making sense of the measurements that were 
produced and comparing them to the manual ones made 
using ImageJ. For that reason, a standard calculation was 

Data Collection and Pipeline Utilization:
After the test images were removed from the pipeline, the 

~200 images from the experiment were loaded into the fi-
nalized CellProfiler pipeline where an additional exportation 
module was added into the pipeline workspace to collect the 
image measurements and compile them into a spreadsheet da-
tabase.⁹ Using the aforementioned Otsu triple-class algorithm, 
the primary object recognition module was able to correctly 
distinguish between the three different image layers (back-
ground, the surrounding body of the fish, and bright tumor 
cells) and accurately recognize high contrast tumor cells as the 
most important objects to be investigated in the pipeline. The 
pipeline was also able to further differentiate primary objects 
(Figure 1) from secondary objects (Figure 2) using the Otsu 
algorithm to pick out the background of the fish, producing 
better thresholding baselines and more accurate density calcu-
lations in the process. 

In addition, an object-relation and object merging module 
set was able to group tumor clusters and eliminate extraneous 
objects found in the zebrafish images to avoid unneeded mea-
surements. The object relation function took the surrounding 
secondary object (the entire fish including the tumor cells) and 
related it to the included interior primary objects (the tumor). 
Using this relationship, the pipeline was then able to merge 
all bright fluorescent cells found via the primary object recog-
nition module and produce one final object to measure using 
the outer secondary object as a guide. The final output (Figure 
3) shows the bounded area that merges all interior primary 
objects into a unified object that stores a single composite 
measurement that avoids divergent information. In addition 
to testing images to develop a high-accuracy pipeline, imag-
es were edited and cropped to reduce interference with the 
thresholding and object recognition algorithms. Though ide-
ally all images should be designed and taken to directly enter 
the pipeline, small errors in the photographs necessitated small 

Figure 1: Otsu triple-class primary object recongnition identifies tumor 
objects from greyscale image. Overall, comparison of control and analyzed 
images suggest that CellProfiler can accurately identify tumors from images 
with high accuracy.   

Figure 2: Output general image thresholding and secondary object 
recognition using Otsu triple-class differentiation indicate that CellProfiler 
identify zebrafish bodies separately from tumor masses using image layering.    

Figure 3: Secondary object recongition and inclusion merging will group 
primary object clusters (tumor cells) into one object to be analyzed once, 
allowing the pipeline to analyze only one composite tumor object, elimiating 
duplicate measurements.   

Figure 4: The R Studio analysis process is broken into five steps, from data 
importation to post-processing and human eye analysis to ensure statistical 
reliability.      
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developed to assess the percent change that occurred post-
treatment after initial images were assessed and tumor area 
recorded. First, a decimal value of tumor area change (1) was 
used to classify the type of difference observed post drug 
treatment. Then, a percentage was obtained (2) that accurately 
quantified tumor growth. A negative percentage was noted 
to represent a decrease in tumor size or a negative trend in 
growth/metastasis when the initial and post-treatment images 
were compared. Conversely, a positive percentage indicated an 
increase in tumor growth or a progression in tumor metastasis 
when initial and post-treatment images are compared. 

∆ = post-treatment area/initial area   (1)
 100 • (∆ – 1)   (2)

The resulting signed area change percentages were then 
averaged and compared between the CellProfiler dataset and 
the ImageJ analysis (Table 1). Since each analysis technique 
used images from zebrafish embryos with different treatment 
types, the fish were separated into their different treatment 
groups where averages from each group were obtained 
individually. This allowed us to analyze how each analysis 
technique assessed the different images across treatment 
groups and observe any discrepancies in the data. To do this 
more rapidly, a Raw Difference (Table 1) was computed 
by taking the absolute difference between the ImageJ and 
CellProfiler averages. This was used as an indicator of how 
closely the CellProfiler pipeline was able to approximate the 
measurements found using ImageJ and comprised a significant 
portion of our statistical findings beyond the different graphs 
of the data we gathered from R Studio.

a.Image data sets have been edited to eliminate outlier datapoints that reflect 
poor image quality. Datapoints that illustrate high contrast tumor changes 
are kept. 
When constructing these averages, several important 
differences between the CellProfiler and the ImageJ datasets 
emerged. During analysis, a few images had to be removed 
from the experiment due to poor quality (see a) but the 
parameters for considering whether to eliminate images from 
the experiment were different in each analysis. CellProfiler’s 
100% automated setup required higher quality images to be 
used in the experiment because it lacked the same human 
input to decide what objects were important in zebrafish 
images. However, determining tumor area in ImageJ using a 
blurry image was possible for many photos, so a larger number 
had to be removed from the CellProfiler analysis as it would 
have been unable to produce meaningful results from low-
quality visuals. This caused the size of the manual ImageJ 
dataset to be seven points larger than the CellProfiler set but 
had a minimal effect on the resulting data (Table 1) since 
the raw differences between observed averages for the trial 
groups between each analysis technique did not exceed 6.5%. 

Overall, this indicates high statistical and numeric congruency 
between the CellProfiler and ImageJ analysis, supporting the 
high-integrity processing ability of the automated approach 
which could match observations by the human eye. Initially, 
the CellProfiler pipeline was predicted to preform identically 
to the manual ImageJ techniques while saving a significant 
amount of time in the process. 

Based on the charts that measured both datapoint density 
and spread for each trial group, that hypothesis was confirmed. 
The CellProfiler dataset for both the two DMSO categories 
(Figure 5) and the two control categories (Figure 6) exhibited 
similar data trends, confirming that the automated pipeline 
could not only outpace ImageJ in time efficiency, but also remain 
as efficient in processing zebrafish images by comparison. The 
only notable difference between the raw datasets was the 
spread that was observed and the density of datapoints. Most 
of the time, the CellProfiler analysis tool produced data with 
a larger spread than that of ImageJ, most likely due to small 
errors in the thresholding and Otsu differentiation algorithm 
that produced a small quantity of statistically significant 
outliers that reflected poor image quality. Though these 
differences in data spread were important to note between each 
analysis method, the high level of comparability and low Raw 
Differences (Table 1) observed in each trial category suggests 
that these differences in data spread do not hinder the ability 
for CellProfiler to produce high-quality image analysis results.

Furthermore, given that the data produced from both 
analysis methods were extremely similar to one another, the 
reduced processing time in CellProfiler suggests that minor 
data discrepancies are compensated for by the rapid pace 
of automated analysis. On average, analyzing one image 
using ImageJ required ~5 minutes depending on how many 
measurements were needed to be extracted from the image. 
Mainly, the large amount of time was due to measurement 
tools being located in different areas in the analysis interface. 
Using a histogram to manually threshold different regions of 
the fish to isolate tumor cells necessitated a long process of 
trial and error that took up a considerable portion of time. 

Figure 5: ImageJ (left) and CellProfiler (right) violin plots show similar 
trends for the 0.5% DMSO only (in pink) and 100µM Gemcitabine in 0.5% 
DMSO (in blue) groups. Red boxes show mean and standard deviation. 

Table 1: Comparative Data Analysis of Image Measurement Results. 

Figure 6: ImageJ (left) and CellProfiler (right) plots show similar trends 
for the 100 µM Gemcitabine (in pink) and Fish Water (in blue) groups. Red 
boxes show mean and standard deviation.
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After these measurements were completed, each image 
feature that was numerically measured had to be saved in a 
separate spreadsheet. As such, it was no surprise that the total 
processing time for the entire batch of 144 images totaled 
approximately 12 hours if done by a single person. Compared to 
the automated analysis process that took just above 12 minutes 
to complete in CellProfiler, ImageJ’s adjustable measurement 
capabilities that were once considered advantageous were 
instead determined to be tedious. Overall, it was not surprising 
to discover that the CellProfiler pipeline took less than 2% 
of the time to analyze the same number of images while also 
upholding the same standards of data reliability as illustrated 
by the generated charts and aforementioned analysis. Thus, 
CellProfiler was definitively proven to be both equally reliable 
and vastly more economical when analyzing large quantities of 
images for xenograft studies such as these.

Object and Trait Classification Using CellProfiler Analyst:
Once statistical analysis was completed through R Studio, 

the data was exported into a MySQLite database and im-
ported into CellProfiler Analyst for further machine learning 
object-trait classification. This classification tool in CellProfil-
er Analyst would be able to use several different techniques, 
include a neural network and optimized algorithmic classifi-
ers, to automatically differentiate images based on a sample 
set of images classified by eye.¹¹ Thus, using this tool it would 
theoretically be possible to take datasets with more than 200 
images and automatically classify each image based on a set of 
measurements to group them into drug-responsive, drug-unre-
sponsive, and control groups, or produce groups that exhibited 
bright tumor fluorescence, low tumor fluorescence, or no ob-
served tumor fluorescence to automatically separate successful 
xenografts from the rest. After the database was imported into 
the Analyst tool for processing, all images from the study were 
automatically aggregated and funneled into the software for 
manual classification. Next, twenty images were loaded into 
the classifier tool and manually sorted into a “bright tumor” 
and “light tumor” group to separate images based on tumor cell 
fluorescent intensity. 

Based on the sorted groups done manually, two classification 
methods, the AdaBoost and 50x50 neural network, were tested 
on the image sets to determine which worked the best to sepa-
rate images based on observed xenograft quality. Though not all 
images were sorted thereafter, a statistical summary obtained 
from the Analyst tool showed that the neural network classifier 
had a 93.33% accuracy score compared to the 73.33% accuracy 

of the AdaBoost classifier (Figure 7). However, the AdaBoost 
classifier has the bonus of producing a set list of measurements 
used by the algorithm to classify the different images based 
on the sample set done by eye. Based on the desired number 
of important measurements to be used when classifying image 
sets, the resulting output from the AdaBoost process will out-
line the most important features it looked at when making the 
choices it did to classify the images in the sample set. For this 
study, the AdaBoost classifier used: Integrated Intensity Edge 
of the greyscale images, tumor area Euler Number, the fish area 
Euler Number, Integrated Intensity Edge of the tumor, and 
number of Light Tumor Objects per image to differentiate im-
ages. While the neural network was much better at classifying 
images correctly, it could not output a list of important features/
measurements to look at in the study to differentiate images 
based on a common group trait. This indicates that while the 
neural network was best suited for classifying all images in the 
set rapidly, an AdaBoost algorithm used in conjunction with 
the machine learning abilities of CellProfiler Analyst produced 
meaningful and rapid results that could not be achieved else-
where.
�   Discussion
Study Outcome:
Overall, this study demonstrates high potential for CellPro-

filer to expedite personalized cancer treatments. CellProfiler 
was able to significantly reduce the analysis period for zebrafish 
xenograft images while offering new avenues to pursue image 
classification through neural networks and machine learning. 
On the whole, these factors highlight important benefits of the 
CellProfiler system compared to the old ImageJ system. While 
scientists have to spend many hours measuring large quantities 
of tumor images by hand and expend precious research hours 
in the process, CellProfiler actively cuts these hours down to 
just 2% of the previous total while retaining recognition ac-
curacy. In short, CellProfiler reduces the “carbon footprint” of 
image analysis by offering a more efficient method that offers 
increased refinement and innovation to provide even more in-
formation to zebrafish labs and clinicians on a whole.

The Impact of the CellProfiler System:
Though various research groups around the nation have used 

ImageJ to analyze zebrafish images, this data suggests that the 
automated computational ability of CellProfiler can rapid-
ly save time and energy when processing zebrafish drug trial 
studies. Software like MATLAB can be used to complete sim-
ilar automated image analysis using a modular coding interface 
but lacks the same machine learning classifications that can be 
done using CellProfiler’s native Analyst plugin. 

CellProfiler Analyst is capable of running multiple machine 
learning algorithms to classify different properties that can 
be used to differentiate tumor clusters from one another. This 
ability allows researchers to rapidly separate images based on 
a visual trait that can be observed from images alone. In es-
sence, CellProfiler Analyst can automatically sort images based 
on phenotypes seen within the visuals themselves and use that 
information to inform future observations.¹¹ For instance, sort-
ing images automatically using a neural network can allow for 
separate analysis based on the type of images sorted. 

Figure 7: AdaBoost (left) drastically underperforms against the neural
network (right) classifier but has the added benefit of exporting a list of 
measurements features used in the algorithm’s classification.
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With the AdaBoost method, specific measurements can be 
extracted from images when run through the classifier that can 
be recirculated into the study environment to help determine 
which visual aspects are most critical in the research context. 
Though this isn’t the only application of CellProfiler Analyst, it 
presents a compelling case when it comes expanding and refin-
ing high-throughput research studies that incorporate a lot of 
data into building a clinical impact. Its other statistical analysis, 
plate viewer, and object preview features make it even more 
capable of assessing image analysis components to meet quality 
control requirements in the research space.

More specifically, CellProfiler’s stored image metadata and 
extraction tools that work in both the pipeline and analyst 
tool allow for rapid screening and image separation that can 
be done almost seamlessly between both software. CellProfil-
er can rapidly measure image traits and export metadata into 
Analyst, where it can quickly relay measurement trends and 
dosage information in a matter of seconds once processing is 
done. For clinicians and other healthcare professionals, this 
tool will provide an invaluable resource when working in per-
sonalized cancer trials, where the rapid turnaround of research 
findings can allow precious time and energy to be saved on a 
patient’s behalf. This opens doors for more accessible and stan-
dardized zebrafish xenograft assays that can be collaborated on 
with multiple labs and compared across various similar studies. 
Thus, hospitals should consider exploring the extensive impact 
of this automated xenograft analysis system to better serve can-
cer patients from multiple backgrounds.
�   Conclusion
In conclusion, CellProfiler provides a promising new avenue 

to expedite and improve existing zebrafish xenograft assays 
using photoimaging. The unique capabilities of CellProfiler 
and its ability to work effectively with R Studio make it ideal 
to complete rapid interpretations that can more easily inform 
clinicians about nuances in applied personalized medicine that 
can improve patient care. However, the most important impact 
of this study are the new implications for machine learning 
and computer-driven interpretations that can exponentially 
increase the clinical applications of future research in zebrafish 
xenografts. CellProfiler’s compatibility with CellProfiler 
Analyst, a machine-learning engine that uses neural networks 
and classifying engines to categorize cell images based on 
preliminary sorting by eye, dramatically expands information 
about critical dosage effect and widespread analysis trends that 
will undoubtedly make these zebrafish studies all the more 
relevant and effective.

Despite these findings, it should be noted that several 
imaging issues contributed to the need to edit images prior to 
being analyzed, which contributed to the overall analysis time 
that was used in the study. This weakness in image capturing 
can be avoided by ensuring all microscope imaging settings 
are properly set and recalibrating them between imaging 
sessions but can be a contributing factor in the analysis time 
for subsequent trials. For future research, our lab is working 
on ways to use embedded image metadata and measurement 
tools in CellProfiler to develop dosage curves that can quickly 
be used to evaluate not only drug efficacy, but the threshold 

at which drug effects can be observed. Furthermore, with the 
new machine learning capabilities of the software on hand, we 
will continue to explore how the trait classifier can help build a 
standard set of measurements that can be selected for to assess 
drug impacts more reliably. In years ahead, wider research 
in this area should seek to develop more intelligent analysis 
methods that can utilize artificial intelligence and analytical 
computation to combine the pipeline and post-processing 
study modules into a single step, allowing for immediate access 
to trial results from images as they are taken.
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ABSTRACT: Humans are complex organisms, people can think, learn, and develop new skills. The difference between humans 
and other organisms is the factor of neuroplasticity. By being able to alter the networks inside the brain to adapt to new tasks and 
environments, humans can become more advanced. This experiment used Electroencephalography (EEG) technology to record 
brain wave data from a total of 3 participants. The objective of the experiment was to explore the balance between exploration 
and exploitation type tasks to understand a participant’s optimal range of learning. The experiment aims to apply the concepts 
of soft-wiring and hardwiring in the brain to high cognitive conscious activity and low innate unconscious activity respectively. 
A framework for neuroplasticity feedback control is proposed, where neuroplasticity is measured by the brain activity from the 
performance of each type of task, and task duration is used to generate the targeted neuroplasticity for the participants. 

KEYWORDS: Physiology, Neuroplasticity; EEG; Exploration; Exploitation; Declarative Memory; Procedural Memory. 

�   Introduction
In the animal kingdom, many organisms live simply to 

survive; therefore, many of the techniques exclusive to their 
species are hardwired into their brains once they are born, or 
only take a few days to develop and strengthen. However, hu-
mans are more complex, their early development of the brain 
allows learning of new tasks and mastery of skills. A variety of 
networks are constructed in a child's brain as they grow. 

To learn something new and allow it to become automatic 
is the representation of neuroplasticity. This leads to resilience 
and a growth mindset which are continuously adapted into 
educational environments.¹ In this type of setting, a growth 
mindset drives a student’s intrinsic motivation to explore their 
learning with curiosity thus improving their educational per-
formance. During learning, when students come in contact 
with something new, their brains become active to absorb the 
rules and concepts to complete the task. As the task is done 
more times, the repetitiveness helps the task become more nat-
ural and eventually automatic to the student in the form of 
declarative memory (e.g., applying math formulas) and proce-
dural memory (e.g., playing piano).²

Performing these tasks involves cognitive processing from 
two types of memory: Declarative and nondeclarative mem-
ory. Declarative or explicit memory is the conscious storage 
and recollection of information. Declarative memory is usu-
ally the primary process of thought when referencing memory. 
Non-declarative or implicit memory is the unconscious storage 
and recollection of information. An example of a non-declar-
ative process would be the unconscious learning or retrieval 
of information by procedural memory. In David Eagleman’s 
book “The Brain”, he made the analogy of the conscious and 
unconscious as software and hardware to describe a cup stack-
ing competition, which he did with a child expert. While Dr. 
Eagleman was “using a general-purpose cognitive software”, 
the expert had already “transferred the skill into specialized 
cognitive hardware”.³-⁵ In David Eagleman’s cup stacking ex-

periment, procedural memory represents the stage that skills 
are hardwired into the brain or burned into the unconscious 
mind.² This, in turn, requires less brain energy to perform the 
task, compared to a new player, who uses a lot of cognitive pow-
er and effort in the conscious mind to perform the same task. 
Therefore, the degree of how much a skill has been hardwired 
(i.e., neuroplasticity) can be measured by comparing the brain 
activity of an experienced player with that of an amateur player.

The software and hardware of the human brain are constant-
ly changing. This brings up the balance between exploration 
and exploitation. While exploration tasks “burn” new knowl-
edge into our brain’s neural networks, exploitation tasks reuse 
and consolidate our brain’s existing network.⁶ Both education 
systems and business organizations are promoting a balance 
between both activities so that the organization can be inno-
vative and systematic in the long run.⁷ These two activities are 
also commonly used in machine reinforcement learning to 
assist machines in completing cognitive tasks such as going 
through a maze, -where sometimes the machine performs in an 
exploration mode (to take more risks by trying possible paths). 
Other times, the machine performs in an exploitation mode by 
trying the best path based on current information.⁸

Many studies that observe the changes of the brain’s software 
and hardware include recording brain wave activity using Elec-
troencephalography (EEG) technology. EEG is a non-invasive 
measuring tool, where electrodes are placed on the scalp in 
designated positions concerning different sections of the brain. 
The brain waves that are recorded are separated into 5 frequen-
cy ranges: delta, theta, alpha, beta, and gamma.⁹,¹⁰ Beta and 
gamma waves reside at the top with 13-30Hz and 30-44Hz, 
respectively. Alpha waves reside in the middle with 7.5-13Hz. 
Delta and theta are at the bottom with 1-4Hz and 4-8Hz re-
spectively. High-frequency brain waves are dominant during 
the use of the conscious mind or the brain’s software, while 
low-frequency brain waves are dominant during the use of the 
unconscious mind or the brain’s hardware.¹¹ EEG headsets are 
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commercially available such as the Muse headband used in this 
experiment.

In this paper, a framework for neuroplasticity feedback 
control is proposed, where neuroplasticity is measured as the 
difference between the Muse EEG signals from the explora-
tion task and the exploitation task, and task duration is used to 
achieve targeted neuroplasticity. A total of three participants 
performed an exploration task (reading) and an exploitation 
task (gaming). Each experiment had increasing duration in-
tervals for the task and rest periods in between intervals. The 
Muse EEG headband was used to collect brain wave data 
during these experiments.
�   Results and Discussion
Part 1: EEG Measurements of Neuroplasticity:
A total of three participants participated in this experiment. 

The control for the experiment was a simple race car game 
task, which was assumed all subjects had experienced the 
same skills by using the unconscious mind. The control is 
used to compare the subject performing the reading task 
to measure the degree of neuroplasticity of their reading 
skills. Through this comparison, we can identify how much 
procedural memory for reading has been hardwired into the 
brain (see Figure 1).

Part 2: The Dynamics of Live-wiring:

Instead of studying a large number of subjects, we focus on 
three subjects and study the dynamics of each subject in terms 
of how EEG changes with time. For subjects still relying a 
lot on conscious cognitive effort, as reading activity time 
increases, EEG activity decreases, showing that subjects are 
transferring cognitive power into the unconscious mind as it 
becomes more adapted to reading material (see Figure 2). The 
concept of live-wiring represents the adaptive ability the brain 
has to new stimuli from the environment and experiences.¹¹ 
The repeated experiments of reading tasks (with increasing 
task durations) showed a steady decreasing trend in the work 
to read the novel, which shows the acceptance of the task and 
the beginning of the hardwiring process.

Part 3: A Framework for Neuroplasticity Feedback Control:
A framework for a neuroplasticity feedback control 

algorithm is proposed as the time control of a reference 
activity that is no longer needed, because the comparison is 
no longer interpersonal, the control is the initial state of the 
person.

no longer interpersonal, the control is the initial state of the 
person.

1. Initially, measure neuroplasticity of a task from the Muse 
score at the skill, with a fixed duration of rest

2. Select a setpoint for the Muse score.
3. Increase task duration with a fixed duration of rest (if the 

Muse score is more than the setpoint)
4. Decrease task duration with a fixed duration of rest (if the 

Muse score is less than the setpoint)
A practical application for students is to reduce studying 

anxiety. For example, if the student wants to finish his study 
in a short amount of time, he may feel anxious and under 
pressure, requiring high brain activity; the plan is to increase 
task duration such that the student has time for the necessary 
cognitive processes. Alternatively, if the student already feels 
relaxed and calm, he/she may plan to decrease task duration to 
explore other challenging cognitive tasks.

An embodiment of the feedback control algorithm is the 
balance between exploration and exploitation portions of a 
task. 

1. Initially, measure neuroplasticity of a task from the Muse 
score at the skill, then a fixed duration of rest

2. Select a setpoint for the Muse score.
3. Increase the exploitation (decrease the exploration) por-

tion of the task duration with a fixed duration of rest (if the 
Muse score is greater than the setpoint)

4. Increase the exploration (decrease the exploitation) por-
tion of the task duration with a fixed duration of rest (if the 
Muse score is less than the setpoint)

4s shown above, for a student to reduce study anxiety, he/she 
can also increase the exploitation portion of the task duration, 
which requires less brain cognitive activity. Conversely, if the 
student already feels relaxed and calm, he/she may plan to 
increase the exploration portion of the task duration such that 
the student explores more challenging tasks with higher brain 
cognitive activity.
�   Conclusion
In this experiment, we tried to show the existence of hard-

wiring in the brain when completing similar tasks repeatedly 
over some time. Through experimentation, the data showed 

Figure 1: The correspondence between brain activity and recollection of 
exploration and exploitation activities.    

Figure 2: Separated graphs of each participant, circles represent 
experiments with thirty-minute intervals, and diamonds represent 5,10, and 
15- minute intervals. As time increases, the cognitive activity is transferred to 
the unconscious mind as shown with the graphs.    
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how as time increased, the activity in the brain decreased. This 
means that the brain has adapted to the task and the cognitive 
work that corresponds to the task. By the time the brain is 
performing the task for the fourth or fifth time, activity in the 
brain is clustered towards the 3rd quadrant of the coordinate 
plane figure. With this in mind, the feedback control algo-
rithm is applied by finding the optimal range where activities 
begin to become hardwired in specific participants.
�   Methods
The Muse headband contains seven electrodes, two on the 

forehead (prefrontal cortex), one behind each ear (temporal 
lobes), and three more electrodes as references (see Figure 3). 
The brain waves recorded with this device are combined into 
one signal moving between 3 mental states of calm, neutral 
and active.

In this experiment, 2 male middle school students and 
1 adult male were tested for this change from soft-wiring 
to hardwiring by using a reading task (i.e. reading “Lord of 
the Rings, which all participants are unfamiliar with) and a 
gaming task (i.e. playing simple race car game, which all par-
ticipants are familiar with) in the same environment (i.e. same 
room on the same recliner chair at the same time after 4 pm 
when the brain is most effective in learning¹²). The gaming 
task was used as a control, representing the hardwired mindset, 
a basic understanding of the controls was all that was needed. 
The participants would drive in a limited environment, much 
like how the brain continues to fire its neurons in a specific 
pattern for a task. The reading task was the task that was used 
to measure the change in the neural activity from soft-wired 
to hardwired. The reading task was tested in intervals of 5,10, 
and 15 minutes, with a 5-minute rest in between, then it was 
tested again for 30 minutes still including the 5-minute rests. 
Both experiments were repeated twice on the same day. Then 
for four days, this process was repeated, to gather all of the 
data. The data was processed using DataPlotDigitizer to con-
vert Muse brainwave data into data points and used Python to 
create the clustered histograms. 
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ABSTRACT: Contrary to common belief, pollution caused by land vehicles is not limited to exhaust emission. Friction between 
the road and the tires can also release microplastics, polluting the environment and threatening human health. Microplastics are 
pieces of plastic smaller than 5 mm, with their primary sources being synthetic textiles and car tires. Exhaust problems can 
be solved with new technologies such as electric cars, while microplastics originating from textiles can be addressed by using 
modified washing machines. This study aims to highlight the severity of the microplastic pollution in Turkey and propose a 
feasible solution to the problem by using a new product design. Calculations based on the loss of volume of car tires done in this 
study show that approximately 54,613 m3 of microplastics are released annually from car tires in Turkey alone. The contribution to 
this pollution for different types of vehicles was also calculated, revealing that almost half (49.6 %) is caused by automobiles. The 
proposed product, to be placed behind each wheel, utilizes static electricity to collect microplastics. This process is carried out by a 
rotating, acetate-covered cylinder that is negatively charged. The system creates a cycle, continuously collecting microplastics and 
depositing them inside a container. The capability of acetate to attract microplastics was tested in an experiment, demonstrating 
that acetate is an effective material for the capture of microplastics generated from vehicles.

KEYWORDS: Environmental Engineering; Pollution Control; Microplastics; Car Tires; Static Electricity. 

�   Introduction
Microplastics are defined as "solid polymer particles 

generally smaller than 5 mm in size".¹ They are formed due 
to the abrasion of plastics used in many materials such as 
synthetic fabrics, paint, car tires, plastic bags, and plastic bottles. 
Even though microplastics are tiny in size, they cause serious 
environmental pollution.

With the continuous increase in plastic production in 
recent years, the release of microplastics to the environment 
has increased significantly. According to a study published 
in 2018, the plastic industry had an annual growth rate of 
approximately 12 % during the last 10 years.² The immense 
amount of microplastic release, therefore, is a problem that 
needs urgent attention. 

Microplastics are categorized as primary and secondary 
microplastics according to their source. Primary microplastics 
are pieces of plastic that are directly emitted into the 
environment in sizes less than 5 mm. Today, many countries 
have banned their use. Examples of primary microplastics are 
microbeads used in the cosmetics industry, glitters used in the 
textile and make-up industry, industrial production pellets and 
recycled plastic pellets. Secondary microplastics are formed 
as a result of the wearing of macroplastics due to external 
factors. Microfibers detached from synthetic textile products 
and fragments detached from vehicle tires are examples of 
secondary microplastics. During the life of a single product, 
as many as 100,000 microplastic particles can mix into water 
resources and affect the food chain.³

Plastics have serious effects on nature, despite their small size, 
since the decomposition time of plastics in the environment 
can reach up to a thousand years.⁴ Their effects are most 

common in aquatic ecosystems. For example, it is estimated 
that there are more than 150 million tons of plastic in the seas. 
By 2025, there will be a ton of plastic in seas for every three 
tons of fish. Additionally, 80 % of this plastic waste in the seas 
is caused by activities on land. While secondary microplastics 
are directly mixed into the food chain through the ingestion 
of aquatic organisms, primary microplastics cause the natural 
pollutants to remain on the water surface. Humans, who are 
at the top of the food chain, are also exposed to the negative 
effects of microplastics through fish consumption. Due to their 
small size, microplastics can enter the human body by mixing 
with food products or beverages, passing through respiratory 
barriers and can sometimes be absorobed through the skin. The 
abundant presence of microplastics in human urine and blood 
samples confirms this situation. When microplastics enter the 
human body, they profoundly affect human health due to their 
toxicity. They are particularly retained in the lungs at a high 
rate, causing significant respiratory problems.³ 

A study estimates that the annual per capita consumption 
of microplastics in the US varies between 39,000 and 52,000 
particles. When the microplastics inhaled by respiration 
are considered, these values increase to between 74,000 and 
121,000 particles and possibly higher.⁵ 

Car tires, synthetic textiles, marine coatings, road markings, 
and personal care products are the major contributing factors 
to microplastic pollution. Among these, car tires and synthetic 
textiles are the most prominent, making up 35 % and 28 % of 
the total microplastics in the oceans, respectively.⁶ There have 
been efforts to prevent synthetic textiles from polluting the 
oceans. “Cora Ball” is a product resulting from one such effort. 
It is meant to filter microfibers during the clothes washing 
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process.⁷ Some brands, such as Arçelik have also started 
producing washing machines with integrated filtering systems, 
to reduce microplastic pollution.⁸ Though these are positive 
developments for the environment; the pollution stemming 
from car tires has largely been ignored, not garnering the 
attention it deserves.

Car tires wear and tear by contact with the road. The amount 
and size of plastic particles resulting from this wear and tear 
is dependent on the temperature, the structure of the tire, the 
surface on which the tire moves, the speed of the vehicle and 
the way the tire and the road come into contact (rotation of 
the tire, tire slip, brake, etc.). As a result of the friction between 
the car tire and the road, heat is released and microplastics 
rupture from the tire. These microplastics spread into the air 
and waterways.⁹ This corresponds to a total of 6.1 million tons 
annually, or approximately 1.8 % of plastic production. If the 
microplastics released during braking are also considered, this 
number increases by a further 0.5 million tons.¹⁰ 

The structure of modern car tires consists of 19 % natural 
rubber and 24 % synthetic rubber, or plastic polymers.¹¹ Metals 
and other substances make up the rest. Nowadays, there are car 
tires obtained by using recyclable and environmentally friendly 
materials instead of synthetic rubber to reduce environmental 
impact. However, their overall fraction remains low.¹²

Another potential solution to the microplastics problem 
is changing the structure of the tire, but such methods are 
difficult to apply. This is because these methods cannot be 
readily adapted to existing tires using current technologies. 
Solutions such as reducing the use of cars, preferring lighter 
cars, not making sudden moves while driving, and frequent 
clearing of roads are also suggested. Still, these suggestions are 
not very realistic or applicable for all drivers. 

In a recent study, Shah and Foo¹³ proposed the direct 
collection of microplastics emitted by car tires with electrostatic 
forces to be ready for use by the year 2025. This device, named 
"Dustin", is based on a positively charged carbon steel attached 
to the rear of the vehicle wheel to attract negatively charged 
microplastics due to friction. A vibration motor then causes 
the microplastic particles to fall, and a vacuum motor collects 
the microplastic particles. Although it is a well-designed 
device, it cannot be used on a wide scale. This is due to the fact 
that it is designed for public transport only. Since the target 
audience is municipalities and automobile brands, materials 
and technologies have been used that causes an increase in the 
price of the product. For this reason, it will not be possible 
for a standard car user to purchase this product, leaving the 
issue of microplastic pollution caused by everyday automobiles 
unresolved. 

In another study conducted by Steffen,¹⁴ titled "The Tire 
Collective", it was determined that it would be most efficient 
to use the principle of static electricity instead of vacuuming 
or adhesion principles for the collection of microplastics from 
vehicle tires. For this, the positive charge generated during the 
friction of plastic particles to the asphalt was used. The copper 
plates in the designed device are negatively charged with the 
energy it receives from the alternator of the vehicle, attracting 
car tire particles. In order to efficiently capture particles before 

they are released into the atmosphere, the unit is placed in the 
natural airflow path around the tire. It is claimed that 60 % of 
microplastics from car tires can be caught with this device. The 
collected rubber pieces are stored in a removable container that 
needs to be emptied once a month. The rubber waste obtained 
can be reused in recycled tires or for other purposes. The biggest 
challenge of this study is that the design is complex and not 
easily applicable. These features make production difficult and 
require a lot of experimentation before it can be put into use. 

In order to find an effective solution to the microplastics 
problem, it is necessary to develop a simple design that is 
accessible to everyone. For this reason, in this study, a product 
that can efficiently collect the microplastics caused by car tires 
with low-cost materials is proposed. Additionally, the amount 
of microplastics the car tires produce to cause pollution in 
Turkey was calculated. This calculation also showed the 
distribution of microplastics emission among a variety of 
vehicle types. 
�   Methods
Car tires are one of the primary sources that contribute to 

the emission of microplastics, which can have adverse effects 
on human health and the environment. Understanding the 
scope of pollution is an essential initial step to creating a 
solution for this widespread and critical environmental 
problem. Therefore, this study starts by estimating the 
emission of microplastics from vehicle tires in Turkey. The 
main aim of the study is to design and test a device that can 
reduce the amount of microplastics polluting the environment 
using the principle of static electricity.

Estimation of Microplastic Emissions from Tires:
First, the number of car tires in use in Turkey was calculated 

using the data provided by TÜİK (Statistics Institution of 
Turkey). The data for the number of active vehicles, along 
with the percentage of vehicle types was used for December 
2020.¹⁵ After calculating the number of each vehicle type, the 
total number of car tires associated with the vehicle type was 
calculated using the average number of tires per vehicle.

Since each vehicle model uses different kinds of tires, an 
averaged size was assumed for each vehicle type to simplify 
calculations. To best determine a standard size, a technical 
data book for car tires was used.¹⁶,¹⁸ Standardized radius and 
width values were determined based on the data gathered 
from the tire data book. These values are shown in the 
diagram below. Table 2 shows better some of these values. In 
the “Tire sizes” column, the leftmost number is the width of 
the tire in milimeters, the second is the percent value of the 
height divided by the width of the tire, and the last is the rim 
diameter in inches. This is the standard tire size notation.¹⁹ In 
Figure 1, the tire sizes taken for automobiles are exemplified.

Figure 1: Representative tire sizes for automobiles (225/45 R 17). 
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The calculations show that every year, approximately 54,613 
m3 of microplastics are produced by car tires in Turkey (Table 
4). In other words, 4.5 times the volume of The Galata Tower 
in microplastics is produced annually. This means microplastic 
pollution equal in volume to The Galata Tower is generated 
about every 3 months. Around half, 49.6 %, of these are by 
automobiles (Figure 2), adding up to 27,087 m3 annually 

Based on these values, the total volume loss of tires during 
their lifetime and the distribution of this volume loss by vehicle 
types were calculated. The legal limit for tire tread depth in 
Europe is 1.6 mm.¹³ The tread depth of a never used tire is 
between 7-9 mm.²⁰ In this study, the tread depth of a new 
tire was assumed to be 8 mm and the tire was assumed to be 
changed when the tread depth was 1.6 mm. In other words, it 
was assumed that the tire lost 6.4 (8 – 1.6) mm of tread depth 
through its lifetime. Using the knowledge that a tire has an 
average life of 5 years,²⁰ the annual amount of plastic released 
from a tire was calculated. In addition, since the volume of the 
tread on the tire varies according to the brand and tire type, the 
ratio of tread area to the tire surface for each tire type was taken 
as 90 % in this study. The amount of microplastics emitted by 
the tires was calculated with the following relationship based 
on the volume loss experienced by the tire. 

∆V=2πr×∆r×L×ψ
where
∆V Tire's loss of volume
r Wheel radius
∆r Change of tread depth (assumed to be 6.4 mm for 

each tire)
L Tire width
ψ Ratio of contact area to total surface area (assumed to 

be 0.9 for each tire)
The calculated volume loss per tire rubber was multiplied 

with the number of tires used in Turkey (Table 1), and the total 
volume loss of all tires was found. This volume loss corresponds 
to the amount of microplastic emitted into the environment 
during the lifetime (5 years) of tires. Microplastic emitted 
into the environment in one year by all vehicles in Turkey was 
found through this calculation.
�   Results and Discussion
Results of the microplastic emissions from different vehicle 

types in Turkey are given in the tables and figures presented 
below. Table 1 provides the number of tires used in Turkey, 
broken down for each vehicle type. Table 2 presents the tire 
sizes taken for each vehicle type and the radii and widths cal-
culated according to these dimensions. In Table 3, the volume 
of released tire material for each tire type during its lifetime 
is presented. Table 4 provides the total volume loss of tires in
Turkey for five years, which corresponds to the amount of mi-
croplastic emitted into the environment during the lifetime of 
tires, and one year. In Figure 2, the distribution of microplastic 
volume emitted to the environment for each vehicle type is 
summarized.

*Vehicles used for special purposes, including ambulances, 
fire trucks, and funeral vehicles.

Table 1: . Vehicle and tire quantities in Turkey as of December 2020. 

Table 2: Standard tire dimensions for each vehicle type. 

Table 3: Volume loss per tire for each vehicle type. 

Table 4: Volume of microplastics emitted by each vehicle type in Turkey for 
5 years and 1 year. 

Figure 2: Distribution of microplastics emission from car tires among 
vehicle types in Turkey. 
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(Table 4). The remaining vehicle types and their contribution 
to the pollution (m3) are as follows: tractors, 9,592; vans, 7,765; 
trucks, 6,394; motorcycles, 1,824; minibuses, 999; buses, 804; 
and special purpose vehicles, 150 (Table 4). Due to the sheer 
amount of microplastics in the environment, it is essential to 
design a product to combat this problem. Acetate, which is the 
main component of the product proposed in this study, has 
proven to be able to collect microplastics in an experiment. 
To achieve this, the acetate needs to be charged with static 
electricity (Figure 10, Figure 11). The container in which the 
microplastics collect must be emptied occasionally. The time in 
between these emptying was calculated based on the efficiency 
of the product. Assuming the product works with 100 % 
efficiency, this time is approximately 22 months (Figure 3).

Design of a Microplastic Collection Device:
The device designed in this project was drawn with the 

"AutoCAD" program. Figure 4 shows the three-dimensional 
view of the design from the outside. Figure 5 shows the 
position of the product on the car. Microplastics coming out 
of car tires become positively charged on asphalt as a result 
of friction.¹⁴ This product works on the principle of static 
electricity. Attached to the back of car tires, this device collects 
positively charged microplastics. The microplastics collected in 
the box can then be recycled and used again to make rubber or 
other similar materials

Materials and Working Principle:
The aluminum box, whose dimensions vary according to 

the type of vehicle, is the component where microplastics are 
collected. Low-cost aluminum has been preferred and allows 
for the device to be sturdy. As an example, it is designed with 
a width of 0.15 m, a length of 0.25 m and a height of 0.1 m 
for automobiles. Figure 4 shows these dimensions determined 
for automobiles. There is a rectangular opening on one side 
of the box for a cylinder to pass through and a protrusion 
at both ends for the cylinder to hold. The gap between the 
boundaries of the hole and the cylinder is wide enough for 
microplastics to pass. The box is mounted behind the wheel, 
on the body of the car, so that it can be easily installed and 
removed. When the box is filled with the microplastic waste, it 
can be emptied by opening the cover. Figure 3 shows when the 
box should be emptied which maximizes the efficiency of the 
product. The product efficiency was defined as the ratio of the 
collected microplastics to the total microplastic emitted from 
the vehicle tires. Through this ratio, the time to empty the box 
was determined according to the box capacity. For this, the 
volume of the box that can hold microplastics and when this 
volume would be filled was calculated. The capacity of the box 
was calculated such that the height of the collected amount 
of microplastics was 0.025 m. This calculation is based on the 
design for automobile tires.

PVC pipes, which are low in cost and easy to access, are 
proposed for the cylinder that collects microplastics. The 
circumference of the pipe is covered with acetate, which is also 
low in cost, easy to shape and can be charged electrically. Since 
the PVC pipe is an insulator, it does not cause acetate to lose 
its charge. For automobiles, it is designed with a height of 0.21 
m and a radius of 0.025 m. These dimensions are shown in 
Figure 6.

The battery-powered motor placed in the box enables the 
cylinder to rotate. This motor can operate in the box, protecting 
it from external factors.

In order to collect the microplastics in the box, a carbon 
brush, which is not affected by static electricity, is placed inside 
the box. Choosing a brush instead of neutralizing the static 
electricity for this process reduces the cost and avoids having 
to charge the neutralized area with static electricity again. This 
brush allows the negatively charged microplastics drawn by 
the positively charged cylinder to be scraped from the cylinder 
in the box.

Static sponge will be used to load the roller. If this method is 
not successful, a static loading bar will be used. A static sponge 
was selected due to its low cost. These materials will be 

Figure 3: Time between emptying of the box based on device productivity. 

Figure 4: Three-dimensional model of the prototype. 

Figure 5: Placement of the product on a car. 

Figure 6: Representative product dimensions for automobiles. 
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attached to the top of the cylinder. The photographs in Figure 
7 show the static sponge and the static loading bar.

As shown in Figure 4, the cylinder charged with static 
electricity is mounted in a box with a portion of it inside. 
Figure 8 also shows the interior of the product. The working 
principle of the product is shown in Figure 9. The acetate-
coated cylinder rotates in the direction of the arrow as shown 
in Figure 9 with the help of a battery-powered motor. As the 
device is working, the cylinder is negatively charged. As the 
microplastics break off the tire, their positive charge enables 
them to adhere to the negatively charged cylinder and enter 
the box following the rotation of the cylinder. Microplastics are 
scraped from the cylinder and collected in the box due to the 
carbon brush mounted in the box.

Experimental Procedure:
To test the working principle of the design, an experiment 

was conducted to show whether acetate catches microplastics 
from vehicle tires when charged with static electricity. For this 
experiment, small pieces of a vehicle tire were first removed 
with the help of a utility knife and sandpaper. Then acetate 
was rubbed against a wool sweater and an electrical charge on 
the acetate was generated by friction. Acetate was held over 
on microplastic pieces immediately after rubbing and it was 
observed that the microplastic pieces were attracted to and stuck 
to the acetate. As the experimental control, acetate, which was 
not electrically charged by friction, was held on microplastic 
pieces and it was observed that these pieces were not attracted 
to the acetate. The control group is shown in Figure 10, and the 
experimental group is shown in Figure 11.

�   Conclusion
To conclude, the vast amount of microplastics being spread 

by car tires in recent years are a significant contribution to 
pollution. Though the effects of microplastics on human health 
still require further research, it is known that their inhalation 
can cause major respiratory problems, including lung cancer. It 
is essential to propose solutions to this severe threat to health. 
This study aims to propose an affordable and practical answer 
to this impending threat. The described solution is based on 
the fact that microplastics can be collected using opposite 
electrical charges. The calculations and conducted experiment 
demonstrate this to be feasible. Another aim of the study is to 
calculate the amount of microplastics being spread by each type 
of vehicle, in Turkey, annually. It is predicted that the wide-
spread usage of the proposed product would greatly decrease 
microplastic pollution, also allowing the collected microplastics 
to be recycled.

Suggestions for Future Research:
The surface of the cylinder used for the product could 

be coated in a photoconductive material such as selenium, 
creating a system similar to that of a photocopy machine. 
Photoconductivity allows materials to conduct electricity only 
when exposed to light. Placing a light inside of the box would 
cause the selenium to transfer its charge to the conductive 
cylinder, dropping the collected microplastics inside the box. 
This method was not chosen due to the cost of the selenium 
and the need to modify the design so that no light touched 
the selenium on the outside of the box. Additionally, the 
areas where microplastics adhered to the selenium would not 
be exposed to light so they would not lose their charge, and 
the microplastics would not be released. If a design effectively 
bringing a solution to all these problems were proposed, using 
a photoconductive material would be feasible.

The base of the box could also be negatively charged to prevent 
collected microplastics from sticking to the cylinder again. This 
modification was not implemented for this design since the 
charge of the microplastics was considered too insignificant to 
create an attraction that strong. The implementation would also 

Figure 7: Static sponge and static loading bar, respectively.21 

Figure 8: Inside view of the prototype. 

Figure 9: Working principle of the device. 

Figure 10: Control group: The microplastics were not attracted to the 
uncharged acetate. 

Figure 11: Experimental group: The microplastics were attracted to the 
charged acetate. 
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needlessly complicate the creation of the product, decreasing 
its practicality. However, if a version of this product was to be 
used for different purposes, this feature could become necessary 
to deal with stronger charges.

The principle of using electrical charges can be beneficial 
outside of collecting microplastics. For example, it could be 
useful in collecting dust. If a surface were negatively charged; 
dust particles in the vicinity would be attracted to it, making the 
cleaning process more convenient. Static electricity could also 
be used to filter the smoke coming out of factory chimneys. It 
is common knowledge that factory smoke, containing dioxide 
and particles suspended, is a major contributor to air pollution. 
A simple filtering system, using static electricity, could be 
installed inside the chimneys to collect these particles, reducing 
pollution. 

Lastly, by developing more advanced technology, static 
electricity could be used on a cellular level. Cells or molecules 
could be separated since they have different amounts of electrical 
charge. This would be a breakthrough in biotechnology, allowing 
for countless possibilities of new techniques, applications and 
inventions. 
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ABSTRACT: Schizophrenia is a severe mental illness whose onset occurs due to interacting aspects of both nature and 
nurture. While the epidemiology of schizophrenia is not well understood, there have been multiple models and hypotheses, 
including the stress-vulnerability-inflammation model and the NMDA receptor hypofunction model, that have inspired new 
directions for research in schizophrenia. One area of research that has emerged in the hunt for understanding the cause of 
schizophrenia is neuroimmunology. This review focuses on recent breakthroughs in this field by finding stress as the main agent 
of immune dysfunction, inflammation, and inflammatory gut alterations in the path to schizophrenia. With these studies, the 
specific mechanisms of inflammation are highlighted, as well as the role of the gut-brain axis in stress-induced schizophrenia. 
Furthermore, gaps in available research are addressed and the next areas of research required to one day prevent/delay the onset 
of schizophrenia are identified.

KEYWORDS: Behavioral and Social Sciences; Neuroscience; Schizophrenia; Stress-Induced Inflammation; Gut-brain axis.

�   Introduction
Schizophrenia is a heterogeneous mental disorder character-

ized by the presence of two or more defining symptoms over a 
six-month period. These include positive symptoms like delu-
sions, hallucinations, and paranoia, as well as negative symptoms 
such as decreased ability to express emotion, impaired thought/
speech, and catatonia.¹ The prevalence of schizophrenia inter-
nationally is 0.75%, and while this may seem relatively low, 
schizophrenia represents one of the top 15 causes of disability 
worldwide.² Due to lack of access to treatment, many people 
with schizophrenia remain undiagnosed and untreated. How-
ever, even within those who can access proper care, a significant 
number suffer from TRS, or treatment resistant schizophrenia, 
leading to a poor prognosis.³ Schizophrenia, aside from its de-
fining symptoms, carries increased risk of premature mortality, 
inflammatory health conditions, and higher rates of suicide, 
making it a significant burden to those affected by it.² More-
over, schizophrenia poses immense economic challenges due to 
the disproportionately high cost of disease management and 
the limited upward mobility caused by disease onset.⁴ These 
realities highlight the importance of further research into this 
complex disorder. 

While the epidemiology of schizophrenia is not well un-
derstood, recent studies in neuroimmunology have proven 
promising.⁵ Two well-studied models of schizophrenic epi-
demiology, the stress-vulnerability-inflammation model and 
the N-methyl D-aspartate (NMDA) receptor hypofunction 
model, have proven especially useful as the basis for research 
in neuroimmunology in schizophrenia. The NMDA receptor 
hypofunction model describes the antagonism of the gluta-
matergic signaling NMDA receptor in the brain. Antagonism 
of this receptor by its only known naturally occurring inhib-
itor, kynurenic acid (KYN-A), causes cognitive dysfunction, 
depressive symptoms, and other negative symptoms of schizo-
phrenia.⁶ Furthermore, controlled studies have showed that 

inhibition of the NMDA receptor by ketamine and phency-
clidine (PCP) have caused positive, negative, cognitive, and 
physiologic symptoms of schizophrenia (such as eye-move-
ment abnormalities) in healthy patients,⁷,⁸ further highlighting 
the importance of the proper function of the NMDA receptor. 
Interestingly, studies have shown a link between NMDA re-
ceptor hypofunction and high levels of dopamine in the brain, 
a mechanism long thought to have been the sole cause of psy-
chosis in schizophrenic individuals.⁷ Now, however, through 
studies in neuroimmunology, it is clear that complex inter-
actions of synergistic factors, rather than one isolated factor, 
cause onset of schizophrenia. One model that supports this 
concept is the stress-vulnerability-inflammation model. This 
model finds that the genetic makeup of a subject predisposes 
them to inflammation and abnormal immune response later in 
life,⁵ strongly suggesting the roles of both nature and nurture 
in schizophrenic onset. Indeed, it has been found that schizo-
phrenic patients have mutations on chromosome 6 within the 
major histocompatibility complex (MHC), a locus heavily 
associated with autoimmunity and brain development.⁹ This 
implies a role of immune dysfunction in schizophrenia. More-
over, known inflammatory triggers like chronic stress, traumatic 
events, viral exposure, gut dysbiosis, and chronic inflammatory/ 
autoimmune illnesses have been associated with increased risk 
of the onset of schizophrenia, further supporting this model of 
epidemiology.⁵,¹⁰

These two models of schizophrenia have prompted novel 
studies in neuroimmunology and neuroinflammation, allowing 
for new foundations for possible prevention and treatment 
for this debilitating disorder. However, due to the complex 
interaction of multiple social, environmental, and biological 
factors, the exact mechanisms of schizophrenic onset are 
difficult to derive from these models alone. To dissect this 
complex epidemiology, this literature review aims to not only 
to emphasize the significance of inflammation and NMDA 
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receptor hypofunction in schizophrenia, but also highlight 
a novel mechanism of onset by connecting the impacts of 
stress on the gut-brain axis to the neuroimmune basis of 
schizophrenia (Figure 1).

�   Discussion
Stress-Induced Inflammation in Schizophrenic 
Epidemiology:
Stress, in its many forms, has a proven role in the 

epidemiology of schizophrenia. For the purposes of this paper, 
stress is defined as social or environmental insults that affect 
the pathogenesis of schizophrenia, either through the stressor 
itself or the subsequent stress response¹¹ (e.g., inflammation, 
increase in cortisol levels, changes in the kynurenine pathway). 
Evidence shows that mental, physical, and emotional stress 
in both chronic and acute timeframes is linked to various 
mechanisms of schizophrenic onset.¹² These forms of stress 
present themselves in situations related to mental health, 
immigration, location of upbringing, social support systems, 
chemical/pathogenic exposure, and physical stress pre- and 
perinatally.¹³ Such acute and chronic stress has been shown 
to play a consistent role in the onset of schizophrenia.¹³ 
For example, acute stress in the form of emotional, sexual, 
and physical abuse was associated with an almost seven-
fold increase in psychotic symptoms.¹³ Additionally, 
trauma in developmental stages of life was found to affect 
neurodevelopment and the presentation/severity 

of schizophrenic symptoms, which collectively affected the 
cognitive and social functioning of the individual post-onset.¹⁴ 
In a similar study of genetically vulnerable subjects, those who 
had experienced more severe and frequent childhood abuse 
displayed a significant pattern of abnormal anxiety, low stress 
tolerance, and high cortisol levels, all of which were associated 
with the portion of subjects who eventually transitioned 
into psychosis and schizophrenic onset.¹¹ This suggests that 
the stress response, such as cortisol level increase, from such 
socio-environmental stressors may contribute to subsequent 
mechanisms of onset of schizophrenic psychosis.  

One especially consequential mechanism in the epide-
miology of stress-induced schizophrenia is inflammation. 
Inflammation, a response of the immune system to external 
and internal stressors, can be caused by physical and chronic 
stress, both of which lead to numerous effects on the immune 
system, central nervous system, and gastrointestinal tract, 
creating a positive feedback loop of inflammation. An early de-
terminant of such harmful inflammatory patterns is maternal 
physical stress, as it puts the offspring at risk for immune dys-
function and eventually schizophrenic onset later in life.¹² This 
compromise often occurs while the subject’s central nervous 
system (CNS) is developing in the womb; in fact, inflamma-
tory response due to maternal pathogenic exposure (such as 
influenza, herpes simplex virus, and Toxoplasma gondii)in the 
second trimester of pregnancy has been shown to significantly 
increase risk of schizophrenic onset in the offspring later in 
life.¹²,¹⁵ Other sources of inflammation in schizophrenia, like 
illness, environmental factors, and stressors due to econom-
ic background,¹⁶ all fall under chronic stress. Chronic stress 
is known to lower the body’s threshold to trigger an immune 
response; this is due to constant stimulation eventually caus-
ing lower-magnitude triggers to set off higher-magnitude 
immune responses. This induces an increased and prolonged 
pro-inflammatory response from the body, which directly cor-
relates with psychosis.¹²

The role of inflammatory and autoimmune mechanisms 
in schizophrenia is further supported by the existence of 
anti-NMDA receptor encephalitis. This disorder, an auto-
immune disorder of the N-methyl D-aspartate receptors 
in the brain, often presents with both positive and negative 
psychiatric symptoms.¹⁷,¹⁸ Its shared etiology and symptom-
atic consequences with schizophrenia support the basis for 
immune-triggered glutamatergic signaling abnormalities in 
schizophrenic pathogenesis. Furthermore, studies have found 
that prolonged delivery of NMDA receptor antibodies in 
mice have resulted in anhedonia, depressive behaviors, and 
catatonia,¹⁸ all of which are standard negative symptoms of 
schizophrenia. Further research into the autoimmune basis 
of schizophrenia is required to further solidify this parallel, 
but the common ground of an immune response inducing 
schizophrenia-like heterogeneous symptoms indeed supports 
the neuroinflammatory basis of schizophrenia. Furthermore, 
because anti-NMDA receptor encephalitis is treatable by 
immunotherapies, the possibility for overlapping research of 
immune treatment in schizophrenia is significant.

Figure 1: Possible mechanisms in stress-induced schizophrenia. Stress is 
a driving force in the onset of schizophrenia. In conjunction with genetic 
and environmental factors, stress may induce inflammation through gut 
alterations and direct neuroinflammatory pathways. This includes, through 
gut dysbiosis, decreases in glutamine levels, increases in BBB permeability, 
microglia/astrocyte activation in the brain, and production of KYN-A/QUIN. 
These effects collectively lead to inflammation, which has been found to play 
a significant role in not only symptoms of schizophrenia, but in furthering 
immune dysregulation characteristic of schizophrenic onset and psychosis. 
[Figure made in Biorender]. 
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Cytokines can also impact schizophrenic etiology through 
the kynurenine pathway. Cytokines control tryptophan 
metabolism in the kynurenine pathway in multiple ways, 
suggesting that studying cytokines may help explain more than 
one mechanism in schizophrenic epidemiology (Figure 3).⁵ 
First, some cytokines can affect schizophrenic epidemiology 
through their absence. The cytokine IL-4 is an example of 
this. IL-4 is known to decrease KYN-A production; therefore, 
the low levels of IL-4 found in schizophrenic subjects may 
contribute to high levels of KYN-A.²¹

Second, some cytokines affect the activity of the enzymes 
involved in the kynurenine pathway. The cytokines IL-2 
and IFN- γ do this by enhancing IDO, an enzyme that, 
by converting L-kynurenine into KYN-A, increases the 
concentration of KYN-A.²¹ Additionally, both IL-2 and 
IFN- γ have been associated with acute schizophrenic positive 
symptoms.²¹ Lastly, some cytokines have been found to 
directly stimulate the production of KYN-A. For example, 
IL-1β and IL-6 increase the production of KYN-A and are 
found to be elevated in schizophrenic patients.²¹ Studies 
show that increased levels of KYN-A causes attentional 
impairment as well as dorsolateral prefrontal cortex (DLPC) 
volume loss in schizophrenia, which is associated with loss 
of executive function skills like emotion control and mental 
organization.¹⁰,¹⁹

Furthermore, as previously discussed, the antagonism 
of the NMDA receptor directly causes negative, positive, 
and physiological schizophrenic symptoms; therefore, the 
regulation of the kynurenine pathway by such cytokines is 
especially consequential. 

The cytokine interleukin-6 (IL-6) is of particular interest, as 
it affects multiple pro-inflammatory pathways in schizophrenia. 
In addition to increasing KYN-A in the central nervous system 
(Figure 3), IL-6 also increases the stress hormone cortisol 
through stimulation of the hypothalamus,⁵ an area of the 
brain that, in coordination with the pituitary gland, controls 
significant hormonal activity. This is important because 
increased levels of cortisol are directly related to schizophrenic 
symptoms and can occur in response to environmental and 
physical stress.⁵ As mentioned previously, markers of stress 
response like cortisol are critical to tracing the true effects of 

With such evidence of immune mechanisms in schizophrenia, 
tracing the effects of inflammation is important. Inflammation 
has been found to increase risk of schizophrenic onset in 
genetically prone subjects and alters the kynurenine pathway 
in schizophrenia. Interestingly, low-grade inflammatory 
markers have been found in postmortem brain studies as well 
as the blood plasma of almost 40% of schizophrenic patients,¹⁹ 
supporting evidence of inflammation-driven mechanisms in 
schizophrenia. An area of interest in this review is the role of 
cytokines, small inflammatory molecules involved in immune 
system regulation, which have been found to play multiple 
significant roles in the pathophysiology of schizophrenia, 
including in the breakdown of the blood-brain barrier (BBB), 
production of the NMDA receptor antagonist KYN-A, 
and upregulation of inflammatory feedback in the central 
nervous system (CNS).²⁰-²² Understanding these specific pro-
inflammatory cytokines and their effects on the symptoms 
of schizophrenia has allowed for a more complete picture 
of both the stress-vulnerability-inflammation and NMDA 
receptor hypofunction models of schizophrenia mechanisms 
in schizophrenia.  

Cytokines and Blood Brain Barrier Permeability:
Cytokines are able to affect schizophrenia through their 

actions on the blood brain barrier.²² The blood brain barrier 
(BBB) is a system of vasculature of the central nervous system 
that allows for controlled movement of substances that cross 
from blood into the brain.²³ In many neuroinflammatory and 
neurodegenerative diseases like schizophrenia, the BBB plays 
a role in epidemiology when its structure is compromised.²² 
This compromise can occur both pre- and postnatally. For 
example, physical stress through maternal inflammation 
from a mutagen, virus, or infection can affect the offspring 
in the womb despite the central nervous system (CNS) 
being separated from the peripheral immune system by 
the BBB. This is because pro-inflammatory cytokines like 
IL-1β, TNF-α, and IL-6 are able to invade the fetal CNS 
through the blood brain barrier.²¹ This mechanism supports 
the previously noted role of prenatal environment in the 
epidemiology of schizophrenia. Furthermore, cytokines can 
affect and pass through the BBB postnatally as well. In fact, 
the cytokines IL-6, IFN- γ, and TNF-α have been found 
to play a direct role in disassembling tight junctions in the 
BBB, causing decreased regulation of toxins and molecules 
to the brain, thereby increasing neuroinflammation.²² 
Increased BBB permeability due to both chronic-stress-
induced alterations and pro-inflammatory cytokines creates 
a positive feedback loop of immune dysregulation: the 
increased permeability increases neurotoxic species as well as 
contributes to ongoing inflammatory response by producing 
more cytokines.²² Moreover, the increased inflammation 
due to cytokine-induced BBB permeability has been found 
to increase psychotic symptoms and neurodegeneration in 
schizophrenia.²¹,²² Therefore, any stress-induced changes that 
affect pro-inflammatory cytokine levels or BBB permeability 
may have direct effects on schizophrenic onset and symptoms 
(Figure 2).

Cytokines and Kynurenine Pathway in Schizophrenic 
Symptoms  :

Figure 2: Three significant cytokines in schizophrenic epidemiology. 
Table of cytokines found to impact the inflammatory mechanisms in 
schizophrenia, including BBB permeability, pre-natal immune compromise, 
and dysregulation of the kynurenine pathway. [Figure made in Biorender]. 
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socio-environmental stressors on inflammatory pathways of 
schizophrenic etiology. Finding ways to prevent the action of 
cytokines like IL-6, then, may allow for multiple mechanisms 
of schizophrenic symptoms to be prevented. However, it 
is important to note the discrepancies in studies involving 
these cytokines in schizophrenia. For example, IL-6 has been 
found to be elevated in severely/chronically ill schizophrenic 
patients when compared to stable subjects, and IL-1β requires 
more studies to confirm its consistency throughout the entire 
schizophrenic population.24 Indeed, these studies serve to 
call for further research into confirming the roles of specific 
cytokines and their effects not only on KYN-A production in 
schizophrenia, but through other inflammatory mechanisms 
as well. Importantly, the origin of pro-inflammatory cytokine 
release must be identified to prevent inflammation and 
schizophrenic symptoms at the source; one such source of 
inflammation has been found in the gut-brain axis..

QUIN is a neurotoxic species that causes negative and cognitive 
symptoms of schizophrenia and has been outlined as a relevant metabolite 
in other neuropsychiatric disorders as well. The regulation of this pathway by 
inflammation has shown to induce schizophrenic symptoms. [Figure made in 
Biorender].

The Gut-Brain Axis in Schizophrenia :
Among the numerous pathways in which stress induces in-

flammation-driven schizophrenia, a relatively new mechanism 
that has emerged is through the gut-brain axis. This axis has 
gained traction in research in recent years due to the emerging 
evidence that the gut and brain interact through the immune 

system, nervous system, and metabolic pathways.²⁷ In fact, 
stress-induced changes such as gut dysbiosis, gut permeability, 
and irregular tryptophan metabolism have been found to link 
directly to depression, anxiety, Parkinson’s Disease, and even 
Alzheimer’s disease,suggesting that the gut does indeed play 
a considerable role in neuropsychiatric epidemiologies. ²⁷,²⁸ 
Furthermore, there are many consequential pathways of gut al-
terations that are often overlooked, such as the significant role 
of the gut mucosal lining in the etiology of depression, show-
ing that the field of gut-brain axis research is one with much 
potential.²⁸ This potential has been demonstrated through ex-
citing animal studies in schizophrenia, suggesting the roles of 
stress-induced gut permeability, glutamine changes, and gut 
dysbiosis in psychotic symptoms and increased inflammatory 
mechanisms leading to schizophrenia.²²,²⁹,³⁰ Interestingly, the 
gut-brain axis may play roles in joining both nature and nur-
ture involved in schizophrenic etiology. These roles may cause 
changes that are potentially responsible for triggering critical 
inflammatory pathways involved in disease onset.²⁹,³¹ For the 
purposes of this review, two branches of gut alterations, gluta-
mine changes and gut dysbiosis, will be suggested as possible 
central mechanisms of promoting inflammatory pathways to 
induce schizophrenic onset. 

The Role of Glutamine in Inflammation:
Glutamine is a conditionally essential amino acid known 

for its many protective roles in intestinal health, including nu-
cleotide metabolism, intestinal barrier function, inflammatory 
modulation, and stress response regulation.³⁰ Furthermore, 
glutamine prevents inflammatory mechanisms that influ-
ence the CNS by promoting cell division in the intestine and 
supporting tight junction protein function.²²,³⁰ Studies have 
shown that glutamine protects intestinal barrier function by 
preventing permeability to toxins and pathogens that could 
cause inflammation.³² In fact, in the absence of glutamine, ep-
ithelial cell permeability increases; this decreased control on 
the paracellular pathway is seen in diseases of immune dysreg-
ulation, including schizophrenia.²²,³⁰ 

Glutamine deficiencies and decreased glutamatergic signaling 
are seen in the presence of chronic stress in mice studies.³³ This 
is especially detrimental to schizophrenic etiology because 
stress-induced glutamine deficiency impacts gut structure and 
function, and increases proinflammatory cytokines like IL-6 
and TNF-α, causing further positive inflammatory feedback 
and neuroinflammation in schizophrenia.²² Research has 
found that glutamine is able to prevent harmful inflammation 
by inhibiting inflammatory signaling pathways.³⁰ Specifically, 
this is seen through the inhibition of the NF-kB transcription 
pathway. This pathway induces the expression of genes that 
code for interleukin-6 (IL-6) and tumor necrosis factor-α 
(TNF-α);³⁰ both cytokines involved in BBB permeability 
and regulation of the kynurenine pathway in schizophrenic 
epidemiology. This suggestive evidence of glutamine’s role 
in preventing CNS inflammation is further supported the 
by the fact that the inhibition of the NF-kB pathway by 
glutamine prevents a bidirectional immune feedback loop that 
would otherwise continue neuroinflammation and worsen 
schizophrenic symptoms.³⁰ 

Figure 3: An overview of the kynurenine pathway. The kynurenine 
pathway has been shown to be regulated by pro-inflammatory cytokines. The 
pathway involves the substrate tryptophan, an amino acid, being synthesized 
into protein, or converted into serotonin and L-kynurenine. The enzymes 
Indoleamine 2,3 Dioxygenase (IDO) as well as Tryptophan 2,3-dioxygenase 
(TDO) are responsible for the conversion of tryptophan into kynurenine. 
Kynurenine is then metabolized by enzymes called KATs (kynurenine 
aminotransferases) to produce kynurenic acid (KYN-A). Kynurenine may 
also be metabolized into quinolinic acid (QUIN) by a series of reactions 
that utilize the enzyme kynurenine 3-monooxygenase (KMO) to convert 
kynurenine into 3-Hydroxykynurenine, then 3-Hydroxyanthranilic acid, 
and eventually quinolinic acid (QUIN). The two end products of the 
kynurenine pathway relevant to schizophrenia are KYN-A and QUIN. 
KYN-A is the only naturally occurring NMDA receptor antagonist, and in 
high concentrations, cause negative, positive, and physiological symptoms of 
schizophrenia. 
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In addition to its anti-inflammatory roles, glutamine has been 
used as a treatment for gastrointestinal inflammatory conditions 
such as leaky gut syndrome, a condition involving the increased 
permeability of the intestine due to exposure to pathogens, 
toxins, or certain types of food antigens, often resulting in 
autoimmunity and inflammation due to unregulated release of 
toxins from the gut into the bloodstream.³⁴ The treatment of 
this condition with L-glutamine serves to repair tight junctions 
within the gut and heal the intestinal lining.³⁴ Interestingly, 
there have been studies suggesting that immune dysregulation 
in schizophrenia stems from leaky-gut phenotypes and the 
sensitivity to certain food antigens, specifically gluten and 
casein.³⁵ These studies call for further research into therapeutic 
use of diet restriction and L-glutamine in repairing gut 
permeability to prevent continued inflammatory effects. 

The Role of Gut Dysbiosis on Inflammation and Schizophrenic 
Symptoms:

Gut dysbiosis, a change in the bacterial population of the 
intestine, has also been linked to schizophrenia. Studies have 
found that stress-induced gut dysbiosis can occur at any 
point in a person’s life, ranging from prenatally to postnatal-
ly, making the gut-brain axis an area of interest for studies of 
schizophrenic onset in both genetically vulnerable and idio-
pathic patients.²⁷ Additionally, genetically vulnerable subjects 
may be predisposed to gut dysbiosis due to the major histo-
compatibility complex. As previously discussed, the major 
histocompatibility complex (MHC) is a locus affected in many 
schizophrenic patients. Interestingly, studies have found that 
the MHC may control immune response in the gut and induce 
dysbiosis and inflammation.³⁶ This immune dysregulation of 
the microbiome is seen in multiple autoimmune and gastro-
intestinal diseases, such as celiac disease, Crohn’s disease, and 
ulcerative colitis, all of which have high incidence in the pop-
ulation of schizophrenic patients as well.³⁶ These changes in 
the gut population through stress and genetics have also shown 
their impacts on schizophrenic pathophysiology. For example, 
it has been shown in multiple studies that there is a notable 
difference in taxonomy of the gut microbiome in patients with 
first-episode psychosis versus control subjects.²⁹ 

Furthermore, in studies of chronic schizophrenia, multiple 
families of gut bacteria were found to be decreased in pop-
ulation,³⁷ while other studies found increased levels of other 
families of bacteria, supporting the presence of gut dysbio-
sis in schizophrenia.²⁹ Moreover, the composition of the gut 
microbiome directly correlated to severity of psychotic symp-
toms,²⁹,³⁸ suggesting a possible synergistic interaction of stress, 
gut dysbiosis, and inflammation in psychosis. Additionally, in 
promising mouse studies, fecal microbiota transplants from 
mice with schizophrenic endotypes into healthy mice found 
that the recipient mice formed microbiota and behavior char-
acteristic of mice with schizophrenic endophenotypes, further 
supporting the role of gut dysbiosis in schizophrenic etiology.³⁷ 

A specific mechanism through which dysbiosis may affect 
schizophrenia is through metabolic pathways that produce 
short-chain fatty acids.³⁹ Short-chain fatty acids (SCFAs) are 
metabolites formed by the fermentation of fiber by bacteria in 
the intestine. When gut dysbiosis occurs, the concentration 
of fiber-fermenting bacteria is decreased, thereby decreasing 

SCFA levels. Because SCFAs inhibit histone deacetylation, 
this directly impacts genetic expression in schizophrenia, and 
may connect back to the previously discussed MHC-controlled 
immune microbiome dysregulation by affecting expression of 
the locus, further promoting gut dysbiosis.³⁶ In fact, studies have 
found that increased histone deacetylation is associated with 
schizophrenia; because SCFAs inhibit histone deacetylation, 
their presence (and lack thereof ) may play an important role in 
the epidemiology of schizophrenia.³⁹ In addition to their effect 
on genetic expression in schizophrenia, SCFAs benefit the 
intestine by decreasing intestinal inflammation and regulating 
metabolic activity by activating relevant G-protein-coupled 
receptors.³⁹ For example, SCFAs like butyric acid decrease 
inflammation by serving as inhibitors of the NF-kB pathway 
in a similar way to glutamine, highlighting the importance 
of maintaining a balanced microbiome in neuropsychiatric 
disorders.³⁹ Collectively, there is much evidence on a dynamic 
interaction of genetics, the environment, stress, and the 
gut microbiome in regulating inflammation and triggering 
pathways that lead to disease onset in schizophrenia. These 
exciting findings demonstrate a need for further research in 
human subjects on the direct effects of the microbiome on 
schizophrenic onset and/or prevention.
�   Conclusion
Based on the known literature, a clear correlation between 

chronic stress and inflammation-driven schizophrenic 
symptoms exists. Specifically, the effects of chronic stress, such 
as gut dysbiosis, changes in glutamine concentrations, and 
increases in inflammation have been linked to increased BBB 
permeability, pro-inflammatory cytokine activity, and changes 
in the kynurenine pathway.

Each of these consequences from stress individually 
contribute to the neuroinflammation seen in schizophrenia 
and play possible roles in its onset. The presence of such acute 
neuroinflammation and pro-inflammatory cytokines has been 
linked to positive symptoms in schizophrenia, marking this as 
an area of interest for future studies. Additionally, cytokines 
have been found to play roles in regulating the kynurenine 
pathway. Specifically, elevated inflammation increases 
concentrations of the neurotoxic products KYN-A and QUIN, 
which causes NMDA receptor hypofunction and furthers 
cognitive dysfunction in schizophrenia respectively. Existing 
studies find that inflammation is associated with acute psychotic 
symptoms, while KYN-A concentrations are mostly associated 
with negative symptoms; however, the possible source of both 
positive and negative symptoms has clearly been outlined as 
chronic stress and inflammation. Therefore, further research in 
immune-related CNS changes would allow for a more complete 
picture of the neuroimmune basis of schizophrenia. Examples 
of such research would include investigating the role of the 
kynurenine pathway in positive symptoms of schizophrenia 
and finding preventative genetic therapy or immune-
based treatments during neurodevelopment of genetically 
vulnerable subjects. Additional questions to pursue include 
the interactions of immune treatments and antipsychotics, and 
whether controlling neuroinflammation and the kynurenine 
pathway would allow for more effective results of antipsyho-
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tics in treatment-resistant schizophrenia. Additionally, while 
this review did not focus on the type of schizophrenia studied 
or comorbid factors, it is important to emphasize the need for 
considering interference of factors such as sleep, medications, 
smoking, stress, comorbid health conditions, and medical 
history, including obstetric complications/compromises in 
future full-scale clinical studies. With further studies, possible 
immunosuppressant and gut-supplementary treatments could 
be developed. These would aim to supplement prevention of 
psychotic episodes in conjunction with antipsychotics and 
treatments that focus on BBB and gut permeability to prevent 
a cytokine-inflammation feedback loop. Moreover, research in 
this field would allow for hope of treatments that could be used 
to prevent or delay early onset of schizophrenia in genetically 
vulnerable patients by manipulating genetic testing, obstetric 
monitoring, environmental stress, and other compromising 
triggers as the subject nears typical age range of onset.

With so many possibilities in this emerging field of immune-
based schizophrenia, continued research is required to better 
the prognosis of this debilitating disorder and, one day, prevent 
onset entirely. In the vast field of medicine, schizophrenia has 
proven to be a classic example of what can happen in the human 
body when multiple systems interact with both external and 
internal environments in self-propagating loops of progression 
into the illness; in fact, the mere existence of such a complex 
disorder has allowed for new possibilities and opened minds 
in medicine through the rise in research on the gut-brain axis 
and neuroimmunology. With these new attitudes on holistic, 
rather than strictly systematic, approaches to the human body, 
there is a better chance of improving not only the prognosis of 
schizophrenia, but of many other equally devastating illnesses 
as well. 
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ABSTRACT: During the initial spread of COVID-19, countries varied in their ability to control the virus. Research shows this 
variability is due, in part, to sociocultural factors. One sociocultural factor that differs among countries is the distance at which 
social interactions take place, also called interpersonal distance. Because COVID-19 transmits through social interaction, better 
understanding the relationship between cross-cultural interpersonal distance preferences and COVID-19 transmission would be 
helpful in recommending culturally effective preventive measures to help slow transmission.

Multivariable linear regression analysis was used to identify the relationship between interpersonal distance and COVID-19 
transmission. This study hypothesized that during the initial period of spread within countries, the frequency of COVID-19 
cases in countries where people interacted at closer interpersonal distances would be greater compared to countries where people 
interacted at more remote interpersonal distances. 

The results of the multivariable regression analysis, with various controls, including total population, median age, and gross 
domestic product (GDP), indicated that the variation of interpersonal distance among countries did not affect COVID-19 
case frequency. The models showed that total population, median age, GDP, and individualism were significant predictors of 
COVID-19 case frequency at different times during the initial spread within countries.

KEYWORDS: Computational Biology and Bioinformatics; Computational Epidemiology; Biostatistics; Infectious Diseases; 
COVID-19; Interpersonal Distance: Proxemics.

�   Introduction
In early 2020, COVID-19 spread quickly across the world, 

creating a global health crisis. The World Health Organiza-
tion (WHO) declared COVID-19, the disease caused by the 
SARS-CoV-2 virus, a global pandemic on March 11, 2020.¹ 
By mid-April of 2020, the virus had infected over 2 million 
people killing at least 128,000 worldwide.² As of March 1, 
2021, the virus infected 114.48 million people and caused 2.54 
million deaths across the globe.² Among different countries, 
there was great variability in reported case numbers during the 
initial spread of COVID-19. This leads to the question, why 
did some countries struggle to contain the initial spread while 
others fared better? 

Research has found that COVID-19 spreads through fo-
mites, airborne droplets, and airborne aerosols, all of which are 
produced through breathing and vocalizations.³ Due to grav-
ity, most large and medium-sized airborne droplets fall to the 
ground quickly and do not travel far from their origin. How-
ever, smaller droplets and aerosols stay suspended in the air for 
longer periods of time.³ This is why social distancing measures 
are so important in decreasing transmission of diseases such as 
COVID-19. 

An area of study that is closely related to social distancing is 
proxemics, the study of how people use space when communi-
cating with each other. Edward Hall, the founder of proxemics, 
defined interpersonal distance (IPD) as the amount of space 
that people feel is necessary to set between themselves and oth-
ers.⁴ It is interesting to note that these distances are primarily 
based on sensory input, such as, vision, hearing, touch, and smell. 

IPD may be evolutionarily derived - distance and perceptions 
can protect an organism from possible danger. For example, 
sensory discomfort due to crowding prevents overpopulation, 
disrupted social function, and the negative physiological and 
psychological effects of stress due to crowds.⁵ Although IPD 
emerged through evolution and biology, it is also influenced by 
feelings towards others, conditioned situational responses, age, 
and gender.⁶ According to Hall, cultural norms are the most 
significant factor that predict preferred interpersonal distances. 
Proxemics is supported by research showing that IPD varies 
among countries.⁶

Proxemics divides IPD into four categories: intimate 
distance, personal distance, social distance, and public distance 
(Figure 1). These distances are categorized by differences in 
visual, auditory, tactile, and olfactory stimulation. Intimate 
distance (0-18in.) is the closest distance at which people 
interact and is reserved for close friends and family. This 
distance is categorized by blurred vision, sensation of breath, low 
vocalizations, and increased perception of heat and olfaction. 
Personal distance (18in. - 4ft.) is the distance at which people 
conduct routine social interactions. At this distance, body heat 
is no longer detectable, but cues from a person’s facial muscles 
and eyes are appreciable, and odor is detectable. People tend to 
vocalize at a moderate voice level. Since the individuals who 
are interacting are within reach of each other, physical contact 
is possible. Social distance (4-12 ft.) is the distance at which 
most formal interactions take place. At this distance people can 
engage and disengage at will, physical contact is not expected, 
facial details are less discernible, heat and odor are no longer 
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detectable, and a moderate voice level is expected. Hall’s final 
category, public distance (12-25 ft), is the distance where 
teaching and public speaking usually occur. At this distance 
the only expected sensory input is visual and auditory. 

Sorokowska, in a cross-cultural comparison study done 
in 2017, concluded that IPD preferences differ across the 
globe.⁶ This study measured social, personal, and intimate 
distance preferences in 42 countries. Distance preferences were 
determined through a questionnaire that used simple graphics. 
Participants from each country were asked to rate the distance 
at which they felt comfortable having a conversation with a 
stranger, an acquaintance, and a close friend or family member. 
This study’s results support both Hall’s conjecture that IPD 
does differ across various types of social interaction and that 
IPD differs among cultures.

Little research has been done on the relationship between 
proxemics and disease transmission. One very recent study 
looked into the effect of national preferred IPD and the spread 
of COVID-19.⁷ Instead of using Sorokowska’s raw data, IPD 
data was determined using a “pixel/millimetric coordinate 
system approach” based on the scaled graphic presented in the 
Sorokowska study. This recent study concluded that as national 
IPD preferences increase, COVID-19 growth rates decrease. 
It is important to note that this study did not attempt to take 
other factors that have been linked to the spread of COVID-19 
into account. Other scientific research has identified various 
factors that impact COVID-19 case frequency or growth 
rate, thus highlighting the importance of control variables in 
epidemiological studies regarding COVID-19.

Recent studies have found that sociocultural factors, such 
as government efficiency and relational mobility, contribute 
to the spread of COVID-19.⁸,⁹ This study assesses cross-
cultural preferred interpersonal distance as a sociocultural 
factor impacting the early spread of COVID-19. Because 
COVID-19 can be transmitted through social interaction, 
a better understanding of the effects of cross-cultural IPD 
preferences on COVID-19 transmission would be helpful 
in determining preventive measures against COVID-19 
transmission. This study addresses the gap in research regarding 
the effect of proxemics on disease transmission.

It is hypothesized that, during the initial period of spread 
within countries, the frequency of COVID-19 transmission 
in countries where people interact at closer interpersonal 
distances would be greater compared to countries where people 
interact at more remote interpersonal distances.

�   Methods
Statistical Analysis:
Multivariable linear regression is widely used to account for 

the strength of the relationship between a dependent variable 
and multiple independent variables simultaneously, and thus 
was used to determine which variables were significant in 
accounting for the number of COVID-19 cases within a 
country. In a regression model, independent variables must be 
independent of each other. Personal and social distance were 
found to be highly correlated (r = 0.898), as were personal 
and intimate distance (r = 0.841), and therefore could not 
be included in the same model. Therefore, a separate model 
was run for each interpersonal distance variable at each time 
period (15, 30, and 60 days).

Dependent Variable :
Data on the cumulative number of COVID-19 cases per 

country was collected from a public online database, Our 
World in Data, which is an international project that collects 
data on multiple topics, including COVID-19.² As a starting 
point for data collection, the day of the 100th reported 
COVID-19 case was determined for each country and 
designated as Day 0. The number of COVID-19 cases in each 
country was recorded at 15, 30, and 60 days after Day 0. These 
three timepoints made it possible to determine if interpersonal 
distance impacted the transmission of COVID-19 at 
different time points during the initial spread within each 
country. Data was not collected beyond 60 days after day 0 to 
avoid the potential impact of government mandates, such as, 
lockdowns, facial coverings, and social distancing. Although 
several countries had imposed lockdowns between Day 0 - 
Day 60, an analysis of the 1918 influenza pandemic suggests 
that lockdowns do not produce measurable effects for several 
weeks, and therefore lockdowns have been eliminated as a 
factor in this study.¹⁰

Independent Variable of Interest :
The source of all IPD data was Sorokowska’s previously 

mentioned study on intimate, personal, and social distance 
preferences in 42 countries.⁶ Data regarding public distance 
was not collected by Sorokowska’s study. However, because 
COVID-19 transmission is not likely to occur at this distance 
(12 - 25 ft), it was not necessary to include it in the current 
study.

Country Selection :
Since IPD is the variable of interest in this study, the 

selection of countries was limited to the 40 countries in 
Sorokowska’s study with data available for each control 
variable.

Control Variables :
Total population was included as a control variable because 

a greater population will likely have more infections simply 
because there are more people who are at risk of becoming 
infected or spreading the disease. Since the transmission of 
COVID-19 occurs primarily during human interactions 
at a close distance, population density (persons/km2) was 
controlled for as a variable that likely affected COVID-19 
case frequency. Median age of the total population within a
country was set as a control because older people are more

Figure 1: Depiction of interpersonal distance zones. 
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in fact, impact COVID-19 case frequency at each point in 
time.

15 Days :
The R-Squared values of the models at 15 days demonstrated 

that models at this time point did not explain the variance. The 
only independent variable that was statistically significant at 
15 days was the amount of international tourism (Table 1). As 
expected, a greater amount of international tourism resulted 
in more COVID-19 cases. It makes sense that international 
tourism was significant during the initial spread because the 
risks associated with travel had not yet been realized and 
tourism facilitates movement between countries, which has 
been linked to accelerating the spread of COVID-19.⁹ At 15 
days, it is likely that none of the other independent variables 
had sufficient time to impact case numbers, which might 
explain why the R-Squared values are low. 

30 Days :
At 30 days R-Squared values demonstrated that the models 

explained a large portion of the variance. Interestingly, the 
models showed that international tourism, GDP, median 
age, and total population were statistically significant (Table 
1). Similar to the data at 15 days, as international tourism 
increased, the amount of reported COVID-19 cases also 
increased, presumably due to the continued lack of awareness 
that tourism accelerates the spread of COVID-19. Again, 
this relationship is not surprising because tourism facilitates 
movement throughout and between countries, which has been 
linked to accelerating the spread of COVID-19.⁹ 

As GDP increased, the amount of reported COVID-19 cases 
also increased. Although this relationship was not expected, 
it could be explained by the fact that higher GDP may give 
affluent countries more resources to track COVID-19, leading 
to more reported cases. As median age increased, the number 
of reported cases decreased. This relationship was not expected 
because older individuals are more susceptible to disease.¹⁶ This 
may be because younger people are more mobile within their 
communities, leading to more interactions and transmissions. 
Last, as the total population of a country increased the number 
of reported COVID-19 cases decreased. This relationship 
was not expected, but it is possible that countries with greater 
populations faced more hurdles testing their large populations 
compared to countries with smaller populations.

 

susceptible to respiratory infections, such as COVID-19.¹⁶ 
Net migration (per 1,000 population) was also controlled for to 
account for movement of a population which has been found 
to increase COVID-19 growth rates,⁹ therefore impacting case 
frequency. Data for these four variables was obtained from the 
United Nations Department of Economic and Social Affairs 
World Population Prospects.¹¹

Outside of general population factor, economic factors can 
also play a role in the spread of COVID-19, and therefore 
must be controlled for in this study. Gross domestic product 
(GDP) was included to control for economic development. 
Countries with a larger GDP are better equipped to handle a 
global pandemic because they have more resources. The percent 
of urbanization within a country was included as a control 
because people living in urban areas are more susceptible to 
transmission due to higher densities. International tourism 
(number of arrivals) was included as a control for movement 
of people into a population. Data for these three variables was 
obtained from The World Bank.¹²

On top of population demographics and economic 
factors, social differences between nations can play a role in 
the spread of infectious diseases. Individualism was set as a 
control because one study suggested that more individualistic 
countries reported more COVID-19 cases, as opposed to more 
collectivist countries.9 Individualism data was gathered from 
Hofstede's index of individualism. This index rates countries 
on a scale from 0-100 where 0 represents the most collectivist 
countries and 100 represents the most individualistic 
countries.¹³ This index is part of a respected database 
regarding sociocultural factors which has been validated over 
time. Hofstede defined individualistic societies as “societies 
in which the ties between individuals are loose: everyone is 
expected to look after themselves and their immediate family.” 
On the other side of the spectrum, collectivist societies were 
defined as “societies in which people from birth onward are 
integrated into strong, cohesive in-groups, which throughout 
people's lifetime continue to protect them in exchange for 
unquestioning loyalty”.¹⁴ This study hypothesized that citizens 
from more individualistic countries would not place a high 
priority on protecting the health of their communities, and 
would therefore have more COVID-19 cases, as compared to 
collectivist countries where citizens would be more willing to 
take actions to protect the health of their communities.

Finally, a recent study found that countries with mandated 
Bacillus Calamette-Guerin (BCG) vaccines were impacted 
less by COVID-19,¹⁵ so BCG was included as a dichotomous 
control variable. The data was coded as 0 for countries without 
mandatory BCG vaccines and 1 for countries with mandatory 
BCG vaccines. 
�   Results and Discussion
Interpersonal Distance :
The models at 15, 30, and 60 days all demonstrated that 

Sorokowska’s measured interpersonal distance preferences 
did not account for the COVID-19 case frequencies 
during the early stages of country-wide outbreaks (Table 1). 
Interestingly, the models uncovered a set of variables that did,

Table 1: Linear regressions models of COVID-19 case frequency. The cells 
in the table below contain regressions coefficients for each variable. The 
legend explaining the meaning of the colors is located in the bottom row.  
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60 Days  :
At 60 days R-Squared values demonstrated that the models 

explained a large portion of the variance. The models showed 
that total population, median age of the total population, 
GDP, and individualism were statistically significant predic-
tors of COVID-19 case frequency (Table 1). In contrast to 15 
and 30 days, international tourism was no longer significant 
60 days into the pandemic, most likely due to the emerging 
recognition of the risks associated with international travel and 
a subsequent reduction in travel. As the total population and 
median age of a population increased, the number of report-
ed COVID-19 cases decreased. As before, these relationships 
were not expected. 

The models at 60 days showed that a previously insignificant 
independent variable was significantly related to COVID-19 
case frequency. More individualistic countries reported more 
COVID-19 cases, as a corollary this means that more collec-
tivist countries reported fewer cases. This relationship is as 
expected because citizens from individualistic countries are 
more likely to prioritize themselves over their communities. It 
is probable that individualism was not significant at 15 and 30 
days because citizens were not aware of safety measures they 
could choose to take to protect their community that early on 
in the pandemic. As GDP increased, the amount of reported 
COVID-19 cases also increased. Again, this relationship was 
not expected, but makes sense in combination with the signif-
icance of individualism. Higher GDP means higher consumer 
demand, and higher individualism suggests more determina-
tion to meet that demand, even if it involves moving about.
�   Conclusion
At 15, 30, and 60 days into the COVID-19 pandemic, 

interpersonal distance did not account for the number of 
reported COVID-19 cases in a country. This indicates that 
significant consideration of cultural norms regarding IPD 
may not be needed when devising strategies for decreasing the 
initial spread of COVID-19. 

Droplet Distance :
One reason that IPD did not account for COVID-19 

transmission may be that airborne coronavirus droplets travel 
within the span of all three interpersonal distances. Measured 
intimate distance, social distance, and personal distance are all 
less than 2.5 meters.⁶ Recent evidence indicates that airborne 
droplets can travel over 2.5 meters from their origin.³ Thus, 
airborne droplets could travel within the range of all three 
interpersonal distances around the world. IPD might not ac-
count for droplet distance because droplet distance is affected 
by other factors, such as, size, relative humidity, air current, and 
evaporation, which are not included in this study.³

Aerosol Distance :
Recent research suggests that the coronavirus can also travel 

as an aerosol, which is defined as an airborne particle 5 µm 
or smaller.³ The distance these aerosols travel is difficult to 
determine not only because of their small size, but also be-
cause of the lack of data documenting how their movement 
is affected by factors such as air current, relative humidity, and 
evaporation. It is likely that the smaller nature of aerosolized 
particles allows them to linger in the air for longer periods of 

time, leading to travel distances that are longer than those of 
airborne droplets, and potentially well beyond all three mea-
sured IPD preferences. At this point in time however, little is 
known about the risk of transmission of COVID-19 due to 
virus-containing aerosolized particles. 

Implications :
This study revealed that 15 and 30 days into a countries 

outbreak, international tourism was linked to higher case fre-
quency (Table 1). This indicates that if there are signs of a 
dangerous respiratory virus in the future, countries should act 
quickly to close their borders to tourism. Further, the models 
indicated that 30 days into a countries spread, total population, 
GDP, and median age were significantly linked to reported 
COVID-19 case frequency. This result suggests that countries, 
in planning for the next epidemic, could develop a risk assess-
ment of disease transmission based on easily accessible data.

Data Limitations :
It is important to note that this study was limited by data 

on interpersonal distance that was available for 40 countries 
(n = 40). This limits the statistical power of the models. Mod-
els with more data points would have more power and likely 
more statistical validity. Also, this study is only representative 
of COVID-19 during the first 60 days of country-wide out-
breaks. 

Further, this study does not control for the amount of time 
countries had to prepare for the pandemic. For example, Chi-
na did not have time to prepare for the outbreak because the 
global pandemic originated there, while other countries had 
weeks to watch, learn, and take preventive actions. However, 
the amount of time a country had to prepare for the pandemic 
does not necessarily indicate that a country used that time to 
prepare.

There is no consistent measure of COVID-19 cases with-
in countries due to differences in testing methods, testing 
availability, and asymptomatic cases. It is probable that cas-
es were especially underreported during the initial spread of 
COVID-19 when countries were scrambling to come up with 
testing protocols. This research would have benefitted from 
controlling for this by incorporating a test to case ratio for 
each country. Measuring the ratio of tests to confirmed cases 
(# of tests : 1 confirmed case) indicates testing coverage within 
a country.¹⁷ If a country has a low test to confirmed case ratio 
it suggests that the country is not testing enough and in turn 
is underreporting the number of cases.¹⁷ Unfortunately, test-
to-case ratios could not be used to control for underreporting 
due to lack of data.

Interpersonal Distance Data :
The Sorokowska study that collected IPD data has limita-

tions of its own. It is uncertain whether Sorokowska’s results 
are representative of an accurate cross section of a country’s 
culture(s). The Sorokowska study collected demographic data 
on age, location, and sex of its participants, but not on other 
important cultural demographics, such as ethnicity or im-
migration status. It is not clear whether this study includes 
pockets of cultural variability within countries, which means 
that data on IPD may not represent a country as a whole. Fi-
nally, the study on interpersonal distance is recent (2017), and 
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it is one of the first of its kind, and therefore, it has not yet been 
tested for validity through replication.

Future Research :
This study helps to guide future research on the connection 

between IPD and respiratory disease transmission. First, to 
better understand the true nature of this relationship, it would 
be important to expand the scope of study to include more than 
40 countries to have a larger sample size. Other considerations 
include incorporation of the most up to date understanding 
transmission, as well as measures of government efficiency, cul-
tural tightness, underreporting, and relational mobility.

Another related line of research could focus on Hall’s cat-
egorization of cultures as either “contact” of “non-contact.” 
Contact cultures are defined as “societies in which people stand 
closer together while talking, engage in more direct eye contact, 
use face-to-face body orientations more often while talking, 
touch more frequently, and speak in louder voices,” whereas in 
non-contact cultures, “people tend to stand farther apart when 
conversing, maintain less eye contact, and touch less often.”²⁰ 
It would be informative to compare the transmission of respi-
ratory disease in these two categories of cultures. 

Finally, while this study focuses on the effect of cross-cultur-
al interpersonal distance on the transmission of COVID-19, it 
would be intriguing to determine if the COVID-19 pandemic 
has had an effect on cultural interpersonal distance norms.
�   Acknowledgements
I would like to thank my mentors, Dr. LaLiberty and Nan-

cy Crowe, and the Director of the Southeast Minnesota and 
Western Wisconsin Regional Science and Engineering Fair, 
Paul Schollmeier, for their support throughout my research 
process. I'd also like to thank the BioScience Center of Ex-
cellence at Shattuck-St. Mary’s School for purchasing the 
statistics software necessary for my study. 
�   References

1. Rolling updates on coronavirus disease (COVID-19). https://www.
who.int/emergencies/diseases/novel-coronavirus-2019/events-as-
they-happen (accessed 2021). 

2. Cumulative COVID-19 tests, confirmed cases and deaths. 
https://ourworldindata.org/grapher/covid-   tests-cases-deaths?
tab=chart&stackMode=absolute&time=2020-02-
20..latest&country=~TZA®ion=World (accessed 2020). 

3. Fennelly, K. P. Particle Sizes of Infectious Aerosols: Implications 
for Infection Control. The Lancet Respiratory Medicine 2020, 
8 (9), 914–924. 

4. Hall, E. T. The hidden dimension; Garden City, N.Y, 1969. 
5. Calhoun, J. B. THE STUDY OF WILD ANIMALS UNDER 

CONTROLLED CONDITIONS. Annals of  the New York 
Academy of Sciences 1950, 51 (6), 1113–1122. 

6. Sorokowska, A. et al. Preferred Interpersonal Distances: A Global 
Comparison. Journal of Cross-Cultural Psychology 2017, 48 
(4), 577–592. 

7. Gokmen, Y.; Turen, U.; Erdem, H.; Tokmak, İ. National Preferred 
Interpersonal Distance Curbs the  Spread of COVID-19: A 
Cross-Country Analysis. Disaster Medicine and Public 
Health Preparedness 2020, 1–7. 

8. Gelfand, M. J.; Jackson, J. C.; Pan, X.; Nau, D.; Pieper, D.; Denison, 
E.; Dagher, M.; Van Lange, P. A.; Chiu, C.-Y.; Wang, M. 
The Relationship between Cultural Tightness–Looseness and 
COVID-19 Cases and Deaths: a Global Analysis. The Lancet 

Planetary Health 2021, 5 (3). 
9. Salvador, C. E.; Berg, M. K.; Yu, Q.; San Martin, A.; Kitayama, S. \

Relational Mobility Predicts Faster Spread of COVID-19: A 
39-Country Study. Psychological Science 2020, 31 (10), 1236–1244. 

10.Bootsma, M. C.; Ferguson, N. M. The Effect of Public Health 
Measures on the 1918 Influenza Pandemic in U.S. Cities. 
Proceedings of the National Academy of Sciences 2007, 
104 (18), 7588–7593. 

11.United Nations, Department of Economic and Social Affairs, 
Population Division 2019. World  Population Prospects 2019, 
Online Edition. Rev. 1.

12.International Comparison Program 2017. 
https://databank.worldbank.org/source/icp-2017 (accessed 2020). 

13.Compare countries. http://www.hofstede-insights.com/product/
compare-countries (accessed 2020). 

14.Hofstede, G.; Hofstede, G. J.; Minkov, M. Cultures and 
organizations software of the mind: intercultural cooperation and 
its importance for survival; McGraw-Hill: New York etc., 2010. 

15.Berg, M. K.; Yu, Q.; Salvador, C. E.; Melani, I.; Kitayama, S. 
Mandated Bacillus Calmette-Guérin (BCG) Vaccination Predicts 
Flattened Curves for the Spread of COVID-19. Science 
Advances 2020, 6 (32). 

16.Gardner, I. D. The Effect of Aging on Susceptibility to Infection. 
Clinical Infectious Diseases 1980, 2 (5), 801–810. 

17.Hasell, J. What can data on testing tell us about the pandemic? 
https://ourworldindata.org/what-can-d data-on-testing-
tell-us-about-the-pandemic (accessed 2020). 

18.Kim, D.-H.; Choe, Y. J.; Jeong, J.-Y. Understanding and 
Interpretation of Case Fatality Rate of Coronavirus 
Disease 2019. Journal of Korean Medical Science 2020, 35 (12). 

19.Russell, T. W.; Golding, N.; Hellewell, J.; Abbott, S.; Wright, L.; 
Pearson, C. A.; van Zandvoort, K.;  Jarvis, C. I.; Gibbs, H.; Liu, 
Y.; Eggo, R. M.; Edmunds, W. J.; Kucharski, A. J. Reconstructing 
the Early Global Dynamics of under-Ascertained COVID-19 
Cases and Infections. BMC Medicine 2020, 18 (1). 

20.Martin, J. N.; Nakayama, T. K. In Intercultural communication in 
contexts; McGraw-Hill Higher Education: New York, 2010; 
pp 265–296. 

 �   Author
Gwen Eichfeld is currently in her first year at Colgate 

University where she is perusing a major in neuroscience and is 
a member of the women’s ice hockey team.  

DOI: 10.36838/v4i2.8

 ijhighschoolresearch.org



© 2021 Terra Science and Education 50 DOI: 10.36838/v4i2.9

REVIEW ARTICLE

Understanding Genetic & Environmental Factors Associated 
with Autism Spectrum Disorder to Create a Better Diagnosis    
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ABSTRACT: Autism was first named in 1911, and then redefined to fit the symptoms of patients in the mid-1960s to 1970s. 
Today, autism spectrum disorder (ASD) has been more commonly described as a neurodevelopmental disease with common 
symptoms that include repetitive behaviors and restricted interests. Progress in understanding ASD has brought scientists closer 
to finding factors that may affect the onset of ASD in children or the cause of autism. These factors can include either genetic 
or environmental factors. One genetic factor is gender and environmental factors include drugs and smoking during pregnancy. 
These factors can be combined to create a quantitative diagnostic test or a more accurate diagnostic test to diagnose autism earlier 
in childhood. Currently, autism doesn’t have many quantitative diagnostic tests. Some diagnostic tests are available; however, these 
tests have limitations which can lead to incorrect diagnosis. The lack of both diagnosis and proper treatment, can lead to ethical 
concerns, as parents may abandon their child due to a misdiagnosis or cost of treatment. This review hopes to elucidate the current 
genetic and environmental associations with ASD to provide alternative ways for quantitative diagnosis in the future as advances 
in science are made.

KEYWORDS: Behavioral and Social Sciences; Neuroscience; Genetics; Autism; Diagnosis.

�   Introduction
Autism was first defined by Leo Kanner in 1948. He 

described it as an innate inability to create normal, biologically 
determined, emotional contact with others.¹ Autism spectrum 
disorder (ASD) has since been more commonly described as 
a neurodevelopmental disease with common symptoms that 
include repetitive behaviors and restricted interests. Progress 
in understanding ASD has brought scientists closer to finding 
factors that may affect the onset of ASD in children. These 
factors range from environmental to genetic. For example, 
males are three times as likely to get ASD as females, which is 
likely a product of X-linked mutations that possibly cause the 
uneven ratio of autism between males and females.²,³ Other 
genetic causes include mutations in various genes associated 
with ASD, such as SHANK 3, TSC1, TSC2, and FMRP.⁴ 
Despite there being an array of genetic factors associated with 
ASD, there are also several environmental factors known to 
contribute to an increased prevalence of ASD. These factors are 
typically centered around complications in fetal development 
during pregnancy such as exposure to pollutants, fever, the use 
of drugs, or smoking.⁵,⁸ Other environmental factors that can 
increase the chance of ASD include older parents at the time of 
conception, maternal obesity, and complications during birth 
in which the baby is deprived of oxygen for extended periods 
of time.⁹ The combination of these factors can increase our 
insight into the causes of autism and how we can better treat 
and/or diagnose it (Figure 1).  

Currently, autism does not have a quantitative diagnostic test. 
Instead, diagnosis occurs through a qualitative test in which 
the behavior of a patient is observed. The lack of quantitative 
testing for ASD can lead to misdiagnoses in patients, resulting 
in insufficient treatment plans.¹⁰ A patient who does not get the 

appropriate treatment for ASD may lack the ability to speak, 
behave in normal ways, and be unable to develop effective 
social skills. This is significantly detrimental since there are 
treatment options for patients with ASD. Current treatments 
of autism include behavior/communication approaches, 
dietary approaches, and medication.¹¹ A review article about 
ASD can be useful for comparing different environmental 
and genetic factors and their effects on the diagnosis of ASD. 
Understanding these factors and causes and combining this 
knowledge with autism symptoms can aid in creating a more 
accurate diagnostic test. 

Figure 1: Overview of autism and it’s genetic and environmental factors. 
The figure depicts common genes and environmental factors that have high 
association with autism. Autism is defined as a complex developmental 
condition where the effects of ASD and the severity of symptoms are 
different in each person, leading to a spectrum of severity. 
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History of Autism :
Autism was first named and introduced in 1911 by Eugen 

Bleuler, a German psychiatrist, but not as its own disorder 
but as a symptom of some cases of schizophrenia.¹² It wasn’t 
until 1943 that Leo Kanner was the first clinician to identify 
autism as a disorder in his patients. He defined it as partially 
due to “genuine lack of maternal warmth”.¹³ However, in the 
1950s, the definition of autism was changed again to be more 
of a symptom that consisted of excessive hallucinations and 
fantasy in infants. Then later, in the mid-1960s and 1970s, 
autism was redefined to be a complete lack of fantasizing, 
contradicting the previous definition of autism.¹² As new 
definitions of autism were created, the process of diagnosis 
became more accurate, which led to a rise in the prevalence of 
autism. Since then, autism has always been diagnosed with a 
qualitative test and is now defined by the CDC as behavioral 
deficits in social or emotional reciprocity, a lack of nonverbal 
communication, and difficulty in developing, maintaining, 
or keeping relationships.¹⁴ These criteria have helped create 
better diagnostic methods and we can see an increase in the 
prevalence of autism since the 2000s (Figure 2). Throughout 
history, our understanding of autism and how it is diagnosed 
has consistently been changing and it is currently diagnosed 
through observing the behavior of a patient. Unfortunately, 
the use of these diagnostic methods may not be fully accurate, 
which can result in patients left undiagnosed or being 
misdiagnosed with autism. Consequently, these patients may 
not have access to treatment, and this would negatively affect 
the development of their social skills.¹⁵ Alternative ways to 
test for autism, such as screening through genetics, may help 
to create a more quantitative test. Quantitative measurements 
may help enhance diagnosis and therefore leading to proper 
treatment for patients with autism. 

Genetics of Autism :
Genetics are known to play a role in the onset, severity, and 

the symptoms of autism.² These genetic factors may also help 
to determine the underlying cause of autism. One of the most 
relevant genetic mutations that may lead to autism is related to 
the uneven ratio of males compared to females diagnosed with 
autism. Currently, this ratio is 3:1, male: female.² This ratio 

indicates that there may be genes on the X chromosome that 
affect or cause ASD. One example of this is fragile X mental 
retardation 1 (FMR1, also known as FMRP) that causes 
the fragile X syndrome. It was found that 30 % of patients 
with FMR1 will also be diagnosed with ASD (Figure 3).³,⁵ 
MECP2 is another X-linked gene associated with autism. 
A mutation in the MECP2 gene is also known to cause an 
X-linked disorder called Rett’s syndrome.³ Rett’s syndrome is 
a neurodevelopmental disorder that can lead to a progressive 
loss of motor skills and speech. While Rett’s syndrome is more 
common in females with ASD than males with ASD, it is 
important to note that males with a full or partial mutation 
in MECP2 have significantly more severe forms of Rett’s 
syndrome and ASD and have a lower life expectancy.¹⁶ Other 
X chromosome linked disorders, such as Turner’s syndrome 
and Klinefelter’s syndrome, have also shown to be associated 
with patients diagnosed with autism. Turner’s syndrome is 
characterized by a missing or incomplete X chromosome in 
females and Klinefelter’s syndrome is characterized by an 
extra X chromosome in males. In fact, more than 25 % of the 
patients with Turner’s syndrome are diagnosed with ASD 
and in Klinefelter’s syndrome, almost 30 % of patients are 
diagnosed with ASD (Table 1).² This shows that there are 
various genes on the X chromosome alone that are associated 
with the expression of ASD phenotypes and possibly ASD 
itself. Since men have only one X chromosome, any mutations 
in the X chromosome affects all their cells, while females may 
require significantly more mutations to see similar effects or 
symptoms of ASD.

Other genes associated with Autism are SHANK 3, TSC1, 
and TSC2. Mutations in these genes are some of the most 
prevalent in patients with ASD.5 TSC1 and TSC2 are both 
part of the Tuberous Sclerosis Complex (TSC).³⁴ TSC1 and 
TSC2 function as tumor suppressor genes. Along with this, 
TSC1 codes for production of hamartin, while TSC2 codes 
for productions of tuberin. Tuberin and hamartin interact to 
suppress unneeded cell growth.³⁵ Mutations in either, or both, 

Figure 2: Increase in ASD Prevalence from 2000 to 2016. In the graph 
above, the prevalence of ASD is shown to be Increasing. The prevalence of 
ASD was steady from 2000 to 2002, however it started to increase in 2004 
and more than doubled by 2010. From 2010 to 2012 we see the prevalence of 
ASD plateaus again, but then continues to increase in the following years. 

Figure 3: Uncommon autism-associated genes and their chromosomes. 
This figure shows uncommon genes that have been associated with ASD 
and their respective chromosomes. As depicted, no one chromosome is solely 
responsible for autism. 
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SHANK 3 is another gene that is heavily associated 
with autism. It encodes for a protein that plays a role in 
the formation and maintenance of synapses. Synapses 
are junctions between different neurons, and SHANK 3 
specifically affects the synapses of excitatory neurons, which 
are a type of neuron that releases excitatory neurotransmitters 
to produce an action potential in the next neuron.³⁷ The 
deletion in SHANK3, which is on chromosome 22, results 
in a disorder called 22q13.³ deletion syndrome or Phelan-
McDermid syndrome. Phelan-McDermid syndrome is 
typically characterized by speech delay and other autistic 
phenotypes.³⁷ SHANK3 is also heavily implicated in other 
intellectual disabilities, such as Down syndrome.³ SHANK3 
can also lead to defects in motor coordination, another 
symptom of ASD. Scientists have narrowed down the 
mutation of SHANK 3 that is heavily associated with ASD 
patients to occur on the SHANK 3 CpG islands, which are 
numerous repeats of cytosine and guanine bases.³⁷ SHANK3 
mutations are particularly implicated in patients with ASD 
and several of its mutations lead to autistic phenotypes. 

Some other critical, but less studied genes, associated with 
ASD include SCN1A, SCN2A, and SCN3A. SCN2A is the 
most prevalent of these genes and encodes for a voltage gated 
sodium channel, called NaV1.2, that is primarily found in 
excitatory neurons. These sodium channels are seen to have 
familial inheritance of autism.³⁸ Furthermore, SCN2A is 
suspected to be inherited in an autosomal dominant manner, 
meaning that it is expressed regardless of the other allele. 
SCN2A can also have single nucleotide polymorphisms 
(SNVs), mutations of a single nucleotide such as A to C, that 
have also been associated with intellectual disabilities like 
schizophrenia, epilepsy, and episodic ataxia.⁵ In conclusion, 
mutations in SNC2A as well as SCN1A and SCN3A, have 
been implicated in patients with ASD. 

Many other genes have been linked with autism, but the 
aforementioned genes are the most prevalent in people 
diagnosed with ASD. As previously mentioned, these genes 
can be related to the X chromosomes,² while other genes are 
found elsewhere, such as FMR1, MECP2, TSC1, and TSC2. 
Additionally, the similarities in cognitive symptoms in most 
of these mutations lends to the belief that these genes which, 
when mutated, may lead to autism, are likely responsible 
for imperative neurological functions, such as development 
or continual maintenance. Understanding the mechanism 
and prevalence of these genes can better increase the chance 
of creating new quantitative ways to diagnose, as well as 
understand, autism.      

Autism and Environmental Factors :
Like genetics, many environmental factors have also been 

linked with autism. The majority of these environmental factors 
are specific to periods involving fetal development. Some of 
these factors are related to maternal diseases. For example, 
fever and infections during pregnancy, including influenza, 
have been associated with ASD or other neurodevelopmental 
disorders/delays.⁶ A case control study of children with 
neurodevelopmental disorders or ASD looked at maternal 
influenza as a cause and found that there was an association 
between the two.⁶ Another maternal disease that can increase 

of these genes leads to the development of the disease 
TSC. Patients with TSC often have symptoms of psychotic 
disorders such as schizophrenia, and anywhere from 17 % 
to 60 % have been reported to show additional symptoms of 
ASD.³⁴ These mutations can have a high variability in severity 
of ASD within patients.³⁴ Furthermore, post-mortem studies 
in ASD patients show that Purkinje cell loss, which are 
inhibitory neurons in the cerebellum, has been associated with 
the TSC complex. Therefore, the loss of Purkinje cells can lead 
to autism-like characteristics in patients.³⁶ From this, it can be 
concluded that the cerebrum may be where patients with ASD 
may see a deficit based on the skills that autistic patients are 
lacking. Since mutations in either TSC1 or TSC2 have shown 
high correlation with the expression of ASD symptoms, it 
is likely that the function of these genes plays a critical role 
in the maintenance of Purkinje cells and understanding the 
pathology of ASD. 
Table 1: Linear regressions models of COVID-19 case frequency. The cells 
in the table below contain regressions coefficients for each variable. The 
legend explaining the meaning of the colors is located in the bottom row.  
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the child developing autism is diabetes. Type 1 diabetes 
and type 2 diabetes should be explored separately, as type 1 
diabetes in the mother has been found to have no correlation 
with autism.³⁹ On the other hand, type 2 diabetes has been 
associated with autism in a retrospective longitudinal cohort 
study.⁴⁰ Gestational diabetes, diabetes that specifically occurs 
during pregnancy, has also been associated with autism.⁴⁰ 
These are only some of the diseases known to be associated 
with the development of autism during pregnancy.

Another environmental factor associated with the 
development of ASD is the use of drugs during pregnancy. 
Studies have specifically shown that antidepressant exposure 
during pregnancy can moderately increase the risk for autism. 
Another drug, valproate that is used to treat seizures, has been 
found to significantly increase the risk for ASD if taken during 
pregnancy in a population-based study.⁴¹ Similarly, smoking 
during pregnancy after the first trimester is also associated with 
ASD or other neurodevelopmental disorders.⁸ Interestingly, 
smoking during the first trimester of pregnancy does not 
have a huge effect on the probability of ASD occurring in the 
baby.⁸ Certain trimesters or time periods during pregnancy 
can have different effects on the onset, or severity, of autism. 
Brain development occurs mainly during the third trimester.⁴² 
Smoking during pregnancy (especially during the third 
trimester) can have detrimental effects on the brain.⁴³ This 
can be explained by considering our understanding that 
specific neurological development occurs at various trimesters 
of pregnancy, and multiple genes are responsible for various 
aspects of neurological function. 

Despite there being an array of environmental exposures 
associated with developing ASD, the common denominator 
they all share is time. Autism is known to have various 
associations to multiple environmental factors, so long as a 
person was exposed during their fetal development. This is a 
key takeaway for progressing towards the understanding of 
the pathology of ASD and creating more accurate quantitative 
diagnosis. 
�   Discussion
Both genetic and environmental factors can affect the 

onset of autism. An accurate, or quantitative, diagnostic test 
for autism has not yet been developed. However, it can be 
concluded that both the genetic and environmental factors 
associated with autism are necessary for creating such a test. 
As previously discussed, many different factors can lead to the 
onset or severity of autism in a child. Mutations in a myriad 
of genes have been found to have high associations to autism. 
These range from those found on the X chromosome, such 
as FMR1 and MECP2, to others that are more prevalent in 
patients with autism, like TSC1 and SHANK3. Additionally, 
environmental factors have also been linked with autism. 
These include things such as exposure to drugs, smoking, and 
influenza, specifically during certain trimesters of pregnancy. 
This specificity of the timing of each environmental exposure 
helps us understand that there is likely a link between genetics 
and environmental factors. However, most of these factors have 
yet to be directly correlated together, which is likely one the 

biggest reason that there is no current quantitative diagnostic 
test for autism.

As the understanding of genetics and environmental factors 
grow, it is likely that the development of a diagnostic test 
will be established. However, as with the discovery of all new 
medical techniques, so too comes questions of ethics. Currently, 
the genetic tests for diagnosis of autism are performed before 
birth and therefore before current CDC standards of autism 
diagnosis. While many parents have opted to perform such 
testing, several studies have shown that anywhere from 
33 % to over 50 % of mothers surveyed would terminate 
their pregnancy if results showed positive for autism.⁴⁴,⁴⁵ 
Unfortunately, these tests do not guarantee 100 % accuracy 
or even an understanding of the severity of autism one’s child 
may have. This is because, as mentioned, very few people with 
autism opt for genetic testing, and no singular gene has been 
linked to being responsible for causing autism.⁴⁴ Despite the 
noninvasive nature of the tests, their inaccuracy lies in the fact 
that they look only at the largest genetic contributors of autism. 
Therefore, the disease may be missed. As previously mentioned, 
most autism cases are polygenic, meaning that there are many 
genes involved and some genes, even when mutated, do not 
guarantee the diagnosis of autism. Another issue that arises is 
that sometimes the maternal genetic samples can be interpreted 
instead of the baby’s, as these tests look at the genetics of the 
fetus from blood that is taken from the mother.⁴⁶,⁴⁷ As such, 
any improved diagnosis of autism would need to be highly 
accurate and discussions around ethics should be considered 
in order to best understand the implications such testing may 
have on the autistic community.
�   Conclusion
Autism is a neurodevelopmental disease that can be 

described by repetitive behaviors and restricted interests. 
Despite the increase in ASD over the years and continual 
research, the ability to diagnose ASD and the understanding 
of autism is lacking. Many factors, such as environmental and 
genetic, have been linked with autism. Some specific genetic 
factors are associated with one’s gender, as more males are 
diagnosed with autism than females. Therefore, genes on the 
X chromosomes were explored and mutations on many of 
them have been found to be linked with autism. These genes 
include MECP2 and FMR1. Other genes also associated with 
autism include the tumor suppressor TSC1 and TSC2, and 
SHANK3 and SCN2A. There are a great deal of other genes 
that have also been discovered to have associations with ASD, 
however, their exact roles are still being studied. Similarly, 
exposure to specific environmental factors during pregnancy 
have been seen to have a high correlation to ASD. These 
include drugs, smoking, gestational diabetes, and influenza. 
The timing of exposure to these environmental factors may 
help scientists better understand how these factors can be 
linked to the aforementioned genes associated with autism. As 
such it is likely that both genetics and environmental factors 
will be necessary for the development of a more accurate and 
quantitative diagnosis of ASD in the future 
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ABSTRACT: Considering the global crisis that has been unfolding, at least two points have become clear: the value of clean 
air, and life is not always about the fastest or cheapest way to travel between two points. Navigation tools drive people to choose 
their desired method based on the fastest or cheapest way rather than the cleanest way to get from point A to point B. To solve 
this problem, the distinction between carbon emission fuels and greenhouse gas emissions, between electric and gasoline vehicles 
was researched. Based on the large range of emissions between these two types of vehicles, a web service was envisioned that would 
connect a variety of applications that would promote the use of clean mode of transport based on factors such as time, location, 
and efficiency. A reward system was also developed to serve as an incentive for usage of the service. After creating a few mockups 
and surveying people on their likelihood to use cleaner mode, responses were positive, suggesting that the web service could be 
used as an effective tool to change individual’s behavior in utilizing clean mode of transport.

KEYWORDS: Environmental Science; Sustainability; Transportation; Application; Clean Air.

�   Introduction
Amid the COVID-19 pandemic, the value of clean air is 

becoming more apparent. As a matter of fact, during the 
COVID-19 pandemic, India has been on a country-wide 
lockdown. Since people are not going outside or interacting 
with others, pollution levels have come down to a level that 
even the Himalayas can be seen from 200 miles away.¹ One 
major source of air pollution is choice of transportation. 
This can manifest in several different ways. For example, 
European car habits are completely different from those of 
Americans. In 2010, a report illustrated that Americans drove 
for approximately 85% of their daily trips, while European car 
trip shares ranged from 50% to 65%. Although a fraction of 
this disparity can indeed be explained by a difference in trip 
distances, this is not the leading cause. The percentage of daily 
trips that are shorter than a mile is around 30% in both Europe 
and America. Of those short trips, Americans drove an amazing 
70% of the time, while Europeans made 70% of those trips by 
foot, public transportation, or bicycle.² All of this results in the 
United States being much more polluted than it should be. This 
is primarily due to the decision to go from Point A to Point B 
using the fastest or the cheapest way because that information 
is easily accessible. While some of this can be accounted to 
Europe’s more efficient public transportation system, it is 
likely that transportation could be further streamlined within 
the United States. This problem stretches worldwide, and 
every nation could benefit from a solution. Data suggests that 
transportation causes an overwhelming 29% of all greenhouse 
gas emissions, making it the largest contributor.³

The average carbon footprint of an American household is 
48 tons.⁴ In urban cities, such as Chicago, New York City, and 
San Francisco, this number is approaching a daunting 100 tons, 
much of which comes from transportation. This demonstrates 
that people are not using the cleanest way to get from one 
place to another. The surprising part of this is that Americans 
do not even know what the cleanest method is to get to a 

destination or do not have the knowledge to use the method 
when applicable. Below is a table detailing the tailpipe carbon 
emissions that popular vehicles have today:

Credit: www.fueleconomy.gov/feg/findacar.shtml5
In addition, it is estimated that a typical passenger vehicle 

emits 4.6 metric tons of carbon dioxide per year.⁶ Although the 
solution begins with the arrival of clean cars, like electric cars, 
the problem continues despite this innovation.
�   Methods
Solution Description:
Multivariable linear regression is widely used to account for 

the strength of the relationship between a dependent variable 
and multiple independent variables simultaneously, and thus

The solution will primarily focus on rechanneling these en-
vironmentally harmful habits worldwide by changing the way 
information is shared on the apps that provide information re-
garding travel routes.

A web service would be designed that guides the user to the 
cleanest way to go from their location to destination after con-
sidering a series of factors, including convenience. The solution 
would be embedded in popular programs that are available to-
day, such as map services (Google Maps, Apple Maps, Waze, 
etc.), which are now found worldwide,⁷ ride-sharing vehicle 
services like Uber and Lyft (which data has shown to have 
a large effect on car ownership and transportation in urban 
cities),⁸ Amazon Alexa, or even an app on the app store. Fur-
thermore, these separate modes would be connected, depending 

Table 1: Carbon Emission Statistics. 
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on the user’s preferences, so personal information updates or 
activity in one of the modes would be recorded in the data-
bases of all programs. Inputs to the web service would include 
point A and point B coordinates, as well as user preferences.  
A high-level overview of the service would include several ser-
vice considerations. Some of these considerations include local 
transportation modes, user preferences, and practicality (e.g., 
walking may be the cleanest way but not the most convenient 
to go from NH to NJ). The output of this web service would 
include the cleanest mode options, carbon footprint costs, and 
recommended clean points. 

Prototypes:
Here are a few prototypes of how envision the idea may be 

implemented:
1.  Google Maps Prototype
2.  Lyft Prototype
3.  Amazon Alexa Prototype
The web service can be utilized by Google Maps in the fol-

lowing way. As seen in Figure 1 and Figure 2 (traditional car), 
Figure 3 (electric car), Figure 4 (electric bus), Figure 5 (electric 
bicycle), and Figure 6 (electric bike), the display will show the 
carbon footprint cost and the number of clean points the user 
can receive by choosing one of the vehicle options:

As one may imagine, the 
cleanest way to get from Point 
A to Point B may not be the 
cheapest way in the short term, 
so to approximate the real cost, 
the service will also return the 
carbon footprint cost of other 
modes of transportation. The 
total cost of the other modes 
of transportation may seem 
cheaper now but will be much 
more expensive to the user 
and humankind in the long 
run. The algorithm that will be 
used to determine cleanliness 
will consider factors such 
as transportation mode, the 
distance of travel, availability of 
transportation mode, number 
of people to be transported, car-
pooling options/preferences, 

convenience, time, and location.
To encourage people to make the cleanest choice, every 

individual can collect “Clean Points” according to the choices 
they make. Each choice can be assigned a value by these 
different services and have an associated reward system (e.g. 
free rides in Uber and Lyft). Lyft, a ridesharing service with 

Figure 1: This shows the map 
when a user takes the traditional 
mode of transportation. 

Figure 2: This shows the map when 
a user takes the traditional mode of 
transportation.

Figure 3: This shows three separate, but related, images of how usage of the 
electric car would be displayed on the Google Maps web service.

Figure 4: This shows how use of the 
electric bus would be displayed on the 
Google Maps web service, with the 
carbon footprint cost and clean points 
presented. 

Figure 5: This shows how use of the 
electric bus would be displayed on the 
Google Maps web service, with the 
carbon footprint cost and clean points 
presented.

Figure 6: This shows how use of 
the electric bike would be displayed 
on the Google Maps web service, 
with the carbon footprint cost and 
clean points presented. 

Figure 7: This shows how use of the electric car would be displayed on the 
Lyft web service, with the carbon footprint cost and clean points presented.
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�   Discussion/Conclusions
Behavioral Changes at the Individual Level:
The premise of the entire solution is to drive individual 

behavior changes by positively reinforcing “clean” actions with 
rewards like “Clean Points” and creating negative connotations 
by adding the “carbon footprint” cost for using traditional 
transportation methods. Over time, these clean points 
could even be shared on social media platforms, fostering 
healthy competition, and further urging the growth of clean 
transportation. When individuals start valuing “clean” mode 
over “fast” mode or “cheap” mode, the collective results will 
drive long term benefits to the environment, which will help 
the entire society and the generation to come.

The other behavioral aspect that this solution considers is 
an individual's tendency to react affirmatively when they are 
asked to do more “good” actions versus less of “bad” actions, or 
habits that they are accustomed to. For this reason, the solution 
uses the technique of prompting users to use more of a cleaner 
mode of transportation rather than asking them to use less of 
a traditional mode of transportation.

Analysis of Results:
Upon performing graphical analysis of the data in Figures 11 

and 12, there was a far higher percentage of people (93 people 
vs. 7 people) who favored the cleaner mode of transportation 
compared to the traditional mode. It appears that if given 
the option, people would prefer clean mode, which would be 
healthier for the environment. As for the reasons, the largest 
reason that people preferred the cleanest mode was actually 
due to their awareness of the carbon footprint gasoline vehicles 
leave, indicating that if this were to be employed, the “carbon 
footprint” section of the app would work to induce behavioral

bicycles, cars and scooters can use the web service in the 
following way, as shown in Figure 7. 

If a user decided to access the web service using an Amazon 
Alexa device, a sample utterance could be “I need to go to the 
mall at 3:00 PM; show me the cleanest way to get there.” Based 
on the factors listed above, the time that it would take to get 
from one place to another using the cleanest method would be 
outputted. The cheapest and the fastest methods would also be 
given, along with the carbon footprint, the cost, and the time of 
each. Amazon Alexa can be utilized as a Voice User Interface 
to give a response as outlined above. Alexa will prompt the 
user for the factors above and based on this information, create 
a balance between clean options, efficiency, and economy to 
present the best option to the user.

The web service can be utilized by Amazon Alexa in the 
following way as shown in Figure 8: 

As a society, a decision regarding which is the more 
important commodity (short-term pleasures and profits, or 
long-term fitness and success) needs to be made. 

Following the development of the web service, it became 
important to test how the idea, if it were to enter the market, 
would be received. By sending out an online survey made 
on surveymonkey.com to a group of one hundred people, it 
became clear whether this idea would really be beneficial and 
accepted in society or not.
�   Results and Discussion
The idea and prototype of the app interface was shared with 

a small group of people. A Transformation Mode Preference 
survey was made asking them the following questions seen in 
figures 9 and 10:

Figure 8: This shows how use of the Amazon Alexa service could help 
users to find the cleanest way to get from one way to another in conjunction 
with maps services.  

Figure 9: This displays the first question on the survey asked to the group 
of 100 people. 

Figure 10: This displays the second question on to the group of 100 people. 

Figure 11: This graph shows the results of the first question of the survey, 
where participants were asked to choose between the traditional and the 
clean mode of transportation. 

Figure 12: This graph shows the results of the second question of the 
survey, where participants were asked to choose their reasoning for their 
decision of the mode of transportation. 
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change. 
Limitations:
The primary biases that could have affected the surveying 

of the participants in the survey were nonresponse bias and 
response/wording bias. The questions used in the survey 
explicitly avoided the wording of “to make the environment 
cleaner” when assessing how potential users would feel about 
either mode or what influenced their selection, so response 
bias’s effect is diminished. Another method through which 
response bias was decreased was by not asking any personal 
questions regarding the tendencies that respondents have.

Due to the nonresponse bias having the ability to easily 
skew the data, a variety of techniques were undertaken to limit 
the effects of this bias as much as possible. For one, the survey 
was kept short so that people would not need too much time 
to answer the questions. Secondly, all subjects were aware that 
the information was anonymous and even their names would 
not be recorded. These factors resulted in a respectable and 
unbiased survey to use as data in this research paper. Another 
possible bias that could have occurred from this is the small 
sample size.   
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ABSTRACT: A number of therapeutic monoclonal antibodies that target immune checkpoint proteins such as programmed 
cell death protein-1 (PD-1), and PD Ligand 1 (PDL-1) de-couple tumor’s immune evasion mechanisms and have delivered 
significant treatment benefits to some cancer patients. However, 60 to 80% of cancer patients do not respond to these ‘defensive-
immunotherapies.’  The limitations of defensive-immunotherapies may be effectively addressed by offensive-immunotherapy 
strategies. Therapeutic cytokines represent a class of offensive-immunotherapies and have demonstrated their potential in treating 
cancer patients but have not been widely utilized in clinics due to severe adverse side effects.  In this article, development of 
safer-cytokine Interleukin 2 (IL-2) as “pro-cytokine'' composed of IL-2 and its inhibitor domain fused via protease cleavable 
linker peptide is reported.  The pro-cytokine IL-2 is designed to be activated by proteases at the tumor site while remaining 
in an ‘predominantly inactive’ state in circulation, thus eliminating the risk of systemic toxicity.  The fusion gene construct was 
successfully designed and expressed in mammalian cells and IL-2 was released from the fusion protein when treated with matrix 
metalloprotease (MMP) and fully functional. The pro-cytokine IL-2 further demonstrated its therapeutic potential by remaining 
in an inactive state in serum.

KEYWORDS: Immunotherapy, Conditionally Activatable Cytokine, CTL (Cytotoxic T Cell), Pro-Cytokine, Matrix 
Metalloprotease, Defensive Immunotherapy, Offensive Immunotherapy, Cytokine, IL-2.

�   Introduction
Along with surgery, various forms of cancer treatment 

options such as chemotherapy, radiotherapy, targeted therapy, 
and combination therapy have incrementally enhanced cancer 
treatment response through the past several decades (Figure 
1). The cancer drug evolution generated more specific tumor-
targeting agents, however even with precise genetic profiling of 
tumors, targeted therapy was not sufficient to treat the disease 
due to heterogeneous nature of underlying genetic causes 
of cancer.  The incremental progress in oncology, however, 
dramatically changed when drugs designed to block tumor’s 
immune evasion mechanism thereby restoring patients’ own 
immune system to fight cancer.  The evolution of oncology 
drug development and clinical use mirrors our understanding 
of cellular disease development and systemic interaction of 
developing disease.

While the most effective method of treatment is surgery, 
this option is not beneficial for cancer patients with metastatic 
disease. Many decades ago, various forms of chemicals such 
as nitrogen mustard and various alkylating agents such as 
cyclophosphamide were used to treat various forms of cancer.¹ 
This led to the development of chemical agents interfering with 
the survival of rapidly replicating tumor cells. Among many 
chemical agents, folate antagonists such as methotrexate have 
demonstrated successful remission in children with leukemia.²  
5-fluorouracil (5-FU) and its derivative molecules along with 
platinum-based agents are important chemotherapy options 
against many tumor types today. Higher treatment response 
rates were achieved by combining multiple chemotherapeutic 

agents targeting tumor cells in different phases of their cellular 
cycle with typical severe toxicities causing a significant decline 
in quality of life in patients.³ However, chemotherapies are not 
a hundred percent effective and only improve progression-free 
or overall survival.

The development of modern computers enabled three-
dimensional radiation-ray therapy, such as intensity-modulated 
radiation therapy (IMRT) using mapping information from 
Computed Tomography (CT) scans made tumor-targeting 
radiation therapy possible. The CT scans help minimize toxicity 
since the contours of the tumor are targeted and separated 
from healthy tissues. Molecular targeting radiotherapy takes 
advantage of tumor targeting proteins conjugated with 

Figure 1: The evolution of cancer therapy over the past 50 years. With 
expanded understanding of tumor biology resulted in increase in therapy 
specificity substantially enhanced drug’s ability to strategically target cancer 
cells selectively. With accumulated knowledge of systemic interaction 
between tumor cells and immune system, therapeutic approaches to restore 
anti-tumor immune function resulted in generating high rate of cure in many 
advanced stage cancer. 
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radioactive isotopes (Iodine-125 or Indium-111) for poten-
tial delivery to specific tumor cells, thus sparing healthy cells.⁴ 
However, radiation therapies rarely lead to complete dis-
ease-control.

Despite advancement of chemotherapy and radiation thera-
py, they do not provide long term clinical response and patients 
ultimately succumb to the deadly disease. However, when 
these therapeutic modalities are combined, enhancement of 
treatment response have been observed in some cancer types, 
therefore advanced stage cancer patients are now routinely 
treated by chemo-radiation combination therapy for incre-
mental benefit of progression free survival.

Two major revolutions have changed cancer treatment par-
adigms in the past decade: targeting actionable alterations in 
oncogene-driven cancers and immuno-oncology. The com-
bined accumulation of our understanding of cell biology 
and underlying genetic-drivers for cell proliferation allowed 
development of new classes of drugs categorized as ‘targeted 
therapeutics.’ They are either traditional small molecules se-
lected through a screening process or monoclonal antibodies 
designed for their selective ability to inhibit key proteins that 
are responsible for cell proliferation.  Most often these drugs 
target receptor proteins on cell surface Receptor Tyrosine 
Kinase (RTK) or cytoplasmic signal transduction pathway 
proteins to trigger pathways to instruct cells to express genes 
to promote cell proliferation or to inhibit programmed cell-
death, apoptosis.⁵ However, the treatable genomic alterations 
are diverse in nature due to multiple/redundant prolifera-
tion-signaling pathways. Therefore, it is critical to identify 
dysfunctional targetable tumor drivers and administer specific 
RTK inhibitors or pathway inhibitors to successfully control 
the disease. As these new class therapies are highly specific to 
their intended target protein(s), this requires selection of suit-
able cancer patients. Next-generation sequencing technologies 
are increasingly being implemented for molecular prescreen-
ing in clinics. However, it is challenging to deal with tumor 
heterogeneity and its acquired resistance.

Upon the recognition of tumor antigens presented by 
MHC-I molecules, T lymphocytes are activated to infiltrate 
into the tumor microenvironment (TME) to inhibit and kill 
tumor cells. However, tumor cells exploit numerous mecha-
nisms to evade T cell-mediated killing. One such approach is 
to upregulate Immuno Checkpoints (ICs), a group of proteins 
that repress the function of immune cells including T cells. 
While ICs promote self-tolerance in normal physiological 
environments, in the context of cancer-physiology they allow 
immune evasion in malignant tissues. Therapeutic monoclonal 
antibodies targeting PD-1, PD-L1, or CTLA-4 have shown 
significant efficacy in treating a number of cancers. However, 
cancer patients often develop primary or acquired resistance to 
these drugs limiting their utility only in 20 to 30% of certain 
cancer patients.⁶  As these Checkpoint Inhibitors require the 
patients’ pre-existing anti-tumor immune cells to take advan-
tage of decoupling immune evasive interactions, this approach 
leaves patients lacking anti-tumor immune cells resistant to 
this class of ‘defensive immunotherapy’ regimens.

The limitations of defensive-immunotherapies may be ef-
fectively addressed by offensive-immunotherapy strategies. 
Therapeutic cytokines represent a subclass of offensive-immu-
notherapies and have demonstrated their potential in treating 
end stage cancer patients but have not been widely used by 
oncologists due to the severity of their adverse side effects.  For 
example, recombinant IL-2 is a potent T cell proliferation and 
differentiation factor and is an FDA approved immunothera-
py for advanced melanoma and renal cell carcinoma. Despite 
the remarkable and durable remissions, however, the use of 
this drug has not been widely adapted by clinicians due to the 
severe systemic toxicity triggered by indiscriminate systemic 
activation of immune cells.⁷ Consequently, the clinical use of 
therapeutic cytokines has been limited to well trained and ap-
proved intensive care centers for supervised administration of 
therapeutic IL-2. There is a critical unmet medical need to de-
velop safer-cytokine therapy regimens. Efforts to develop safer 
therapeutic cytokines have led to diverse approaches to modify 
cytokines to reduce their systemic toxicity.

Efforts to make safer-cytokines IL-2 to treat cancer patients 
without systemic adverse effects by designing recombinant 
IL-2 with sub-inhibitor domain fused via short linker peptide 
led to the generation of safe ‘pro-cytokine.’ The pro-cytokine 
IL-2 may be given to a patient without adverse systemic tox-
icity as this drug may remain inactive within a patient.  The 
peptide linker fusing IL-2 to inhibitor, however, is subject to 
the proteolytic process in an environment with high levels of 
proteases.  Hyper protease activity is a hallmark of tumor-me-
tastasis, hence pro-cytokines IL-2 can become active in tumor 
tissue and may trigger selective anti-tumor immune responses 
while remaining inactive in the body as its concept shown in 
Figure 2. This manuscript reports evaluation of pro-cytokine 
IL-2 recombinant proteins and their potential use in animal 
models which may lead to a drug design for potential use in 
treating cancers with minimal adverse effects.

Goal: The primary goal of this study is to express pro-cy-
tokine IL-2 proteins through transfecting mammalian cells 
and to evaluate by comparing fusion protein activity with or 
without protease treatment and to test its stability in serum 
obtained from tumor-bearing mice.

Figure 2: As pro-cytokine IL-2 is inactive as a pro-drug composed of 
cytokine IL-2 and its inhibitor module fused by linker-peptide, a substrate 
for matrix metalloprotease (MMPs). The pro-cytokine IL-2 remains inactive 
until cleaved by active-MMPs in tumor microenvironment. This selective 
TME-activating process ensures to trigger maximal anti-tumor immune 
response while minimizing systemic toxicity. Gray cells denote tumor cell 
cluster. NK= Natural Killer cells, M= Macrophage, T= T cells.
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in TCNB buffer: 50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 
0.05% Brij-35 (w/v), pH 7.5. The digested protein was ali-
quoted and stored at -80 °C prior to testing and aliquots of 
digests were analyzed by an SDS-PAGE followed by Western 
blotting to evaluate the extent of cleavage. Digests were also 
assessed in functional assays such as HEK-Blue Interleukin 
reporter assays. 

Detection of expressed pro-cytokines:
Purity and homogeneity (typically > 90%) of final sam-

ples were assessed by an SDS-PAGE under reducing and 
non-reducing conditions. Purified proteins were aliquoted 
and stored at -80 °C until further use while untreated and di-
gested fusion proteins were evaluated for cleavage products by 
Western blotting. Goat anti-mouse IL-2 polyclonal antibod-
ies (AF-402-NA; R&D systems) were used to target IL-2 , 
and subsequent detection of immuno-complex was performed 
using a donkey anti-goat HRP-conjugated antibody ( Jackson 
Immuno Research, West Grove, PA), and developed using 
the SuperSignal West Femto Maximum sensitivity detection 
reagent (Thermo Fisher) following the manufacturer’s recom-
mendations.

IL-2 functional cell-based assay:
IL-2 is a member of the four α helix bundle family of cyto-

kines and shares the same signaling receptors with IL-2-Rβ 
and common γ chain receptors. Hence, activity of these cyto-
kines was measured using the same reporter cell line HEK Blue 
IL-2 (Invivogen). HEK-Blue™ IL-2 cells were specifically 
designed to monitor the activation of the JAK-STAT5 path-
way induced by ligand binding to the IL-2-Rβ and commonγ 
chain receptors. Stimulation with the appropriate cytokines 
triggered the JAK/STAT5 pathway and induced secreted em-
bryonic xalkaline phosphatase (SEAP) production. SEAP was 
readily monitored using QUANTI-Blue™, a SEAP detection 
medium. For the HEK Blue assay, pro-cytokine IL-2 or acti-
vated-IL-2 were titrated and added to 50,000 HEK Blue cells 
per well in a 200 µL medium in a 96-well plate and incubated 
at 37 °C in 5% CO2 for 20–24 hours. The following day, levels 
of SEAP were measured by adding 20 µL of cell supernatant 
to QUANTIBlue reagent, followed by 1-3 hours of incubation 
at 37 °C and reading absorbance at 630 nm.

Serum Stability of Pro-Cytokine IL-2:
C57BL/6 mice were subcutaneously inoculated with MC38 

murine colorectal cancer cells and when the average tumor 
volume reached 100 mm³. Serum samples were collected from 
tumor bearing mice as well as control non-tumor bearing 
mice.  Pro-cytokine IL-2 samples were spiked into a series of 
serum aliquots and incubated for up to 72 hours at 37oC. An 
ELISA assay was conducted to detect and quantify fusion pro-
teins comprising IL-2 and IL-2 inhibitor moieties under each 
incubation condition.  Wells of a 96-well plate were coated 
overnight with 100 µL of a rat anti-mouse IL-2 monoclonal 
antibody ( JES6-1A12; Thermo Fisher) at 1 mg/mL in PBS. 
After washing, wells were blocked with TBS/0.05% Tween 
20/1% BSA, then fusion protein samples were added for 1 hour 
at room temperature. After washing, an anti-mouse CD25 bi-
otin-labelled detection antibody (BAF2438, R&D systems) 
was added, and binding was detected using Ultra Streptavidin 
HRP (Thermo Fisher). The ELISA plate was developed 

�   METHOD
Generation of Pro-cytokine IL-2 fusion proteins:
The gene regions encoding mouse IL-2 were genetically 

fused to IL-2 blocker peptide with bridging nucleotide se-
quences coding for MMP substrate peptide.  The IL-2 blocker 
has adequate affinity for IL-2 where it can function as an IL-2 
inhibitor while readily departing from the fusion protein when 
treated with MMP.⁸ The c-terminal region of IL-2 blocker is 
fused to murine Fc gene to enhance its circulating time in the 
body and to be used for effective purification. The nucleotide 
sequences for the pro-cytokine IL-2 constructs were generated 
by gene synthesis (Genescript) and cloned into the mamma-
lian expression vector pcDNA™3.1+ (Thermo Fisher) with 
flanking EcoRI and XbaI sites as outlined in the Figure 3. 
The pro-cytokine fusion gene constructs were used to trans-
fect suspension-adapted Chinese Hamster Ovary (CHO) 
cells that have been adapted to high-density growing condi-
tions using serum-free suspension culture medium (Thermo 
Fisher). Transfection reagents and enhancers were used per 
manufacturer's protocol to generate the highest yields possi-
ble in a transient expression system.  The pro-cytokine IL-2 is 
designed to be non-functional without the separation of IL-2 
blocker from the fusion protein.  MMP treatment of pro-cyto-
kine IL-2, however, releases fully functional active-IL-2.

Generation of Pro-cytokine IL-2 fusion proteins:
Pro-cytokine IL-2 with Fc: HiTrap MabSelect SuRe (GE 

Healthcare) chromatography Protein-A column was used to 
purify secreted Fc tagged pro-cytokine IL12 from the Ex-
piCHO culture supernatants. Proteins bound to the resin were 
eluted with a low pH buffer or by competition with imidazole 
per manufacturer's protocol followed by size exclusion chro-
matography (HPLC SEC5 300A 7.8x300mm, 5µm part# 
5190-2526, Agilent Bio).  All purified samples were buf-
fer-exchanged and concentrated by ultrafiltration to a typical 
concentration of > 1 mg/mL.

Cleavage of fusion protein by MMP9 protease:
Recombinant MMP9 (R&D Systems) was first activated 

with p-aminophenylmercuric acetate, and this activated pro-
tease or equivalent amounts of activating solution without the 
protease were used to digest or mock-digest the fusion protein 
overnight (18-22 hrs. at 37 °C). Cleavage assays were set up in 

Figure 3: The schematic diagram of pro-cytokine IL-2-His and pro-cytokine 
IL-2-Fc are shown (left) with protease cleavable site within fusion-linker 
highlighted in yellow triangle. pcDNA3.1+ vector map with pro-cytokine 
IL-2 gene inserted via - EcoRI and XbaI sites is outlined (right). As there is 
no internal HindIII restriction site within fusion protein sequence, this site 
is engineered for future cloning strategy for cloning into GS vector for stable 
CHO cell line generation. pcDNA3.1+ vector map is from Thermo Fisher 
Scientific. 
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by adding the chromogenic tetramethylbenzidine substrate 
(Ultra TMB, Thermo Fisher). The reaction was stopped by the 
addition of 0.5 M H2SO4, and the absorbance was read at 
450-650 nm. 
�   Results and Discussion
Generation of Pro-cytokine IL-2 fusion protein:
The fusion protein expression optimization process 

was required to maximize the yield by varying incubating 
duration of CHO cells. Recombinant proteins collected 
in extracellular media were purified through an affinity 
chromatography process as outlined in the method section. 
All purified recombinant proteins were buffer-exchanged and 
concentrated by ultrafiltration to a typical concentration of > 
1 mg/mL. Purity and homogeneity (typically > 90%) of final 
samples were assessed by an SDS-PAGE under reducing and 
non-reducing conditions. Purified proteins were aliquoted and 
stored at -80 °C until further use. Purified pro-cytokine IL-
2-Fc fusion proteins by Coomassie stain showed high purity 
of the target proteins and minimal high molecular weight 
entities. In the non-reducing condition, pro-cytokine IL-2-Fc 
fusion proteins are in a dimerized state mediated through Fc 
domain interaction like immunoglobulin.  When reduced, Fc 
mediated dimer pro-cytokine IL-2-Fc displayed monomeric 
configuration as shown in Figure 4.

Detection, Cleavage of fusion protein by MMP9 protease:
Purified recombinant pro-cytokine IL-2 proteins were 

digested by chemically activated recombinant MMP9 proteins 
as described in the method section. The digested proteins were 
analyzed by an SDS-PAGE followed by Western blotting to 
evaluate the extent of cleavage. The recombinant pro-cytokine 
IL-2-Fc were incubated for 1, 4, or 20 hours with or without 
activated recombinant MMP9. Near complete cleavage of pro-
cytokine IL-2-Fc was shown after 20-hour MMP treatment 
while no apparent cleavage was observed without functional 
MMP9 as shown in Figure 5. In order to test if proteolytically 
release IL-2 is functional a functional evaluation on reporter 
cell lines were conducted.

IL-2 functional cell-based assay::
HEK-Blue cells specifically engineered to monitor the acti-

vation of the JAK-STAT5 pathway induced by IL-2 binding 

to the IL-2-Rβγ chain receptors were utilized to quantitate 
IL-2-triggered JAK/STAT5 pathway as outlined in the Figure 
6. HEK-Blue reporter cells displayed a substantially enhanced 
JAK/STAT5 pathway when pro-cytokine IL-2 was released 
by MMP9 treatment from the fusion protein.  It required over 
100-fold greater concentration of intact pro-cytokine IL-2 
fusion protein to generate a similar reporter pathway activity 
level in the reporter cells. Baseline IL-2 activity in non-cleaved 
fusion protein is attributed to minor fusion protein with open 
configuration between cytokine and inhibitor module. With 
this proof of concept in vitro, it was very critical to demonstrate 
that pro-cytokine IL-2 fusion proteins may stay “inactive” 
without getting cleaved by circulating proteases.

Serum Stability of Pro-Cytokine IL-2:
As anticipated, circulating proteases in serum regardless of 

the presence of tumor remain inactive as spiked pro-cytokine 
IL-2 remains stable over 72 hours as shown in the Figure 7. 
After incubating with serum for 4hr, 8hr, 24hr, 48hr, and 72hrs, 
the levels of spiked pro-cytokine IL-2 were detected using 
ELISA assay. The diverse types of matrix metalloproteinases 
are expressed as inactive enzymes requiring an enzymatic 
activation process within the tissue by other enzymes to separate 
the inhibiting domain from zymogens. As fully active MMPs 
may harm normal tissues, they are expressed as a zymogen (an 
inactive form of an enzyme) and require activation steps in the 
tissue.  In addition to being expressed as an inactive form, there 
are tissue inhibitors of MMPs (TIMPs), in normal tissue to 

Figure 4: Affinity column chromatography (Ni-column for His tagged 
protein and Protein A column for Fc tagged fusion protein) mediated 
purified pro-cytokine IL-2 were analyzed by SDS-PAGE. Elusion fractions 
of protein A column retained Pro-Cytokine IL-2-Fc were collected in equal 
volume over 12 collection tubes. Flow through buffer and wash buffer did 
not contain the target recombinant protein. Elution buffer Fraction #5 to 7 
contained pro-cytokine IL-2-Fc (left). Four (4) different transfection batches 
yielded robust Pro-cytokine IL-2-Fc (right) which displayed Fc mediated 
dimer configuration in non-reduced condition (lane NR) but reduced to 
approximately 70kDa monomer configuration (lane R). MW= Molecular 
Weight (kDa) ladder, FT= buffer Flow Through.

Figure 5: Pro-cytokine IL-2-Fc were treated with activated MMP9 for 
16hr at 37oC. Resulting cleaved fusion proteins along with negative controls 
(fusion protein in buffer without MMP9) were separated on SDS-PAGE. 
Western blot analysis with anti-IL-2 antibody revealed increased amounts 
of released IL-2 from the fusion protein with longer incubation. Negative 
controls did not lead to IL-2 release from the fusion protein. 0= No Starting 
recombinant protein, M= Treated with MMP9, C= Control buffer treatment 
with no MMP9.

Figure 6: Schematic outline of functional analysis of IL-2 payload in 
pro-cytokine fusion protein with or without MMP9 treatment. Their ability 
to stimulate HEK Blue IL-2 reporter cells were tested by quantitating 
reporter-pathway activation. Two magnitude higher reporter-stimulation has 
been observed with proteolytic release of IL-2 from the fusion protein.
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add additional mechanisms to maintain expressed MMPs in an 
inactive state. The successful demonstration of serum stability 
in tumor bearing mice assures that when injected into mice, 
pro-cytokine IL-2 will remain inactive thereby dramatically 
reducing systemic toxicity associated with fully active IL-2.

�   Conclusion
The series of experiments described and discussed here 

successfully demonstrated that therapeutic recombinant 
protein composed of cytokine may be expressed as inactive ‘pro-
cytokine’ by integrating inhibitor domain fused but separable 
under unique hyperactive proteolytic conditions often found in 
advanced cancer disease stage. 

Next Step: Conduct animal studies to demonstrate safety 
and determine tolerable dose of pro-cytokine IL-2 and 
subsequently to monitor its ability to inhibit tumor growth.
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Figure 7: In order to see feasibility of pro-cytokine IL-2 for subsequence in 
vivo animal studies, fusion proteins were evaluated for their stability against 
proteases found in circulation. When mixed with serum collected from 
normal mice or tumor-bearing mice, fusion proteins remain intact up to 72 
hours indicating circulating proteases are at inhibited state.
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ABSTRACT: The intended purpose of this paper is to inform readers of the advancement of Artificial Intelligence (AI) in recent 
decades and show how Chess/Go engines are representative of the improvements made in the field of AI. Also, the positive and 
negative implications of advancements in chess engine have been discussed. Moreover, the structural and efficiency improvements 
of Chess/Go engines have been detailed. Chess, Go, and other perfect knowledge 2 player games are just a measuring stick of 
the improvement of artificial intelligence. The objective of AI development is to generalize an algorithm which is applicable in 
the field of sciences. This can then help tackle environmental issues such as pollution, issues in the field of medicine such as drug 
production and also come up with an effective treatment for cancer. Due to AI’s accelerated learning ability, it can come up with 
creative solutions to problems communities face today.
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�   Introduction
Chess, Go, and Checkers are intellectual boardgames and 

have been around for centuries. The world’s oldest board game 
“Go” originated in China around 2500 B.C. The objective of 
Go is to surround more territory than your opponent using 
your designated stone color. There are 361 squares (19 rows 
and 19 columns) in Go, and the number of possible Go games 
is a staggering 10⁷⁰⁰ games.¹-⁴ Chess originated in India 
during the 5th century; however, the modern chess game was 
only developed by the 19th century. The chess player aims to 
checkmate their opponents’ kings. There are 64 squares (8 
rows and 8 columns) in chess, and a colossal 10¹²⁰ possible 
games.¹ Two players play against each other on these board 
games. Over the past years, machines have been programmed 
to play these games using existing databases, point systems, and 
probability. Recently with the incorporation of AI, Checker 
engines have solved the game of Checkers. With perfect play 
from both sides, the game ends in a draw.⁵ However, due to 
the higher complexity of “Go” and “Chess” and the limitations 
of hardware available to compute all possibilities of either 
game, AI will not be able to solve either of the games anytime 
soon. Chess engines have advanced to a great extent and are 
far stronger than the world’s best chess players. However, most 
“Go” engines are still in their initial phases and would struggle 
to beat 9 Dan players (one of the best Go players).⁶
�   Discussion
The Turk:
The Turk (Figure 1) is regarded as the first engine that was 

able to play chess. It was made in the 1769 by Wolfgang von 
Kempelen and was said to be able to calculate many moves 
ahead. The Turk was considered to be a genius invention and 
many famous leaders and scientist such as Napoleon Bonapart 
and Benjamin Franklin played against the Turk.⁷ The creator 
had to complicate the interior design of The Turk to mislead 
people into believing that the clockwork mechanism was what 

helped The Turk play brilliantly.  However, it was later discov-
ered that a professional chess player, sitting on the other side 
of the cabinet, was controlling the moves it made.⁷ The place-
ment of the chess master was invisible to the audience since he 
was located under The Turks robes. Therefore, the machine is  
considered fake as it was not playing on its own.⁹ In 1954, The 
Turk met its demise as a fire engulfed the area of the Chinese 
Museum it was kept in.⁸ The Turk inspired Amazon to cre-
ate a web-based software application in which people around 
the world can apply for internship to do tasks which machines 
struggle in.⁹ This is similar to how The Turk worked as com-
puters were not invented during that time, so the creator had 
to improvise by using human assistance. After the Turk, there 
was not any major development in chess engines over the next 
150 years. In 1951 the first chess engine to run on an electronic 
computer was created by Dietrich Prinz.¹⁰ Chess engines were 
in their initial development during this period and a strong 
chess player could easily defeat these chess engines.

Figure 1: The first chess engine The Turk. The above image is taken from 
https://commons.wikimedia.org/wiki/File:Tuerkischer_schachspieler_
racknitz3.jpg
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Deep Blue:
Until IBM made ‘Deep Blue’, all chess engines had numer-

ous bugs and a lack of positional understanding. Deep Blue’s 
development started in 1985 and was led by an AI pioneer 
Edward Fredkin. Fredkin challenged his colleagues at IBM to 
create a chess engine that could challenge the greatest chess 
player during that period; Grand Master (GM) Garry Kaspar-
ov.¹¹ The development of Deep Blue started in 1985 with “Chip 
test” project at Carnegie Mellon University with assistance of 
GM Joel Benjamin. Deep Blue used Alpha-beta search meth-
od to calculate the winning probability of the moves.¹² This is 
the old-fashioned AI as it is less efficient than Deep Minds 
AI algorithm which is used in today’s chess engines. Since 
the computer had to compute millions of positions per sec-
ond using a brute force system, the mainframe or processor 
had to be big and efficient enough to make decisions within 
the chess classical time control. Deep Blue computed 700,000 
GM chess games from a chess database and 4,000 critical po-
sitions.¹³ GM Joel Benjamin helped refine Deep Blue’s middle 
game understanding. Many chess endgame books and end-
game analyses were fed into Deep Blue’s database. Deep Blue 
created an extended database to summarize all the previous 
GM games to its opening database. GM Kasparov trained by 
playing against popular chess engines or programs to under-
stand their flaws in positional understanding. The match Garry 
Kasparov vs Deep Blue was a two-separate match-up event; 
each consisting of 6 games. The first match of the first event 
took place on February 10, 1996, at Pennsylvania Convention 
Center in Philadelphia. Kasparov lost the first game, won the 
second game, drew the next two games, and won the last two 
games. 

Kasparov won the first event by a margin of two games 4 
- 2. IBM then made four curial improvements to Deep Blue 
which were medium scale multiprocessing (24 chess engines 
processors in the beginning of the rematch which would help 
crush millions of positions faster), enhanced evaluation hard-
ware such as larger RAM size which could include additional 
features, improved search software which would help Deep 
Blue evaluate positions more efficiently, and finally an extend-
ed opening book which improved Deep Blue’s knowledge 
about the different openings and their different variations/
sidelines.¹⁴ The first match of the second event (rematch) took 
place on May 11, 1997, in New York City. The first match Gar-
ry Kasparov won, second match he lost, third, fourth, and fifth 
matches were draws, and the final match he lost. The final result 
was 3.5 - 2.5 in favor of Deep Blue.¹⁵ Playing chess helped aid 
AI development. The consistent incremental improvement by 
Deep Blue paved the way for the future growth and potential 
of AI. Deep Blue was established as the first engine to defeat 
a World Champion. Deep Blue assessed a given position by 
referring to its database for geometrical relations with previous 
GM games or positions. Then it analyzed the position by using 
its evaluation function, which assigns a numeric value to each 
of its pieces before making its move. Altering the depth allows 
Deep Blue to calculate more moves ahead by a given factor. 
The two microprocessors enable Deep Blue to analyze up to 
two million positions per second, which allows it 

a maximum of five moves ahead. The singular extension allows 
Deep Blue to calculate twenty moves ahead in complicated 
positions as it uses Alpha-Beta pruning, in which it disregards 
some of the bad variations to consider only the interesting 
options.¹⁶ Thus, Deep Blue can be more efficient as it does not 
need as much time to compute variations. Deep Blue will have 
a forever lasting impact on the later generations of advanced 
chess engines.

Modern Chess Engines:
Modern chess engines can run on any electronic device, 
including mobile phones.¹⁷ Improvements in storage capacity 
and in machine learning help these engines easily outperform 
the best chess-players very easily.

Stockfish:
One of the most commonly used and strongest classical 

chess engines of all time is ‘Stockfish’. Stockfish uses advanced 
Alpha-Beta search algorithms, similar to that of Deep Blue, 
to statistically evaluate a given position. Stockfish evaluates a 
position based on geometry and mobility of pieces in a given 
position.¹⁸ These could be the pawn structure, the mobility 
of pieces, trapped pieces, point system for the pieces, king 
safety, and the outpost for the pieces. Then it looks at multiple 
corresponding positions and statistically determines which 
move would have the best outcome. These classical engines 
use the minmax algorithm (Figure 2) to make their move. For 
example, say the computer is the maximizer and the human 
player is the minimizer. The engine assumes that the human 
player will play perfectly and minimize the score as much as 
possible. However, in reality, this is not always true. So, it is the 
human’s turn and it’s at 4. Its depth is set to 4 moves. So, the 
human is at move 4(max). Since the human player is trying 
to minimize the score, he/she will choose the lowest number 
out of all the options in the most bottom row. For example, 
the human chose 10 instead of infinite because 10<infinity.¹⁹ 
Then the engine chooses the maximum number. For example, 
the computer chose 10 instead of 5 because 5 is less than 10. 
This process continues until a move is made. Then, based on 
the move made, another minmax graph is produced where the 
nodes hold the decision points. The algorithm evaluates each 
leaf node using a heuristic evaluation function, by measuring 
the possibility of node for the maximizing player. Therefore, 
the nodes having favorable outcome, i.e. win, have higher 
values for maximizing players than the favorable nodes for 
minimizing players. This continues until the end of the game. 
Also, since looking at all the possible outcomes for a move is 
difficult and time consuming, the algorithm utilizes Alphabeta 
pruning method to disregard some inaccurate possibilities.²⁰ 
Therefore, Alphabeta pruning improves the efficiency as the 
engines do not go too deep into a bad move and analyze a 
stronger move more in depth during the middle game. During 
the opening, the engine refers to its opening book. The opening 
book is a database that constitutes all of the openings in chess. 
Then, there is also an endgame (less than 7 pieces) table which 
constitutes millions of common and uncommon endgame 
positions. Stockfish plays chess at a superhuman level and 
has an ELO rating of 3450.²¹ Compared to the current world 
chess champion Magnus Carlsen (ELO of 2850), Stockfish is 
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popularity of King’s Gambit Accepted kept fluctuating during 
the 1800s and 1900s (Figure 3). It reached its peak during 
1980; however, it had a steep decline in popularity from 1980 
to current time because of chess engine’s novelty or counter-
gambits that gave black the edge when the opening is played. 
We also see Gambits being played less at the top level these 
days because engines have refuted or decreased the advantage 
of these gambits. Therefore, if the opponent can effectively de-
fend against a gambit, he or she is at an advantage right of the 
opening. 

However, there are some drawbacks in chess engines. Re-
cently cheating in chess has become more common in both 
online chess and in tournament chess. For example, GM Igors 
Rausis was caught cheating during Strasbourg Open tourna-
ment. Igors Rausis was caught using his mobile phone in the 
toilet.²⁶ The arbiters suspected that Igors was up to no good 
when he made multiple trips to the toilet during his earlier 
games. His play against weaker masters was almost perfect and 
he consistently defeating anyone 100 ELO points below his 
rating. This is a very difficult feat for a man in his late 50s to 
do. His progress is displayed in (Figure 4). Therefore, officials 
placed a hidden camera to monitor his actions. As we all can 
see, he was using the availability of chess engines and the pri-
vacy of being in the restroom to his advantage to defeat his 
opponents. Officials caught him red handed and he was imme-
diately disqualified from the tournament. FIDE (The World 
Chess Federation) is an international organization, which is 
the governing body of international chess tournaments. FIDE 
therefore had to decide how to punish GM Igors Rausis inap-
propriate actions. FIDE took away Igors GM title and Igors 
was banned from playing chess internationally for 6 years.²7 

Igors progression from 2500 to 2700 in 6 years during his mid 
to late 50s was impressive, but also suspicious.

much stronger and can easily defeat him at its latest version 
(Stockfish 9).²² Chess engines have continuously improved 
over the years, and Deepmind’s AI has helped chess engines to 
further enhance their superiority over the game. 

Alpha Zero:
AI chess engine Alpha Zero developed by Google, studied 

the game of chess for nine hours. Alpha Zero plays against 
itself a number of times and makes improvements in its under-
standing of different positions with each game. It also analyzes 
and learns fundamental chess strategies, tactics, and endgame 
positions. It utilizes Convolutional Neural Networks (CNN,) 
which is a class of Deep Neural Networks.²³ In a nutshell, this 
helps engines think like superhumans, such as seeing tactical 
patterns 6 to 7 steps ahead without referring to millions of 
games from pre-store database. They incrementally improve 
by playing against themselves. Alpha Zero was put to the test 
when it had to play 100 chess games against Stockfish (stron-
gest classical chess engine) with only 9 hours of preparation 
to do so. Alpha Zero defeated Stockfish with a score of 28 
wins 72 draws and 0 losses. Alpha Zero was Google’s experi-
ment to check improvements in AI. Now Alpha Zero is retired 
from chess and is majoring in other fields such as medicine 
and engineering. Nowadays, engines are used by nearly every 
chess player, from a beginner to a Super Grand Master for 
preparation. Review articles can be incredibly useful for other 
researchers, introducing them to the key existing literature and 
summarizing the current state of the field.

Advantages and disadvantages of advancement in chess 
engines:

Chess engines can help strong players discover novelties 
in the opening phase of the game to surprise their oppo-
nent. Chess engines compete against themselves each year to 
see which chess engine is the strongest in the TCEC (Top 
Chess Engine Championship). The participating engines have 
an ELO rating of 2900+ which is well above current world 
champion Magnus Carlsen.²⁴ Engines also help commenta-
tors in getting a deeper understanding of the position in top 
GM games. The engine’s ideas can be very enterprising and 
entertaining for viewers. Chess engines are readily accessible 
to anyone connected to the internet.

Chess has become more systematic (a lot of memorizing) 
and solid over the recent years. For example, during the Ro-
mantic era, the top chess players used to play aggressive chess 
openings such as King’s Gambit and Evans Gambit, where 
they sacrifice pieces or pawns in the opening for initiative (lead 
in development) or an attack on the opponent’s king.²⁵ The 

Figure 2: Minimax algorithm flow diagram. The above image is taken from 
https://en.wikipedia.org/wiki/Minimax 

Figure 3: Kings’s Gambit Graph. The frequency at which King’s 
Gambit is played at FIDE rated tournaments by masters between 1840-
2016. This image is taken from https://www.chessgames.com/perl/
chessopening?eco=c39 

Figure 3: Igors Rausis chess progression graph. The rating progress of Igors 
Rausis in different time controls (standard, rapid, and blitz) by 2003 to 2019. 
This image is taken from https://chess24.com/en/read/news/gm-igors-rausis-
allegedly-caught-cheating 
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Online chess has also been subjected to more cheating. 
Many players of all levels have had their online chess accounts 
detained or closed because of suspicion of cheating. Online 
chess websites such as chess.com, chess24.com, and lichess.org 
have inbuilt algorithms to cross reference a user’s game with a 
chess engine relative to the user’s IP address.²⁸ The chess.com 
server uses a fair play system to catch its cheaters using cross 
reference accuracy rating and reference to millions of games in 
a complex and sophisticated database.²⁹ If the same moves are 
repeated in an engine and on the players board, the software 
will notice it and force the engine user to lose the match and 
be banned from the server. Especially, during the COVID-19 
pandemic, chess.com has reported there has been a sharp 
increase in accounts banned due to cheating during summer 
of 2020 from an average ban of 6000 accounts per month 
to 17,000 accounts ban per month.³⁰ Though chess engines 
have given raise to cheating, it has also helped in analyzing 
one’s own game and other master’s games. “Are chess engines 
ethical?” is a controversial topic as stated previously, and it has 
many advantages but also some clear disadvantages. 

Go Engine:
Go is claimed to be the most complicated boardgame as it 

has far more possibilities than a chess game and Go playing 
pieces don’t have many constructive rules. The number of legal 
positions in Go is considered to be greater than the number of 
atoms in the Universe.⁴

However, DeepMind’s AlphaGo AI engine surprised every-
one when it defeated the 18 time Go world champion Lee 
Se-Dol with a decisive margin of 4-1.³¹ AlphaGo project was 
led by Demis Hassabis, who runs the company DeepMind, 
had a mission of fundamentally understanding intelligence 
and then reinvent it artificially.

AlphaGo:
Since Go doesn’t have constructive creating an AI engine 

that can out-play strong Go players is difficult. Therefore, being 
able to crack Go would be an indicator of AI progress. AlphaGo 
development started around early 2014. Strong Go players 
play a move based on their intuition. Therefore, DeepMind 
had to create an algorithm that mimics strong Go players’ 
intuition. In the initial stages, AlphaGo was first introduced to 
100,000 Go games played by strong players that were available 
on the internet. AlphaGo started mimicking these strong 
players moves, and through reinforcement learning by playing 
different versions of itself millions of times it improved on the 
ideas it was initially presented with. The deep neural network 
in AlphaGo approximates the neural network in our brain. It 
helps AlphaGo learn and recognize patterns like humans.³² 
DeepMind invited Fan Hui, European Go champion, to see 
how AlphaGo would fare against such a challenge. AlphaGo 
defeated Fan Hui 5-0 which shocked the world.³³ AlphaGo 
was a different Go engine when compared to other amateur 
Go programs found on the internet. AlphaGo played like a 
strong human player, finding ideas that Fan Hui overlooked. 
Fan Hui helped DeepMind make further improvements in 
AlphaGo’s accuracy and areas of weaknesses. Later, DeepMind 
requested to challenge Lee Se-Dol, considered one of the 
greatest Go players. He was a dan 9 Go player, which is the 

highest ranking one can achieve in the game. The match up 
was very intense, with major media attention and multiple 
broadcasts of the games. AlphaGo won the first game in a very 
deceptive manner as it managed to trick Lee Se-Dol. The same 
happened for the next two games. Lee Sa-Dol managed to win 
game 4 because AlphaGo made a positional mistake and then 
continued to make a series of errors. Game 4 was considered 
the greatest match as a human managed to beat an AI Go 
engine. AlphaGo won the fifth and final game. So, the score 
was 4-1 in AlphaGo’s favor.

AlphaGo has three major components. The policy network is 
made of thousands of high-quality games played in the past.³⁴ 
Then, the value network calculates different critical moves and 
the probability of winning when playing that move in that 
particular position. The final component is the Monte-Carlo 
Tree Search (MCTS) where it looks at different variations at a 
depth of 4-5 moves ahead. The policy network first recognizes 
an interesting variation.³⁵ Then the tree search helps it look 
through the variation at a certain depth. Finally, the value 
network calculates the probability of that variation is beneficial. 
AlphaGo made very interesting moves which humans would 
usually never play because it looks very unorthodox. However, 
these strange but strong moves can help Go players gain 
new insight into the game. The ability for AI engines such as 
AlphaGo to identify interesting patterns in a given position 
can bring new insight and new way of approaching the game 
of Go.³⁶ This improves creativity and the diversity of thinking, 
which can be the foundation of a concrete approach to play the 
game. This achievement is symbolic of the advancement of AI 
over the past decade.

The table below compares different attributes of engines. 
It helps identify the capability and the capacity of different 
Chess and Go engines in a glance.
�   Conclusion
Over the past century boardgame engines have improved 

at an exponential rate due to advancements in the field of 
electronics and computing. These improvements came with 
its many advantages such as improved understanding of 
the game, better analysis of positions, and enables people to 
discover novelties (new ideas) for preparation. However, there 
are a few drawbacks such as making the game very systematic 
to an extent to which certain openings cannot be played 
because they have been refuted by engines, and engine misuse 
is one of the main causes of cheating incidents in online and 
real-life tournaments. However, as technology progresses, 
these limitations or drawbacks of engines can be overcome. 
Advancement/progress of artificial intelligence in Chess and 
Go engines are indicators of the progress of AI itself. In the 
near future artificial intelligence can be introduced in many 
fields of interest to tackle issues and limitations in those fields 
as well. 
�   Acknowledgement
I would like to thank Dr. Rajesh Mohanaraman and Shibani 

Koya for their thoughtful suggestions, guidance, and feedback 
on the paper. I would like to thank my chess coaches and 
parents for their unwavering support during my endeavor. 

ijhighschoolresearch.org



 69 DOI: 10.36838/v4i2.12

�   References
1. Kasparov, G. The Chess Master and the Computer, The New 

York Review, 11 February 2010 https://www.nybooks.com/
articles/2010/02/11/the-chess-master-and-the-computer/?lp_txn_
id=1268264 (accessed on Dec 11, 2020)

2. Number of possible Go games, Sensei’s Library (website). http://
senseis.xmp.net/?NumberOfPossibleGoGames (accessed on Dec 
11, 2020)

3. Wikipedia: Game complexity. http://en.wikipedia.org/wiki/Game_
complexity (accessed on Dec 11, 2020)

4. Wikipedia: Number of possible Go games: https://en.wikipedia.
org/wiki/Go_and_mathematics (accessed on Dec 12, 2020)

5. Schaeffer, J.; Burch, N.; Björnsson, Y.; Kishimoto, A.; Müller, 
M.; Lake, R.; Lu, P.; Sutphen, S. Checkers is solved. American 
Association for the Advancement of Science. Science Vol. 317. 
2007. no. 5844, 1518–1522.

6. Egri-Nagy, A.; Törmänen, A. The Game Is Not over Yet—Go 
in the Post-AlphaGo Era. Philosophies 2020, 5, 37. https://doi.
org/10.3390/philosophies5040037 

7. Schwartz, O. Untold History of AI: When Charles Babbage Played 
Chess With the Original Mechanical Turk,  IEEE Spectrum, 18 
March 2019 https://spectrum.ieee.org/tech-talk/tech-history/
dawn-of-electronics/untold-history-of-ai-charles-babbage-and-
the-turk

8. The Turk, https://www.chess.com/terms/turk-chess-automaton 
(accessed on Dec 12, 2020)

9. Fourtané, S. The Turk: Wolfgang von Kempelen's Fake Automaton 
Chess Player, Interesting Engineering, 31 August 2018 https://
interestingengineering.com/the-turk-fake-automaton-chess-
player. (accessed on Dec 12, 2020)

10.B. Jack Copeland, Diane Proudfoot, Turing, Father of the Modern 
Computer, The Rutherford Journal - The New Zealand Journal for 
the History and Philosophy of Science and Technology, Vol. 4, 
2011 – 2012 http://www.rutherfordjournal.org/article040101.html  

11. Jason Togyer, Then and Now, The Link, School of Computer 
Science, Carnegie Mellon University, https://www.scs.cmu.edu/
link/then-and-now-2 (accessed on Dec 16, 2020) 

12.Campbell, M; Joseph Hoane, A; Feng-hsiung, H, Search Control 
Methods in Deep Blue, AAAI Technical Report SS-99-07,1999 
https://www.aaai.org/Papers/Symposia/Spring/1999/SS-99-07/
SS99-07-004.pdf

13.Campbell, M ‘Knowledge Discovery in Deep Blue’ Communications 
of the ACM, November 1999, Vol. 42,  Issue No. 11, Pages 65-67 
https://doi.org/10.1145/319382.319396 

14.Campbell, M; Joseph Hoane, A; Feng-hsiung, H. Deep Blue, 
ElSevier Science, Artificial Intelligence 2002, 134, 57–83 https://
doi.org/10.1016/S0004-3702(01)00129-1 

15.Schaeffer, J; Plaat, A. ‘Kasparov versus Deep Blue: The Rematch’ 
ICGA Journal, vol. 20, no. 2, pp. 95-101, 1997 DOI:10.3233/ICG-
1997-20209

16.Russell, S. J.; Norvig, P. Adversarial Search. In Artificial Intelligence 
- A Modern Approach, Pearson Education, 2003, ISBN 0-13-
790395-2, pp 174

17.Wikipedia. Stockfish (chess). https://en.wikipedia.org/wiki/
Stockfish_(chess) (accessed on Jan 6, 2021)

18.Ray, C. How Stockfish Works: An Evaluation of the Databases 
Behind the Top Open-Source Chess Engine. http://rin.io/chess-
engine/ (accessed on Dec 18, 2020)

19.Engines Navigating The Tree: AB-Pruning Minimax. https://
www.chess.com/blog/the_real_greco/engines-navigating-the-tree-
ab-pruning-minimax (accessed on Dec 18, 2020)

20.Buana Putra, W. APPLYING ALPHA-BETA ALGORITHM 
IN A CHESS ENGINE, Jurnal Teknosains: Jurnal Ilmiah 
Sains dan Teknologi, 2017, Vol 6, Issue 1, 37-43 https://doi.
org/10.22146/teknosains.11380 

21.Computer Chess Rating Lists. https://ccrl.chessdom.com/
ccrl/4040/. (accessed on Dec 18, 2020)

22.Fide Chess Rating. https://ratings.fide.com/profile/1503014. 
(accessed on Dec 18, 2020)

23.Petosa, N.; Balch, T. Multiplayer AlphaZero arXiv:1910.13012v3 
[cs.AI] 9 Dec 2019.

24.Haworth, G. and Hernandez, N. The 17th Top Chess Engine 
Championship: TCEC17. ICGA Journal, 42 (2-3). pp. 181-191. 
2020. ISSN 1389-6911

25.Relive the Romantic Era of Chess http://www.learn-and-play-
online-chess.com/romantic-era.html (accessed on Dec 21, 2020)

26.Chess grandmaster admits to cheating with phone on toilet during 
tournament https://www.theguardian.com/sport/2019/jul/13/
igors-rausis-cheating-phone-tournament-scandal (accessed on 
Dec 21, 2020)

27.FIDE Ethics Commission announces the sanctions against Igor 
Rausis https://www.fide.com/news/246 (accessed on Dec 21, 2020)

28.Chess.com Fair Play And Cheat-Detection https://www.chess.
com/article/view/chess-com-fair-play-and-cheat-detection 
(accessed on Dec 23, 2020)

29.About Online Chess Cheating https://www.chess.com/article/
view/online-chess-cheating (accessed on Dec 23, 2020)

30.Bland, A. Chess's cheating crisis: 'paranoia has become the culture'. 
The Guardian. 16 October 2020. https://www.theguardian.
com/sport/2020/oct/16/chesss-cheating-crisis-paranoia-has-
become-the-culture (accessed on Dec 24, 2020)

31.Bory P. Deep new: The shifting narratives of artificial intelligence 
from Deep Blue to AlphaGo. Convergence. 2019;25(4):627-642. 
doi:10.1177/1354856519829679

32.Ling, Z. Ma, H. Yang, Y. Qiu, R. Zhu, C and Zhang, Q. Explaining 
AlphaGo: Interpreting Contextual Effects in Neural Networks. 
Computer Science. 2019. https://arxiv.org/pdf/1901.02184v1.pdf 

33.AlphaGo, Deepmind, https://deepmind.com/research/case-
studies/alphago-the-story-so-far (accessed on Dec 27, 2020)

34.Z. Li, C. Zhu, Y. -L. Gao, Z. -K. Wang and J. Wang, AlphaGo 
Policy Network: A DCNN Accelerator on FPGA. in IEEE 
Access, vol. 8, pp. 203039-203047, 2020, doi: 10.1109/
ACCESS.2020.3023739.

35.Habbis, D.; Hui, F. Exploring the mysteries of Go with AlphaGo 
and China's top players, Deepmind, 10 April 2017, https://
deepmind.com/blog/article/exploring-mysteries-alphago.

36.Chan, D. The AI That Has Nothing to Learn From Humans. 
The Atlantic. https://www.theatlantic.com/technology/
archive/2017/10/alphago-zero-the-ai-that-taught-itself-
go/543450/

37.Wikipedia. AlphaGo. https://en.wikipedia.org/wiki/AlphaGo 

Table 1: Summary of the attributes of strong Chess and Go engines.

 ijhighschoolresearch.org



 70 DOI: 10.36838/v4i2.12

(accessed on Dec 27, 2020)
38.How is Stockfish so fast? https://chess.stackexchange.com/

questions/35191/how-is-stockfish-so-fast#:~:text=I%20ran%20
the%20same%20tests,130%20million%20positions%20per%20
second. (accessed on Dec 29, 2020)

39.Wikipedia. AlphaZero https://en.wikipedia.org/wiki/AlphaZero 
(accessed on Dec 29, 2020)

40.Quanch, K. Don't try and beat AI, merge with it says chess 
champ Garry Kasparov. 10 May 2018. https://www.theregister.
com/2018/05/10/heres_what_garry_kasparov_an_old_world_
chess_champion_thinks_of_ai/  (accessed on Jan 4, 2021)

41.Time for AI to cross the human performance range in chess. 
15 Oct 2020. https://aiimpacts.org/time-for-ai-to-cross-the-
human-performance-range-in-chess/ (accessed on Jan 4, 2021)

42.Silver, D. et al. Mastering Chess and Shogi by Self-Play 
with a General Reinforcement Learning Algorithm. 2017. 
arXiv:1712.01815 [cs.AI]

43.Wikipedia. Deep Blue (chess computer). https://en.wikipedia.org/
wiki/Deep_Blue_(chess_computer) (accessed on Jan 6, 2021)

�   List of Abbreviations
AI  Artificial Intelligence
GM  Grand Master
CNN  Convolutional Neural Networks
TCEC  Top Chess Engine Championship
FIDE  The World Chess Federation
MCTS  Monte-Carlo Tree Search

�   Author
Aditya Manoj is an eleventh-grade student currently doing the 

IBDP program. He aspires to take up computer science in university 
and is targeting for internship in companies like as IBM and Google. 
Aditya also plays chess internationally and has a fide rating of 1380. 
He is interested in exploring the impact of AI on the game of chess 
and learn how AI can be used in other fields in a similar way.

ijhighschoolresearch.org



© 2021Terra Science and Education 71 DOI: 10.36838/v4i2.13

REVIEW ARTICLE

Alzheimer’s Disease: What Do We Know About It and How Can 
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ABSTRACT: Alzheimer’s Disease (AD) is one of the leading causes of death in the global senior population, yet its pathology 
is still not completely understood. Treatment opportunities are hindered by this lack of knowledge and heavy controversy around 
the cause of AD. This review aims to provide information about the origins of AD, molecular and pathological underlining of 
the disease, as well as addressing the current state of treatments. Additionally, it includes the challenges that are still prevailing 
within this frame of research and a thorough and backed evaluation of the current state of AD research, which personalizes this 
review. With treatment approaches being such a broad topic, this article intends to portray select and different approaches for 
pharmacological intervention. Methods of research, such as animal models, are thoroughly explained with detailed examples. 
Furthermore, links to pressing modern issues such as the COVID-19 pandemic are also highlighted. Though it covers a wide 
scope of Alzheimer’s Disease research, its main focus is to emphasise the debate and uncertainty about its pathology to be able to 
close with an evaluation on how treatment approaches can work around this. 

KEYWORDS: Cellular and Molecular Biology; Neurobiology; Neuroscience; Neurodegeneration; Alzheimer’s Disease.

�   Introduction
Being a disease primarily affecting those above 65 years of 

age, an increasing aging population and life expectancy play an 
important part in the prevalence of Alzheimer’s Disease. The 
United Nations stated that the global population of citizens 
older than 60 years in 2017 was over twice than what it was 
in 1980 – 962 million in comparison to 382 million. Another 
key concept that was pointed out was, that between 2017 and 
2050, the number of people aged 80 years or over is expected 
to increase more than threefold – from 137 million to 425 
million.¹ With an increased number of vulnerable people, the 
number of Alzheimer’s cases is certain to escalate.

According to the Global Health Observatory, an initiative by 
the World Health Organisation (WHO), life expectancy has 
increased by over 6 years between 2000 and 2019; it stood at 66.8 
years in 2000, and 73.4 years in 2019. However, an important 
factor to be considered is that healthy life expectancy (HALE) 
has not kept up to speed, and has only increased by 5.4 years - 
from 58.3 in 2000, to 63.7 in 2019. HALE refers to the average 
number of years that can be lived without disease or injury – in 
complete health.² Despite the 8 % increase in HALE, it was 
not indicative of fewer years spent with afflictions or disability, 
but instead a declining mortality rate. This is further testimony 
to the notion that an extended life expectancy is likely to bring 
complications such as neurodegeneration.

Based on this information, it can be easily deduced that the 
reason such a disease is so much more rampant in our modern 
medical setting than it was in the past can be attributed to 
both this increase in life expectancy, without health moving 
in synchronisation, and the number of elderly citizens. It 
is thus also understandable why most of the progress in 
understanding, identifying, and observing AD increased in the 
late 20th century. Taking all of this into account, communal 

understanding on a widespread disease as such is necessary to 
scientifically progress. In specific, in this review article the aim 
is to cover the underlying mechanisms known in Alzheimer’s 
Disease, and to search for therapeutic approaches, and finally, 
conclude with a critical evaluation of the ambiguity around its 
cause and future treatment possibilities.
�   Discussion
Recognition of a Novel Disease of the Cerebral Cortex:
A brief outline into the history of dementia would date as far 

back as 2000 B.C. At this point in time, the ancient Egyptians 
were already conscious of memory declining with age - though 
this remained the extent of their knowledge on the topic for a 
long period of time.³ Over the years, the concept of demen-
tia was debated and often believed to have religious ties, like 
in the theocratic Middle Ages, when dementia or senility was 
viewed to be a punishment for sin.⁴ It was not until 1797 when 
dementia was finally accepted as a medical term by Philippe 
Pinel.⁵ In 1910 Emil Kraepelin, later classified dementia into 
presenile and senile dementia; the onset of presenile demen-
tia is before the age of 65 and the onset of senile dementia is 
after the age of 65. He was also the first to name “Alzheimer’s 
disease” in honour of Alois Alzheimer, who Kraepelin was the 
student of.⁶

The patient of Alois Alzheimer, Auguste Deter, was present-
ed to the clinic in 1901 at 51 years of age with signs of delusion 
and memory impairment. Her conversation and writing skills 
deteriorated and she had a change in behaviour as she became 
more suspicious and started having hallucinations. Her condi-
tion only exacerbated with failures in her declarative memory 
and psychological social disability. She was seemingly aware 
of her delusion, as when she could not respond to Alzheimer’s 
questions she would repeat, “So to speak, I lost myself.” Taking 
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into account all these symptoms, he was able to diagnose her 
with presenile dementia.⁷ 

In return for the hospital expenses over years of admis-
sion, the patient’s medical records and brain were consented 
to be used for research upon her death. Alzheimer performed 
post-mortem analysis of his patient with progressive cognitive 
disorder as he named it and identified pathological features 
which he connoted as might be the reason for the disease. The 
regions in her brain as we know now responsible for memory, 
language, judgement, and thinking had shrunk to a great de-
gree, and her cerebral cortex was also thinned. The two things 
that institute the main hypotheses for AD onset today were 
the senile plaques he found in neurons, stirring the amyloid 
hypothesis, and the tangles in the nerve fibres, which are the 
focus of the tau hypothesis. These neurofibrillary tangles were 
nothing like ever seen before, and the senile plaques were 
something known to be found in patients above 70 years of 
age, much older than Auguste was at her death.

It was only later after more research into memory and mem-
ory stores when it was discovered that AD typically causes a 
loss of semantic knowledge and even retrograde amnesia in 
later stages.⁸,⁹ However, the location of the dementia could 
cause this to vary; for example, subcortical or frontotemporal 
dementia patients only had difficulty with systematically re-
trieving information from their semantic memory stores, but 
could still retain the knowledge well.¹⁰, ¹¹ Studies on Auguste, 
however, were not this in depth, as it was merely a first insight 
into Alzheimer’s Disease.

Neurobiology of AD: Underlying its Pathology:
There are several hypotheses that are the roots of heavy de-

bate between researchers and exemplify the mystery of this 
disease itself. The first approach explaining the molecular pa-
thology of AD to be studied was the cholinergic hypothesis. 
Defined as a key degenerative process for more than 30 years, 
it describes the selectively damaged groups of cholinergic neu-
rons in regions of the brain that are fundamental to learning, 
memory, conscious awareness, attention, and alternate similar 
processes, namely the hippocampus, frontal cortex, amygdala, 
nucleus basalis, and medial septum.¹² Aging typically results 
in cholinergic hypofunction, but pathological aging, such as 
in Alzheimer’s disease, is where neuronal cell loss is predom-
inantly found. Severe loss of cortical cholinergic innervation 
has consistently been recorded both in the advanced stages 
of AD and presenile AD. However, patients with mild cog-
nitive impairment (in which some form of cognitive decline 
more than healthy aging, but less than serious dementia is ob-
served) or any early form of AD have only a loss of cholinergic 
function, without any neurodegeneration.¹³ Nonetheless, this 
loss of function is still suggestive of the cholinergic hypoth-
esis being a valid explanation of the pathogenesis of AD. In 
this hypothesis, there are a few main alterations in choliner-
gic neurons considered: high-affinity choline uptake, impaired 
acetylcholine release, deficits in expression of nicotinic and 
muscarinic receptors, dysfunctional neurotrophin support, and 
deficits in axonal transport.¹⁴,¹⁶ 

Linking back to two of the main histopathological hall-
marks in A – β-amyloid plaques and neurofibrillary tangles 

– there is plenty of evidence implying that β-amyloid plaques 
may potentially be a trigger to cholinergic dysfunction through 
affecting NGF signalling by acting on α7 nicotinic acetylcho-
line receptors. This in turn mediates tau hyperphosphorylation 
and interacts with acetylcholinesterase, which mainly affects 
the proteome in cholinergic neurons.¹³ These points all indi-
cate that implementing an early anti β-amyloid strategy could 
prevent cholinergic deficits and cognitive impairments associ-
ated with normal and pathological aging.

The amyloid cascade hypothesis focuses on amyloid neuritic 
plaques, which are due to the abnormalities in the function and 
secretion of the amyloid precursor protein (APP). Essentially, 
the APP is encoded by the APP gene and while remaining 
rather elusive, many studies suggest that it directs neuron mi-
gration during early brain development. Enzymes fragment 
the protein into peptides, two of which being soluble amyloid 
precursor protein (sAPP) and amyloid beta (Aβ) peptide. 

It is speculated that sAPP may have a role to play in the 
early formation of neurons in the brain, and may also be able 
to control protein function and activity, as well as having an 
age-dependent role in synaptic growth and plasticity.¹⁷ Aβ 
peptide focuses on neuronal plasticity and has a high resistance 
to proteolytic degradation. It consists of 37-43 amino acids, 
but the most common isoforms are 1–40 and 1–42.¹⁸ The 1–42 
isoform has the greatest toxicity and is the most hydrophobic 
isoform, and generally forms the core of the amyloid plaques 
due to its tendency to aggregate.¹⁹, ²⁰

As one of the reasons for the plaque formation, the mu-
tations in the APP gene can bring rise to one of two issues: 
an increased amount of amyloid β peptide, or production of a 
stickier and longer form of it. Upon being released from the 
cell, these fragments can accumulate into plaques – amyloid 
plaques.²¹ There are also other differences between normal and 
aged subjects that are involved in plaque formation. In normal 
individuals, β- and γ-secretase extracts amyloid β from APP, 
and it immediately gets degraded when released outside of 
the cell. Under the pathological conditions of an Alzheimer’s 
patient, individuals will have a decreased metabolic ability to 
remove amyloid β, causing accumulation of these peptides, 
hence creating plaques.²²

Masses of Aβ are mostly made up of Aβ 40 and Aβ 42, 
which are, respectively, composed of 40 and 42 amino acid 
residues. Amyloid fibrils can be formed when there is more 
Aβ 42, and these can also gather into senile plaques.²³ These 
plaques can cause neurotoxicity, neurodegeneration, and cell 
death by inducing tau pathology. Furthermore, it was even 
suggested that amyloid oligomers may be more neurotox-
ic, rather than Aβ plaques being what causes neuronal cell 
death.²⁴ Recent research induces AD pathology by injecting 
these Aβ oligomers into mice’s hippocampi, where oxidative 
stress, inflammation, and tau phosphorylation are induced as 
oligomers interact with both neurons and glial cells.²⁵

(MAPT) and are able to handle events like phosphorylation 
or other post-translational modifications.²⁷ However, upon 
being hyperphosphorylated, tau detaches from these micro-
tubules, and forms NFTs and paired helical filaments (PHFs) 
as it accumulates. This hypothesis is often argued to be more 
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hibitors, cholinergic precursors, cholinergic receptor agonists, 
and allosteric cholinergic receptor potentiators.⁴¹, ⁴² This hy-
pothesis has established that decreased cholinergic function 
has a role to play in the pathology of Alzheimer’s Disease, but 
there is no definitive sign of it being a direct cause.

The amyloid hypothesis, being the one with the highest 
scientific acceptance rate, has several mechanism-based treat-
ments based around it. Four commonly studied ones were 
aggregation inhibitors, β-secretase inhibitors, γ secretase in-
hibitors, and antibody approaches.⁴³ Inhibitors of amyloid 
aggregation were the first interventional approach targeting 
amyloid formation that was studied. Its aim is to either prevent 
aggregation or at least disrupt existing amyloid plaques.

The β secretase enzyme (BACE 1) splits APP, releasing 
N-terminus from the amyloid beta peptide.⁴⁴, ⁴⁵ As this is 
significant in the generation of β-amyloid, inhibition of this 
proteolytic enzyme may decrease the cleavage, which is why it 
was explored more as a potential treatment opportunity. Mice 
in which BACE1 gene was knocked out survived into adult-
hood without any serious neuronal defects.⁴⁶ Without the 
BACE1 gene, even the mice which overexpressed mutant hu-
man APP were not found to produce a measurable amount of 
amyloid beta, overall suggesting that β secretase was necessary 
for β-amyloid production.⁴⁷ The gene knockout of BACE1 
did not show any serious issues in the mice, which may suggest 
that β secretase inhibitors might be a safe method of treat-
ment lacking severe side effects. However, there are significant 
problems with relying on evidence from animal models such as 
mice, as they do not display some of the other features of AD. 
As AD pathology in mice will not completely parallel that of 
humans, the efficacy of these β secretase inhibitors cannot be 
truly tested unless they are tested on humans, which may in-
stigate harm.

γ secretase inhibitors are similar to β secretase ones, however, 
γ secretase cleaves more proteins than just APP, which makes 
it harder to test, as some of these proteins, like Notch1,⁴⁸ are 
crucial for healthy brain development. Despite these problems, 
neurodegeneration is evident in adult animals when two vi-
tal components of γ secretase, presenilin 1 and 2 are knocked 
out.⁴⁹, ⁵⁰ Both the success of γ secretase inhibitors and β secre-
tase inhibitors would be widely dependent on the validity of 
the “toxic gain of function” model, which is when mutations in 
coding regions of a protein cause altered interactions, possibly 
causing aggregation. Mutations in both APP and presenilin 
1 can potentially accelerate AD progression as they also can 
reduce cleavage rates.⁴³ Treatment worsening the disease is a 
significant concern, suggesting there is still room for more re-
search into this area.

Human amyloid peptide immunization of transgenic mice 
can invoke B-cell and T-cell responses, which is the model for 
antibody treatment approaches for AD. In studies by Schenk 
and colleagues, significant amyloid deposition reductions were 
found in mutant human APP transgenic mice immunized 
with β-amyloid peptides.⁵¹ Humans immunized with human 
peptides showed encephalitis, which was likely to be from 
the T-cell responses.⁵²-⁵⁴ Some other studies also show that 
passive immunization, with direct antibodies to β-amyloid 
penetrating the brain, can reduce β-amyloid deposition 

reasonable than the amyloid hypothesis due to the pathology 
of NFTs and the τ protein coming before Aβ plaque forma-
tion, suggesting that the aggregation and phosphorylation of 
tau predominantly causes neurodegeneration.²³

Microtubules are unstable and dynamic structures, which 
constantly undergo assembly and disassembly. When tau 
is bound to microtubules in healthy neurons, it promotes 
polymerisation and stability.²⁸ Studies have suggested that 
the tau protein plays a role as a recruiter of EB proteins to 
the +ends of microtubules, which contribute to microtubule 
dynamics regulation.²⁹ Microtubule-Associated Proteins 
(MAPs) such as MAPT are involved in the modulation 
of microtubule dynamics, and thus are associated with its 
neuronal function.³⁰ Dynamic microtubules are necessary 
for synaptic plasticity, hence they are important for proper 
neuronal function.³¹ Synaptic plasticity is key in memory 
formation, which is why impairment of memory is an early AD 
symptom.³² Given the neurodegenerative nature of tau, and its 
consequences of neuronal loss and synaptic dysfunction upon 
phosphorylation, it is possible that this neurodegeneration 
could occur through microtubule effects, as tau is only present 
on stable microtubules.³⁹,³³,³⁴ However, neurodegeneration 
mediated by the tau protein could also be happening through 
defective signalling or axonal transport, or alterations in gene 
regulation.³⁵,³⁷

Similarly, NFTs are a direct cause of neuronal dysfunction 
and death. Tau tangles can also be seen in the brains of patients 
with mild dementia, without any Aβ pathology present, 
which goes against what the amyloid hypothesis suggests.²⁵ 
Additionally, the pathology of the τ protein correlates 
more with the progression of the disease than the amyloid 
explanation does.³⁸

Aβ plaques can be a product of healthy aging, and 
individuals who possess them do not have to be experiencing 
neurodegeneration. Contrarily, NFTs are only seen in 
frontotemporal dementia and other tauopathies, not in 
regular aging subjects. NFTs are located intracellularly, within 
neurons, gradually but severely damaging axonal transport, 
whereas amyloid plaques remain in extracellular space.⁴⁰ Brier 
and colleagues managed to produce scans showing where tau 
proteins build up in the brains of patients with early AD (2016). 
Despite beta-amyloid and tau concentrating in different parts 
of the brain, it was found that tau accumulation in the temporal 
lobe more closely correlated with the symptoms of memory 
loss, measured via pencil and paper cognitive ability tests, than 
beta-amyloid scans. It was overall suggested that tau may be 
a more useful predictor of cognitive decline and possible AD 
development than Aβ plaques. Nevertheless, beta-amyloid still 
remains an early and reliable sign of AD.⁴⁰

Approaches to Prevent, Delay, or Treat AD:
Understanding the hypotheses and causes of Alzheimer’s 

is crucial when it comes to deciding approaches to overcome 
it - either by preventing it before onset, or by delaying the 
progression, or by curing the disease. For example, choliner-
gic system damage can be pharmacologically tackled by using 
cholinergic intervention methods. New drug development ap-
proaches for AD that have arisen as a result of knowledge on 
the cholinergic hypothesis include acetylcholinesterase in
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due to the antibody binding potentially activating microglial 
mechanisms.⁵⁵, ⁵⁶

The β-amyloid peptide uses receptors, such as advanced 
glycation end products (AGE) and receptors for advanced 
glycation end products (RAGE), to transit through the 
blood-brain barrier.⁵⁷ Both are multi ligand receptors, and 
the concentration of ligands controls the expression of 
RAGE. With high levels of β-amyloid, RAGE expression 
also increases. Induction of inflammatory responses at the 
endothelium is caused by β-amyloid and RAGE interaction, 
as well as apoptosis in endothelial cells, decreased cerebral 
blood flow, and long-term potentiation (LTP) suppression, all 
pointing towards the notion that RAGE may contribute to 
the neurovascular changes in the progression of Alzheimer’s 
Disease.⁵⁷,⁶⁰

Research into microglia has significantly increased recently, 
due to their important role in the pathogenesis of Alzheimer’s 
Disease. Microglia are the resident macrophage cells, repre-
senting the main immune cells of the brain, and have been 
shown to play a part in neuroinflammation.⁶¹ The release of 
cytokines is a major hallmark of brain inflammation, and ac-
tivated microglia stimulates their production.⁶² Microglia 
activation tends be conducive to the activity of inflammasomes, 
which contribute heavily to this, and which tend to be import-
ant pathological features of AD.⁶³ The NLRP3 can easily be 
classified as the most important inflammasome, made up of 
protein NLRP3 and the adaptor protein ASC (apoptosis-as-
sociated Speck-like protein). This adaptor protein activates 
pro-caspase-1, which is cleaved into caspase-1. This mecha-
nism triggers the further cleavage of pro-IL-1β and IL-18, 
which are then released into the extracellular space.⁶⁴ IL-18 
has been shown to indirectly cause amyloid plaques and neu-
rodegeneration, through inducing NO and TNFα secretion.⁶⁵ 
This correlation to the pathology explains why AD patients 
tend to display increased caspase-1, which tends to be involved 
in reducing the effect of Aβ peptide phagocytosis.⁶⁶, ⁶⁷

Activated microglia and astrocytes could possibly be 
neurotoxic in certain circumstances. As microglia plays a key 
role in causing inflammation in the brain, they have provoked 
research into anti-inflammatory agents. However, these agents 
would only be effective when administered to patients who 
aren’t in late stages of AD.⁶⁸ It is important to assess the relative 
stages of neuritic plaques and NFTs, as well as the microglia, 
in the subject’s hippocampus and entorhinal cortical sections, 
as well as correlating this with their Clinical Dementia Rating 
(CDR) scores, which can give a relative idea as to how advanced 
the disease is, which is what two studies did.⁶⁹, ⁷⁰ The CDR is 
scored on a scale of 0-3, 0 being no dementia, when CDR = 
1 or 2, there is moderative cognitive impairment, and severe 
cognitive impairment is when CDR = 3. Something that both 
studies show in their findings is a decline in microglia scores 
while plaques and NFTs are still both progressing (NFTs 
more than the plaques), suggesting that microglia activation 
could potentially “burn out”.⁶⁸ Through assessing all features 
of the pathology, it is clear that anti-inflammatory approaches 
would have optimal usage in the early or moderate stages of

AD, as it would be easiest to reduce not just inflammation, 

but plaque and tangle formation as well. 
Several trials have been carried out for anti-inflammato-

ry agents, including nonsteroidal anti-inflammatory drugs 
(NSAIDs). Epidemiological studies have shown that NSAIDs 
bring about a noticeable decrease in the risk for AD devel-
opment.⁷¹, ⁷² However, in formal trials testing out different 
NSAIDs, drugs like prednisone,⁷³ naproxen,⁷⁴ celecoxib,⁷⁵ 
triflusa,⁷⁶ and hydroxychloroquine⁷⁷ all failed to show any 
significant effect, in spite of the nonblinded studies initially 
having some form of positive results. Additionally, in a large 
clinical trial, R-flurbiprofen, which was reported to be both a 
derivative of an NSAID and work as a γ-secretase inhibitor, 
was shown to have no effect.

Another study on patients at high risk of AD, based on age 
and genetic susceptibility, tested the effectiveness of NSAIDs 
naproxen and celecoxib. The main findings of the study were 
that participants, including asymptomatic ones, who had 
already begun neurodegeneration and were showing AD 
pathology had the disease accelerated and worsened by the 
NSAIDs.⁷⁸ However, upon analysing the 4-year follow-up 
data, it was found that the patients who received naproxen 
with an initially healthy brain were 67 % more protected from 
developing AD than the control group with a placebo. While, 
21-42 months after treatment, the CSF biomarkers values of 
the participants even showed low tau and high Aβ42 levels, 
alongside the clinical observation of these participants having 
lower incidence of AD. Based on these findings, it is possi-
ble that NSAIDs or anti-inflammatory agents may only be 
effective treatments in early AD due to Aβ deposition being 
minimal and microglia activation stimulates the release of 
pro-inflammatory mediators. In long-term, activated microg-
lia can act as a mediator of the clearance of Aβ, and so the 
inhibitory activity of NSAIDs on this may worsen disease pro-
gression if administered in late stages.⁷⁹

Therapies targeting tau and NFT formation focus on two 
main categories: preventing tau aggregation and prevent-
ing tau phosphorylation. However, in addition to this, there 
is some research into antibody approaches to tau pathology 
that has been conducted. Drug development opportunities 
tend to focus on targeting the mechanisms that convert sol-
uble monomeric tau proteins into insoluble tau aggregates.⁸⁰, 
⁸¹ These tau aggregates are often made up of nonphosphory-
lated tau, encouraging a search for potential tau aggregation 
inhibitors. Polyanions like heparin, RNA,⁸⁰ and arachidonic 
acid⁸² are often what is used to provoke the aggregation of tau, 
allowing studies to test different inhibitors; methylene blue is 
speculated to inhibit tau aggregation, whilst also preventing 
progression of AD.

Significant research has been put into inhibiting the hy-
perphosphorylation of tau, which typically forms NFTs. The 
activation of protein kinase activity is what is generally accept-
ed as the cause of accelerated tau phosphorylation, and thus 
protein kinases such as glycogen synthase kinase (GSK)3β, 
cyclin-dependent kinase (CDK)5, and extracellular signal-re-
lated kinase (ERK)2 are often targeted due to their correlation 
to the presence of NFTs.⁸³ The more active kinases, GSK3β 
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particularly, have been found to induce tau phosphorylation in 
cells in a culture.⁸⁴ During mice tests, it was found to do the 
same in the brains of transgenic mice,⁸⁵ as well as accelerating 
the aggregation of tau in them.⁸⁶ Unexpectedly, GSK3β caused 
less aggregation in certain mice, with the reason for this re-
maining unknown.⁸⁵, ⁸⁷

Other, more recent anti-tau therapies include tau aggrega-
tion inhibitor TRx0237, which aims to alleviate tau-related 
neuronal damage by reducing the aggregation of tau proteins.⁸⁸ 
After the first study, it was reported that TRx0237 was not 
an effective additional treatment for AD.⁸⁹ However, certain 
analyses suggest that better outcomes are shown when admin-
istered to patients who aren’t on background therapies, yet this 
analysis needs to be confirmed through future studies.⁹⁰

Another treatment opportunity for AD is the integrated 
stress response (ISR). ISR is an intracellular signalling pathway 
in eukaryotic cells that uses the logistics of evolutionary conser-
vation to help an organism, or its cells and tissues, to maintain 
health in a new environment.⁹² It reprograms gene expression 
to restore cellular homeostasis. Four specialised kinases are used 
to recognise multiple stresses; these include: (PERK, GCN2, 
PKR and HRI). The kinases converge on phosphorylation of 
one serine on the eIF2 (eukaryotic translation initiation factor). 
Protein synthesis is reduced when the eIF2 phosphorylation 
blocks eIF2’s guanine nucleotide exchange factor (eIF2B), yet 
it also induces the translation of specific mRNAs, like the key 
transcription factor, ATF4. These processes allow ISR to instil 
balance and re-establish homeostasis within the cell, yet there 
are other solutions, such as apoptosis, that ISR may resort to if 
stress cannot be alleviated.⁹²

Though AD is generally sporadic and not genetically linked, 
there is certain evidence to suggest that alleles such as the 
apolipoprotein E ε4 allele (ApoE4) can play a role such as 
promoting key features of AD pathology, like Aβ production 
and tau aggregation.⁹¹ ISR elements, such as protein kinase 
RNA-activated (PKR), have been shown to assist memory 
suppression in Alzheimer’s, and so a recent study used a mouse 
model to test if PKR could intervene with the harmful effects of 
ApoE4 on memory.⁹³ In this mouse model, the murine homo-
logs were replaced with two copies of either ApoE3 or ApoE4 
alleles, and found that ApoE4 mice suffered declines in their 
contextual memory.⁹⁴ Later, it was shown that PKR inhibition 
prevents this memory impairment in ApoE4 mice, stressing 
upon the idea that the integrated stress response is a crucial 
preventative approach. Segev and colleagues overall confirmed 
that utilising ISR could potentially prevent ApoE4-related 
cognitive impairment, which is associated with AD.

Pharmacological Interventions and New Drug 
Opportunities:
Extending upon drug opportunities within Alzheimer’s 

Disease research, several drugs are currently undergoing clinical 
trials with the potential of being used as treatment methods. 
Additionally, there are drugs already in use, like Aricept® 
(donepezil), which has been FDA approved and in use since 
2010. Likewise, very recently, Aducanumab has also been FDA 
approved and in use since 2021.

Aricept® (donepezil) has been approved to treat mild, 
moderate, and severe cases of AD, yet generally improves it 
symptomatically rather than slowing the disease progression or 
cognitive decline.⁹⁵ It is a cholinesterase inhibitor, preventing 
the hydrolysis of acetylcholine so that it is not broken down, 
and more of it is available at the synapses for increased 
cholinergic transmission.⁹⁶ This in turn prevents the loss of 
working cholinergic neurons through stabilizing acetylcholine 
levels, thus treating AD symptoms.

Aducanumab was approved for use in 2021, and is a 
monoclonal antibody that removes amyloid plaques to slow 
cognitive decline in AD patients, if administered at early 
stages of the disease.⁹⁷ However, due to the debate surrounding 
whether or not the amyloid cascade theory is true caused 
this drug to be equally criticised as it was praised. Entire 
amyloid removal exemplifies great scientific progress, yet the 
FDA stated that there were “uncertainties regarding clinical 
benefit”.⁹⁸ However, it was still approved with the belief that 
amyloid removal generally slows cognitive decline.⁹⁹

Three drugs that are currently undergoing clinical trials 
include Nabilone, Tricaprilin, and Donanemab. Nabilone is a 
synthetic cannabinoid that generally works as an antiemetic 
drug, and has the potential to relieve agitation in AD, through 
its anti-inflammatory effects.¹⁰⁰ Tricaprilin is a caprylic 
triglyceride, which is meant to induce ketosis to improve 
mitochondrial metabolism and neuronal function.¹⁰¹ This is due 
to reduced cerebral glucose utilization being associated with 
early AD and a boost in cellular metabolism would provide an 
alternative to using glucose as a fuel.¹⁰² Finally, Donanemab 
is an antibody that targets Aβ peptide. Studies conducted 
so far have shown a great impact on the cognitive ability of 
patients who have taken Donanemab compared to control 
groups taking a placebo, suggesting positive initial results, yet 
longer trials are still necessary.¹⁰³ Nabilone, Tricaprilin, and 
Donanemab are only a few of the many compounds currently 
undergoing clinical trials. All five of the aforementioned drugs 
are outlined and summarised in Table 1 below.

Significance of Animal Models:
As can be interpreted by their frequent mention in previous 

sections, animal models play a crucial role in Alzheimer’s Dis-
ease research. These are quite often transgenic mice which have 
undergone a genetic intervention in their genome. Although 
the majority of AD cases are sporadic, genetic mutations as

Table 1: Selected compounds in Alzheimer’s Disease treatment at various 
clinical stages. 
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sociated with familial AD provide the basis for the generation 
of transgenic animal models mimicking Alzheimer’s Disease 
in humans. An overproduction of the mutated amyloid pre-
cursor protein results in Aβ accumulation, which manifests in 
the form of extracellular plaques. When transgenic mice over-
produce mutant APP, a similar pathology to what is found in 
human patients develops, making them good models to test on 
or experiment on for the purpose of Alzheimer’s research.¹⁰⁴

A limitation within transgenic mouse modelling is that it 
cannot be directly compared to human pathology. For example, 
APP-overexpressing mouse models can show an increase in 
tau hyperphosphorylation, but do not develop neurofibrillary 
tangles.¹⁰⁵ Understandably, rodents are unlike humans, with a 
different lifespan as well, which could possibly not provide the 
time for enough hyperphosphorylation. Another difference is 
the structure and sequence of their tau, which could potentially 
not form NFTs, and simply manifest in alternate ways. How-
ever, these results could also reject what the amyloid cascade 
hypothesis posits, and suggest that NFT formation is not a 
downstream consequence of Aβ accumulation.¹⁰⁴

Several APP transgenic mice models are successful in pro-
ducing cognitive impairment that parallels what is experienced 
in a human patient. For example, Games et al.’s study using the 
human Indiana mutation on APP minigene as the transgene, 
found pathology such as neuronal loss in the hippocampus and 
dentate gyrus at 3-4 months, Aβ plaques at 6-9 months, gliosis, 
synaptic loss, and general behavioural deficits.¹⁰⁶ Additionally, 
many laboratories have tried to generate transgenic mice over-
expressing human wildtype tau. Brion et al. conducted a study 
using the human wildtype tau transgene, which, despite show-
ing no NFTs, brought about results of AT180, PHF1, AT270 
positive phosphorylated tau deposits in the mice’s somatoden-
dritic compartments after 6 months.¹⁰⁷

As scientific research progressed, there was a need for a more 
comprehensive approach to studying AD in mouse models, by 
incorporating both Aβ and tau pathology. In 2007, Bolmont 
et al. used both the APP23, with the Swedish mutation, and 
JNPL3, expressing human P301L-mutant tau, transgenes and 
found accelerated tau pathology forming around the plaques, 
suggesting there is exacerbation of tau when Aβ is aggregat-
ing.¹⁰⁸ 

Mutations in the presenilin-1 (PSEN1) gene very common-
ly leads to familial AD (FAD).¹⁰⁹ Herzig et al. experimented 
on several different transgenic mice, including one line express-
ing APP-Dutch crossed with a FAD mutant of PS1, creating 
APP/PS1 mice. Parenchymal amyloid plaques with little vas-
cular deposition was observed in these mice, which had about 
half the Aβ40/Aβ42 ratio that just APP-Dutch mice did.¹¹⁰ 
Alternate studies on APP/PS1 mice examined the levels of Aβ 
and tau in the cerebrospinal fluid (CSF).¹¹¹ The CSF concen-
trations of tau increased by 5-fold between 6 month and 18 
months of age in this study, and both Aβ42 and Aβ40 concen-
trations decreased, with Aβ40 decreasing less. The pathology 
of Human APP, Human wildtype tau, APP23 x JNPL3, and 
APP/PS1 mouse models are all illustrated in Figure 1.

COVID-19 Implications on AD:
Whilst research into Alzheimer’s Disease has been a 

continuous subject in science since its discovery, it has tied in 
significantly to modern medical settings, such as the severity 
of the Coronavirus Disease (COVID-19) pandemic.¹¹² 
Recent research into their links have shown that SARS-
CoV-2 virus causing COVID-19 has the ability to invade the 
central nervous system, causing neurological symptoms to be 
seen as a potential comorbidity.¹¹³ Apart from the biological 
comorbidities, the demanding nature of the pandemic means 
the need for caregivers for AD management clashes with that 
of COVID-19, putting a burden on the economy, patients, and 
families.¹¹⁴, ¹¹⁵ Other similar factors include that AD patients 
are unable to properly care for themselves, and hence cannot 
protect themselves from the pandemic. These patients often 
fail to follow social distancing guidelines, or wear masks.¹¹⁶

In terms of pathology and features of the disease, a study 
conducted in Spain suggested that 29.1 % of the comorbidities 
of deceased COVID-19 patients was cognitive impairment 
– a key feature of AD. These patients particularly had a 
shorter survival rate than those without.¹¹⁷ Furthermore, 
the aforementioned ApoE e4 allele may be involved in the 
pandemic, whilst also being the strongest risk gene for AD.¹¹⁸ 
In the UK Biobank community cohort, it was predicted to 
heighten the risk of a severe and highly symptomatic SARS-
CoV-2 infection,¹¹⁹ extending the notion that AD and 
COVID-19 have notable correlations.

Furthermore, AD and COVID-19 seem to have similar 
inflammatory responses. Increased cytokine levels occur due to 
microglia in AD patients, including TNF-α, IL-1β, and IL-6. 
Likewise, COVID-19 tends to induce inflammatory responses 
and a promotion of cytokines.¹¹⁴ Concerningly, patient serum 
with higher cytokine levels seems to be associated with 
COVID-19 fatality.¹²⁰ When coinciding, an AD patient’s 
existing neuroinflammation may influence and speed up 
cytokine elevation and therefore heighten the risk of mortality 

Figure 1: Selected transgenic mouse models in Alzheimer’s Disease 
research. A. Human APP transgenic mouse model. B. Human wildtype tau 
transgenic mouse model. C. Transgenic mouse model with both APP23 
transgene and JNPL3 (P301L-mutant tau) transgene. D. Transgenic mouse 
model with APP crossed with Presenilin-1, a part of γ- secretase. (APP: 
amyloid precursor protein; NFT: neurofibrillary tangles; FAD: Familial 
Alzheimer’s Disease; CSF: cerebrospinal fluid). Cartoons are created with 
BioRender.com. 
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from a COVID-19 infection. A further reason for the 
comorbidity of AD and viruses such as SARS-CoV-2 might 
be the increase in expression of angiotensin, a viral receptor 
that converts pro-inflammatory molecules and enzyme 2, in 
AD patients, increasing their vulnerability to a severe form of 
the infection.¹¹²
�   Conclusion
It can be generally inferred by the scope of this review that 

research into AD has expanded greatly over time. With a 
very minimal understanding in the early 20th century, when 
Auguste Deter was first presented to Alois Alzheimer, scientific 
progress has consistently progressed over time, even reaching 
into modern contexts like the correlation between AD and 
COVID-19. However, regardless of the extent of research, 
one aspect of Alzheimer’s Disease that is still heavily debated 
is its pathology. These AD hypotheses – Aβ aggregation or 
neurofibrillary tangles – have been briefly discussed in earlier 
sections. There are several aforementioned arguments for both 
sides.

The fundamentals of both the amyloid cascade hypothesis and 
the tau hypothesis were previously outlined. Many treatment 
opportunities are viewed as evidence for the amyloid cascade 
hypothesis, such as Aducanumab, which has been proven to 
slow cognitive decline through inhibiting Aβ accumulation. 
However, clinical trials also tend to provide evidence against 
the amyloid hypothesis, due to their more frequent failure 
than success. Aβ targeting antibodies like solanezumab, 
bapineuzumab, and gantenerumab all failed to slow cognitive 
decline in phase III of their clinical trials.¹²¹,¹²³ Ponezumab, 
another antibody targeting Aβ, was abandoned before it 
could even reach that stage, due to its significant failure.¹²⁴ 
Additionally, as previously discussed, Aβ is present in normal 
aging, so it does not necessarily suggest neurodegeneration 
than cognitive decline.

NFTs, on the other hand, are not seen in individuals not 
experiencing neurodegeneration. This could be due to NFTs 
forming intracellularly, within neurons, whereas Aβ plaques 
reside in extracellular space. Furthermore, as discussed in the 
second section of this review and Braak’s and Braak’s research, 
tau pathology more closely corresponds with the severity of 
AD than amyloid plaques do, due to processes such as micro-
tubule assembly. AD can be classified as a tauopathy, due to its 
pathogenesis involving the abnormal hyperphosphorylation of 
tau. Inhibiting these intracellular lesions can be a promising 
therapeutic strategy for AD and related tauopathies. Tau has 
generally been showing quite hopeful results in terms of treat-
ment opportunities, and seven anti-tau therapies are in phase 
II of clinical trials.¹²⁵ In spite of this, there are a few that did 
fail clinical trials. A protein kinase that plays a role in the phos-
phorylation of tau, glycogen synthase kinase 3 beta (GSK-3β), 
was initially thought to be a good target for treatment targeting 
tau, but Tideglusib, a GSK-3β inhibitor, did not display signif-
icant enough effects in phase II of the clinical trials. 

Clinical trials for AD treatment generally fail for several 
reasons, including mistargeting or nonoptimal timing. In 
treatments targeting Aβ, there are several questions that 
arise on what specifically to target – monomeric, oligomeric, 

protofibrillar, or plaque Aβ – and the location – either the 
N-terminus, C-terminus, or mid-domain.¹²⁶ The approach 
taken to target the pathological substrates could lead to these 
drugs failing clinical trials. Additionally, the administration of 
treatment could be too late. The peak of Aβ deposition and 
other pathological changes tends to be in the mild cognitive 
impairment stage, as neurodegeneration and the pathology of 
AD tends to occur in the brain long before a diagnosis has been 
made. Often, clinical trials fail when participants have severe or 
late-stage AD.¹²⁶

The presence of the debate itself exemplifies the room for 
progress and research that still prevails in Alzheimer’s Disease 
research. It suggests that research into treatment should keep 
focusing on both hypotheses to remain multifaceted in their 
research and maximise their chances of success. Whilst this 
review covers a large breadth of what is known and innovative 
new treatment approaches, there is also still no official cure for 
AD, like many other serious diseases. To summarise, it is clear 
that research has brought joy to patients and families through 
its treatment applications, but nevertheless, much like other 
areas of science, more breakthroughs can be expected in regards 
to this medical enigma.
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ABSTRACT: Pediatric Acute Lymphoblastic Leukemia (ALL) is curable, but treatment cost can be a limiting factor due 
to healthcare resources. Therefore, it was hypothesized that childhood ALL survival is linked to countries’ per capita Gross 
Domestic Product (GDP). The Cancer Atlas datasets on pediatric ALL in world regions were analyzed. The GDP values were 
extracted from the International Monetary Fund and The World Bank websites. The Graph Pad Prism program and t-tests were 
used for evaluations. Five-year pediatric ALL survival for 25870 patients was grouped by continents and analyzed against GDP. 
Correlation was observed between survival rates versus GDP (R2=0.98). Pediatric ALL survival was >80 % in Oceania, North 
America, and Europe, and <80 % in Asia, Latin America, and Africa. For these two groups, averaged GDPs were respectively 
$45,046 and $5,477 (p=0.025). Survival of ALL improved in 10 countries from 1995-2009 (67.7 % to 77.3 %; p<0.005) alongside 
the GDP growth from $12,949 to $23,419 (p=0.002). Growth rates of GDP were analyzed against survival improvements of 
ALL (% difference) from 1995-2009. Survival improved by 6.8±1.2 % (mean±SE) in countries with GDP growth ≤1.8-fold versus 
12.6±0.9 % for those with GDP growth >1.8-fold (p=0.005). International childhood ALL outcomes vary with GDP; higher 
GDP associates with better survival, improvements of which correlate with faster GDP growth. 

KEYWORDS: Biomedical and Health Sciences; International Healthcare Disparities; Cancer Survival; Pediatric Acute 
Lymphoblastic Leukemia (ALL); Gross Domestic Product (GDP).

�   Introduction
Childhood cancers are rare, but they result in significant 

childhood mortality worldwide.¹ Pediatric acute Lymphoblastic 
Leukemia (ALL) is the most common pediatric cancer and is 
a highly curable condition with appropriate therapies, however, 
cost of treatment is a limiting factor for many developing 
countries. On average, complete treatment of pediatric ALL 
in developed countries may cost more than 100,000 US 
dollars,² which may not be affordable for those in developing 
countries. Therefore, it was hypothesized that because survival 
of childhood ALL is influenced by healthcare resources, it may 
be associated with a countries’ Gross Domestic Product (GDP) 
per capita.

Cancer outcome disparities in adults are well documented to 
be multifactorial,³ and socioeconomic factors play significant 
role in survival. Disparities in pediatric cancer are also multi-
dimensional, including racial differences (i.e., higher frequency 
of ALL in Hispanics,⁴ etc.). Here we analyzed publicly available 
datasets to describe quantitative connections worldwide 
between the survival of pediatric leukemia and GDP per capita.
�   Materials and Methods
The Cancer Atlas datasets were used to extract pediatric ALL 

survival rates in different world regions, and historical data 
that were available for ten countries.⁵ Gross Domestic Product 
(GDP, per capita included) values for six continents and ten 
countries were extracted from the International Monetary 
Fund and The World Bank online sources.⁶,⁷ Student t-tests 
were used for evaluations with 95 % confidence. Excel was 
used for student t-tests in Table 2 (two-tailed, paired), and 

Figures 3A and 3B (two-tailed, two sample unequal variance). 
Additionally, the Graph Pad Prism program was applied for 
data analysis/graphing. Graph Pad was used to produce all the 
figures. For Figure 2, automated nonlinear regression analysis 
was applied to generate a best-fit curve using the Hyperbola 
equation with automated calculation of R². 
�   Results
Five-year pediatric ALL survival (%) data was available for 

25870 patients from 11 regions, including 3 Asian and 4 Eu-
ropean regions. Of these, the majority of surviving children’s 
data was provided from North America and Europe (Figure 1).  

Three Asian and four European regions were grouped into 
continents of Asia and Europe, respectively (Table 1). Then, 
the averaged survival data in these two continents was used 
in further analysis with GDP per capita as described. Ocea-
nia, Northern America, and European regions all had pediatric 
ALL survival rates 80% or higher. In contrast, Asian regions, 
Latin America, and Africa had survival rates less than 80%. 

Figure 1: Percentages of patients per region out of the total number for 
reported survivors of childhood ALL worldwide (n=25870). 
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Averaged GDP per capita for the first three was 8-fold higher 
compared to the latter ($45,046 vs. $5,477; p=0.025). 

Significant correlation was observed between the Survival 
versus GDP per capita (R2=0.98, per best-fit curve in Graph 
Prism), Figure 2. 

The estimates for regions were calculated as an average of 
5-year age-standardized net survival observed in the most 
recent available period – as per original reference cited for these 
data in the “Lancet Haematology” publication from 2017.⁸ 
The availability of matured and high-quality data reported 
over many years allows limited material for historic evaluation 
of overall trends in ALL cure rates. Current reporting from 
NCI shows that from overall 5-year survival trends, about 90 
% are achievable for newly diagnosed childhood ALL treated 
on current regimens.⁹

Furthermore, there was significant ALL survival improve-
ment in all ten countries from 1995-2009 (on average 67.7 
% to 77.3 %; p<0.005 by paired t-test). As shown in Table 2, 
increased survival was coupled with growth of average GDP 
per capita from $12,949 in 1997 to $23,419 in 2007 (p=0.002). 
The years 1997 and 2007 were selected to reflect average data 
points of survival time-periods of 1995-1999 and 2005-2009.

 

Next, possible association was explored between the growth 
rate of GDP per capita (expressed as fold-increase) and im-
provement of ALL survival (expressed as % difference) from 
1995-2009. Ten countries were dichotomized into 2 groups 
based on growth rate of their GDP per capita and compared 
with the childhood ALL survival improvements in each group. 
Five countries with ≤1.8-fold growth of GDP per capita had 
an average survival improvement only by 6.8±1.2 % (±SE) 
(Figure 3A and 3B, left sides of the graphs), which is signifi-
cantly lower than 12.6±0.9 % for those with >1.8-fold increase 
of GDP per capita (p=0.005), (Figures 3A and 3B, right sides 
of the graphs). 

Table 1: Childhood Lymphoblastic Leukemia Survival and GDP per capita 
in six continents. 

Figure 2: Bivariate relationship between per capita GDP and pediatric 
ALL survival in six regions. 

Table 2: Childhood ALL Survival and GDP per capita in ten countries, 
changes in over a decade. 

Figure 3: GDP Growth and Survival Improvements. 
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applicable to the other countries. Amongst the ten countries 
listed, Bulgaria and Belarus had the highest improvements in 
survival. It appears that these improvements are linked with 
relatively robust growth of GDP per capita, which was the 
highest for both countries as well. The absolute GDP per capi-
ta was the lowest for both countries in 1997 and still lower than 
many in 2017 (Table 2, Figures 3A and 3B). This observation 
highlights the possibility of ALL cure rate improvements in 
countries with limited resourses. 

While ancestry-related genetics are proposed as a partial 
cause of racial difference in ALL risk and incidence,¹³ un-
derreporting is evident for Africa. Only 0.3 % out of 25870 
childhood ALL survivors were reported from Africa accord-
ing to the Cancer Atlas (Figure 1).⁵ None of the countries with 
reliable historical data were in Africa, prohibiting proper lon-
gitudinal analysis in this continent. Scattered (and some less 
reliable) data show poorer childhood ALL survival rates in 
Algerian registries (21.6 % from 2000-2004 and 54.1 % from 
2005-2009), Lesotho (43 %, 1995-2009), Central Tunisia (46.1 
% from 1996-1999 and 50.1 % from 2005-2009), but better 
survival in Benghazi, Libya (70 % without significant chang-
es from 2003-2009).⁸,¹³ Algeria and Tunisia nearly doubled 
their per capita GDPs for the time periods noted, but Libya 
had twice higher GDP per capita in 2009 ($8520).⁶,⁷ A recent 
review also demonstrated that robust and quality collabora-
tive cancer research in Africa is feasible with further potential 
for clinical trials in pediatric oncology.¹⁴ In addition to the 
aforementioned factors and international collaborative efforts, 
ethnic and racial differences in disease biology and treatment 
response may still play important roles in survivorship.¹³,¹⁵

The curved pattern of Figure 2 suggests that more consider-
able percentage gains in childhood ALL survival are achieved 
with growth of lower ranges of per capita GDP. In developed 
countries like USA, UK, Australia, and France, despite stron-
ger GPDs per capita and growth since 1997, there is a ≤10 % 
improvement in ALL survival rates (Table 2, Figure 3). Still, 
promising novel therapies for relapsed or refractory ALL will 
allow further improvements.¹³ The majority of patients includ-
ed in these analyses were from North America and Europe, 
where the 5-year estimates of survival are robust. The precise-
ness of ALL incidences from low-income countries is most 
likely affected by underreporting, and it is hard to prove if un-
reported cases had different survival rates. Nevertheless, data 
suggests that underreporting is generally seen with limited 
resourses, which are not very likely to produce significantly 
higher cure rates that are missed. Thus, true associations be-
tween GDP and ALL survival should not be weaker than 
observed in this paper.

Although GDP is a good surrogate of healthcare quality,¹⁰ 
the data supports multifactorial predictors of pediatric ALL 
outcomes. Some countries achieved similar ALL survival rates 
despite having variable GDPs (Bulgaria versus Turkey versus 
South Korea, or Belarus versus most developed countries), and, 
in contrary, similar GDPs are seen in countries with differ-
ent rates of ALL survival (Belarus versus Columbia), Table 2. 
While incomplete reporting may have contributed to an outli-
er phenomenon, it is suspected that other factors (such as 

Relationships between the GDP growth and survival 
improvement suggests that relative economic progress of the 
country rather than absolute GDP numbers may be more 
important for improving ALL care. It strongly supports 
achievability of good ALL survivorship with relatively limited 
resources. 

Log2 in Figure 3A refers to Y-axis scale illustration in Log 
Base 2 scale format. A corresponding feature in Graph Pad 
Prism was applied for this transformation to optimize the 
visualization of fold increase of GDP per capita, which starts 
at 1 in 1997 for all countries. A cut-off of 1.8 resulted from 
dichotomization of the list of ten countries ranked per GDP 
fold increase.
�   Discussion
Healthcare expenditures and GDP per capita are directly 

correlated, and the countries with highest GDP per capita/
healthcare expenditures have the lowest childhood mortality.¹⁰ 
However, in this study we have shown a more specific relation-
ship between the GDP per capita and pediatric ALL survival 
rates.  Geographical disparities of childhood ALL survival 
are strongly correlated with GDP per capita: better survival 
rates are linked with higher GDP per capita. Moreover, it was 
demonstrated that faster GDP growth rates were also signifi-
cantly associated with larger historical improvements in ALL 
survival.

The choice of grouped regional reporting and analysis orig-
inated from the availability of survival data for pediatric ALL 
in the Cancer Atlas site.⁵ In Oceania, GDP and survival data 
are likely skewed towards developed countries such as Austra-
lia and New Zealand, which together harbor about 70 % of the 
population in this region and dominated in reporting due to 
the availability of tumor registries.⁸ Therefore, this approach 
limits representation of intra-regional disparities for diverse 
regions such as Oceania. However, intra-regional disparities 
related to healthcare systems are well documented in a recent 
report from Cali, Columbia, which proves the complexity 
of pediatric ALL outcome determinants.¹¹ Five-year overall 
survival rates and mortality for pediatric cancer patients, in-
cluding ALL, were significantly better with private insurance 
and worse with uninsured, while intermediate results were 
seen with public insurance in Cali, Columbia.¹¹ Higher-rate 
survivorship data for Oceania was largely generated based on 
reports from countries with advanced healthcare and outcome 
trucking capacities. Due to the large disparity, less developed 
countries with lower GDP such as Papua New Guinea and 
Vanuatu most likely have poorer survivorship. Thus, on-go-
ing collaborative efforts by international organizations such 
as SIOP/WHO are much needed to make pediatric oncology 
achievements available for less developed parts of Oceania.¹²

Most of the double-digit gains in survivorship were observed 
in the European region and Turkey, also suggesting a possible 
correlation to existing or access to healthcare infrastructure. 
Belarus and UK utilize universal and government-sponsored 
healthcare, whereas Bulgaria and Turkey have complex mixed 
public–private healthcare financing systems. Detailed study-
ing of the healthcare sectors providing for pediatric oncology 
needs in these countries can reveal mechanisms potentially 
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geographic density/access to care, population literacy and na-
tionalized vs. private/self-pay models of healthcare systems) 
should be highly considered for future research.

It is evident that more favorable ALL survival rates of 
at least 85 % or higher are largely achievable in developed 
countries/regions with higher GDP per capita. While most 
countries worldwide may eventually achieve such a level, more 
targeted allocation of global resources can provide a faster alle-
viation of outcome disparities in childhood cancer. In addition 
to much needed financial support (philanthropic and govern-
mental), global collaborative efforts by leading organizations 
directed to pediatric oncology development play an indispens-
able role in childhood cancer cure in less developed countries/
regions.⁸,¹²-¹⁴,¹⁶ Our data supports that this is a reachable goal, 
and it should be practicably conquered with multidisciplinary 
initiatives that incorporate creation/improvement of infra-
structures, training of providers, application of contemporary 
treatment regimens, and founding of regionally accustomed 
clinical research.
�   Conclusion
In conclusion, it has been verified that GDP is one of the 

multifactorial relations to survival rate for children with ALL 
globally. Geographical disparities of childhood ALL survival 
strongly correlate with corresponding regional GDP per capita: 
better survival rates are linked with higher GDP per capita. 
Faster GDP growth rates were also significantly associated 
with larger improvements in pediatric ALL survival. Targeted 
allocation of global resources should help to alleviate outcome 
disparities in childhood cancer.
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ABSTRACT: This review article focuses on the field of epigenetics. Since its inception in the 20th century, there have been 
several major developments which induced the change in what the word “epigenetics” actually meant. In this review, the discoveries 
made so far are summarised and the potential applications of these new discoveries are discussed. Some things to keep in mind 
are that the field of epigenetics is relatively young compared to many other fields of research, so there are bound to be areas in 
which the understanding of the topic is lacking. Despite this, and partly due to recent advances in technology, several epigenetic 
therapeutics, some of which have already been approved for use, have been developed.  
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�   Introduction
Epigenetics is a relatively new field. Up until the 1950s, the 

word was used to define the biological processes starting from 
the fertilization of the zygote to the mature organism.¹ Conrad 
Waddington who introduced the term ‘epigenetics’ in the early 
1940s defined it as “the branch of biology which studies the 
casual interaction between genes and their products, which 
bring the phenotype into being.’’ This definition is now out of 
date due to various new discoveries. The discovery of DNA as 
the main carrier of genetic information prompted the creation 
of a new definition, which separates epigenetics from genetics. 
Currently, it is defined as ‘‘the study of changes in gene function 
that are mitotically and/or meiotically heritable and that do not 
entail a change in DNA sequence.’’² The redefining process has 
also helped to deepen our understanding of the subject.¹

During the early 20th century, evidence for the presence of 
epigenetic modifications slowly accumulated from different 
experiments. One such experiment was carried out by Rollin 
D. Hotchkiss where the separation of purines, pyrimidines, and 
nucleosides lead to one of the earliest descriptions of covalent 
modifications on DNA nucleotides.³ Further information 
accumulated when studies of the processes showed how 
phenotypic variations could be passed down by dividing cells.¹  
Recently, there has been an explosion of knowledge associated 
with epigenetics, thanks to advancements in both technology 
and the rapid accumulation of knowledge in the past decade. 
Since the discovery of chemical agents (e.g., nucleoside 
analogue 5-azacytidine (5-aza-CR), that could reverse DNA 
methylation in late 1970’s by Jones and Taylor⁴), therapeutics 
that involve epigenetic alterations have been studied extensively 
with many of them in clinical trials. The increase in epigenetic 
research has led scientists to see how cancer is caused not only 
by mutations in genes, but also by epigenetic alterations.⁵ This 
has given humanity a new direction to work on and may, in the 
near future, give rise to many previously unseen possibilities 
of treatment in regard to cancer. In this review, the fields of 

epigenetics and the mechanisms of epigenetic modalities and 
how they are linked to health and disease are explored. 

How is epigenetics different from traditional genetics?:
The name of epigenetics can be split up into two parts, “epi-” 

and “genetics”. The “epi-” part of the word is a Greek prefix that 
denotes the meaning “above”. Together, the word “epigenetics” 
denotes the meaning of “above” genetics, something added on 
top of genes. Epigenetics is different from traditional genetics 
in two respects. Firstly is that it involves changes that do not 
directly change the DNA base sequence. Secondly, these 
changes are reversible. Epigenetics does not involve any direct 
alterations of the DNA sequence itself. As a result, although 
all cells in the body will contain the same genetic information; 
genetic expressions mediated by epigenetic alterations give 
rise to the magnitude of diverse applications of somatic cells 
(Figure 1). 

Types of epigenetic modifications :
There are three major types of epigenetic alterations that can 

be carried out to either silence or express a gene. The most 
studied type to date is DNA methylation where methyl groups 
are added directly onto the DNA base sequence. Other 

Figure 1: A flowchart showing how epigenetic alterations may cause 
changes to the expression of DNA sequences. Created with BioRender.com 
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modifications can be added to the histone proteins or to RNA 
molecules.

DNA methylation:
DNA methylation is the addition of a methyl group to the 

DNA. This includes the addition of methyl groups at the C5 
and N4 positions on cytosine, N6 positions on adenine and 
the O⁶ position on guanine. Currently, research around DNA 
methylation is focused specifically on the methylation of the 
C5 position on cytosine bases.⁶,⁸ 

This methylation forms 5-methylcytosine (5mC) and the 
process is regulated by the family of DNA methyltransferase 
enzymes.⁶,⁹ DNA methylation is important for its role as a 
gene suppressor. In the human genome, DNA methylation can 
occur at any cytosine site available, but a study shows that more 
than 98% of DNA methylation occurs on the CpG dinucleo-
tide.⁹ Furthermore, ~ 70% of cytosine in CpG dinucleotides in 
the human genome are methylated.¹⁰ CpG islands are a chain 
of nucleotides where there is a higher occurrence of CpGs. 
These islands are often 1000 base pairs long, about 70% of all 
gene promoters within the human body reside in CpG islands. 
As a result, the methylation of CpG islands results in stable si-
lencing of promoter activity (Figure 2). The regulation of CpG 
islands carried out by methylation is particularly important for 
the establishment of genomic imprinting, in which the pater-
nal or the maternal allele of a gene is expressed. Furthermore, 
methylation of CpG islands also regulates genetic expression 
during development and differentiation of cells.⁶

DNA methylation is also important for the silencing of 
transposable and viral elements, where it stops them from 
being able to jump between different parts of the human 
genome. Roughly 45% of the human genome is made up of 
transposable elements and ~ 8% is made up of viral elements. 
Transposable viral elements can cause mutations while moving 
around the genome, the mutation can be silent, but it could 
also be detrimental. The probability of having a malignant mu-
tation is very high as over 50% of the entire human genome 
is made up of these “jumping genes”. The mutations caused by 
the L1 transposon can be used to demonstrate this point. A 
study carried out by Kazazian et al in 1988 showed that the 
insertion of L1 into Factor VIII caused hemophilia;¹¹ in 1992, 
Miki et al showed that L1 transposons are present in a mutated 
form of the APC gene which causes colon cancer.¹²,¹³

Regulation of DNA methylation:
DNA methylation is regulated through DNA methyltrans-

ferases (DNMTs) that catalyse DNA methylation. These 
enzymes consist of a family of five DNMTs: DNMT1, 2, 3A, 

3B, and 3L. Of note, the enzyme DNMT3L does not ap-
pear to have any inherent enzymic activities, instead, it acts by 
binding to DNMT3A2 to increase its catalytic speed by up to 
20-fold.¹⁰,¹⁴,¹⁵ The DNMT1 enzyme primarily works to main-
tain current existing methylations (i.e. transferring existing 
methylation patterns onto newly synthesised, hemimethylated 
DNA) and DNMT3A and DNMT3B preferentially methyl-
ates unmethylated DNA, acting as “de novo'' enzymes. Instead 
of methylating DNA, DNMT2 specifically methylates “cyto-
sine-38 in the anticodon loop of aspartic acid transfer RNA.” 
according to Jin B. et al. Despite the separation of the func-
tions of DNMTs, there is also clear evidence of functional 
overlapping between de novo DNA methylation and DNA 
methylation maintenance.¹⁴

Histone modification:
The study of histone modifications was pioneered by Vin-

cent Alfred in the 1960’s when he discovered that histones 
were modified at post-translational levels.¹⁸ There has been 
an ever increasing amount of research dedicated to the study 
of histone modifications since the 2000’s,¹⁶ resulting in a 
large number of known different histone post-translational 
modifications (PTMs), including but not limited to histone 
acetylation, histone phosphorylation and histone methylation 
(Figure 3). Histone octamers are made up of eight core histone 
molecules. From each core histone molecules, protrude histone 
tails, which are either highly basic or acidic depending on their 
terminal group and play an important role in nucleosome in-
teraction and gene expression. Most modifications occur on 
these histone tails and these modifications can affect the chro-
matin in a variety of different ways. It can change the shape 
of nucleosomes; furthermore, it may also affect transcription, 
replication, repair, and recombination.  

Histone acetylation:
Histone acetylation is the process through which an ace-

tyl group is attached to a lysine residue on the histone tails. 
This modification controls the expression of genes. Generally, 
acetylation of histone N-terminal tails leads to the activation 
of the gene, on the contrary, de-acetylation leads to repression 
of gene expression. There are cases however, where this might 
not be true, a 2003 paper suggests that histone acetylation 
may recruit SUMO-conjugating enzymes which will on the 
contrary, repress the expression of genes.¹⁷ The acetylation of 
histone tails is regulated by two different enzymes. Histone 
acetyltransferases (HATs) and histone deacetylases (HDATs). 
HATs attach acetyl groups to target ε-amino group of a target 

Figure 3: Cartoon depicts three main types of histone modifications: 
histone acetylation, histone phosphorylation, and histone methylation. 
Created with BioRender.com. 

Figure 2: A schematic illustration shows the site of DNA methylation 
on the cytosine molecule and the general method of action. Created with 
BioRender.com. 
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The degree to which histones are methylated is determined 
by a key residue within the active site. This residue limits 
the size to which the substrate can “grow” when methylated, 
hence preventing the methylation of the substrate past a cer-
tain point. There are several positions where once methylated, 
can lead to activation of the genes or deactivation of genes. 
H3K9, H3K27, and H4K20 are examples of inactivation 
markers once methylated. H3K4 and H3K36 are considered 
to be activation markers due to their position on the histone 
protein.¹⁸,²¹ Protein arginine methyltransferases (PRMT) are 
a family of enzymes that methylates arginine in histone pro-
teins. There are two classes of them, type-1 and type-2; they 
both transfer a methyl group from the universal donor SAM 
to the ω-guanidino group.¹⁸

Like DNA methylation, arginine methylation plays im-
portant roles in DNA damage repair pathways. For example, 
PRMTs methylates transcription factor Krüppel-like factor 4 
(KLF4). KLF4 is important in its role in regulating diverse 
cellular processes such as cell growth, proliferation and dif-
ferentiation. In DNA damage response pathways, KLF4 is 
important in its role as part of the DNA repair mechanism.²²

Histone phosphorylation:
Histone phosphorylation takes place on multiple amino 

acids including serines, theronines, and tyrosines; like acetyl-
ation, histone phosphorylation mostly affects the N-terminal 
histone tails. This modification is carried out by kinases that 
add phosphate groups. Phosphatases remove phosphate 
groups. All identified kinases remove phosphate groups from 
ATP to add to the hydroxyl group of the target amino-acid 
side chain; this action adds significant negative charge to the 
histone hence causing disruptions within the structure. The 
significant negative charge results in a more open structure of 
the chromatin, this allows for actions such as DNA damage 
repair, DNA transcription, and also chromatin remodeling.¹⁹

Other histone modifications:
Deamination is another histone modification. This reaction 

involves the conversion of an arginine or a mono-methyl argi-
nine (but not poly-methyl arginine) to citrulline. This reaction 
is catalysed by the peptidyl deiminase PADI4, which converts 
arginine to citrulline. The result of this reaction is the neu-
tralisation of this amino acid location as citrulline is neutral 
whereas arginine is positively charged.²³

Another modification is the addition of single β-N-acetyl-
glucosamine (O-GlcNAc) sugar residues to their serine and 

lysine with the aid of acetyl CoA, this action neutralises the 
positive charge of lysine and as a result will cause disruptions 
to the electrostatic interaction between DNA and histones.¹⁸

There are two types of HATs, types A and B. Type-B is pre-
dominantly cytoplasmic; hence their main role is to acetylate 
newly synthesised histones. Type-B more specifically acetyl-
ates the K5 and K12 sites on the H4 histone and certain sites 
on H3 as well, such as at Lys 9, 14, 18, and 23. These acetyla-
tions are important in terms of the deposition of these histones 
in place, after which the sites are deacetylated. Type-A HATs 
are a more diverse group of HATs compared to Type-Bs. The 
type-A HATs can be further separated into three subcatego-
ries depending on the amino acid sequence-homology and 
conformational structure. The three types are GNAT, MYST 
and CBP/p300 families. These three enzymes can catalyse a 
wide range of acetylations on multiple locations on histone 
N-terminal tails. Other than the acetylation of histone tails, 
these enzymes also play a role in the acetylation of the globular 
histone cores themselves. The HATs are often associated with 
in large protein complexes, similar to other histone-modifying 
enzymes. The way in which the enzymes are associated with 
other proteins plays an important role in determining the ac-
tion of the enzyme. For example, purified scGCN5 acetylases 
free histones whereas scGCN5 present in SAGA complexes 
can effectively acetylate nucleosomal histones.¹⁸

To deacetylate histones, HDAC enzymes are recruited. 
There are 4 different classes of HDAC, class I through to 
class IV. The deacetylation of the lysine amino acid restores its 
positive charge and hence stabilises the positive histone struc-
ture. This makes it harder for DNA transcription to happen 
hence causing an effect opposing DNA acetylation. HDAC 
enzymes generally have a relatively low substrate specificity; a 
single enzyme can deacetylate multiple sites within histones. 
Determination of which HDAC deacetylates which site is 
still under research as HDACs are often present with other 
HDACs in multiple distinct complexes. There is one recently 
discovered histone modification that is very similar to histone 
acetylation - lysine crotonylation. This modification has com-
peting sites with histone acetylation. Lysine crotonylation has 
a similar effect on histones in that it also neutralise the positive 
charge of the ε-amino group of the lysine side chain, but there 
is increasing evidence that it is functionally distinctive from 
histone acetylation.¹⁹,²⁰

Histone methylation:
Unlike acetylation and phosphorylation, histone meth-

ylation does not change the charge of the histone proteins. 
Histone methylation occurs on lysine and arginine. The lysine 
may be mono-, di- or tri-methylated, whereas arginines may 
be mono-, symmetrically, or asymmetrically di-methylated. 
Histone lysine-methyltransferase (HKMT) are the enzymes 
which carry out histone lysine methylation. They catalyse the 
reaction which transfers a methyl group from a S-adenosyl-
methionine (SAM) group to a lysine’s ε-amino group. The 
HKMTs tend to be very specific enzymes, both in terms of 
the sites which they target but also the degree to which they 
methylate the histones.¹⁸ 

Figure 4: Schematic illustrating the mechanism through which a methyl 
group is added. The KMT transfers a methyl group to the lysine residue 
from the universal methyl group donor SAM. Created with BioRender.com. 

 ijhighschoolresearch.org



 90 

development of cells, though there remains large gaps in our 
understanding of m6A and other modifications.³¹

Modifications on the tRNA molecule can be split into mod-
ifications outside the anticodon loop and those inside the loop, 
but both types carry out the role of quality checkpoints. Modi-
fications outside the tRNA anticodon loop have a more specific 
role of maintaining tRNA stability or modulate tRNA folding. 
Modifications inside the tRNA anticodon loop have the role 
of tuning decoding capacity and to also control decoding accu-
racy.³¹ An example of a tRNA modification is the deamination 
of the A37 position on the anticodon loop, this modification 
has been found to be important in terms of cell viability.³²

The modification of RNA molecules is carried out by three 
groups of enzymes, “writers”, “erasers” and “readers”. The “writ-
ers” catalyse the reaction to modify specific sites; an example of 
this is the METTL3 enzyme which is an m6A-methyltrans-
ferase. This enzyme often complexes with the METTL14 
enzyme which is another m6A-methyltransferase. The FTO 
enzyme was the first m6A “eraser” identified, this enzyme 
removes the methyl group through successive oxidation and 
produces two intermediates in the process. These two interme-
diates are stable for a few hours before they are converted back 
to adenosine. The “readers” recognises and binds to the mod-
ified groups and the binding of these proteins results in the 
triggering of one or multiple cellular pathways. One such ex-
ample is the YTHDF2 protein that recognises m6A-modified 
RNA. The binding of YTHDF2 results in the m6A-contain-
ing mRNA to be localised to an mRNA decay site to allow for 
mRNA degradation.³¹,³³

Further regulation of epigenetic alterations:
Epigenetic alterations are constantly changing; hence, it is 

important to understand the factors affecting these alterations. 
As previously discussed, epigenetic alterations are affected by 
metabolic actions, namely enzymes and response pathways. 
However, there are also other factors. Here two different types, 
non-coding RNA molecules and environmental factors, will be 
discussed.

Role of RNA molecules in epigenetic regulation:
There are several types of RNA molecules that can regulate 

epigenetic expressions, one of them being the long non-coding 
RNA. Long non-coding RNAs are not translated into pro-
teins. This group can be roughly divided up into housekeeping 
non-coding RNAs and regulatory non-coding RNAs. The 

regulator non-coding RNAs can be further divided up into 
three groups according to their lengths shown in Figure 8.³¹  

siRNA can lead to transcriptional gene silencing through 
DNA methylation and histone modification. One example of 
this is the methylation of the CpG dinucleotide through its 
silencing of the ezh2 gene. From Figure 8, we can see that the 
size of siRNA and miRNA are the same, so they are differenti-
ated through two other differences.²⁵ The siRNA is thought to 
have originated from viral infections, hence exogenous, where-
as the miRNA is mainly endogenous, stemming from the 
biological gene. The second difference is that miRNA consists 
mainly of incomplete double stranded hairpin-shaped double 
stranded RNA, on the other hand, siRNA is the product of a 
fully complementary, long double-stranded RNA.³⁴

Currently, there is no evidence that miRNAs directly par-
ticipate in epigenetic modifications, but it has been found that 
changes in miRNA expression can indirectly cause changes to 
epigenetics through their regulation of histone modifications. 
In addition to this, miRNAs can also induce overexpression of 
tumour suppressor genes, hence acting as tumour suppressors. 
It has been found that piRNAs have the ability to promote eu-
chromatic histone modifications in Drosophila melanogaster. 
Furthermore, studies suggest a relationship between piRNA 
and chromatin regulation.³⁴

Long non-coding RNAs (lncRNA) have two different 
roles. They can participate both in the process of X chromo-
some inactivation and in the process of genomic imprinting.³⁴ 
Non-coding RNAs have also been shown to bind directly to 
DNA molecules themselves, becoming the epigenetic modi-
fication. These RNAs have been shown to recruit proteins to 
bind to DNA promoters and operators, acting as targets for 
these proteins and enzymes to bind to. For example, RNA have 
been shown to bring with them the histone modifying com-
plex Polycomb complex PRC2, which is involved in chromatin 
compaction.³⁵

Epigenetic changes over a lifetime:
Some of the epigenetic changes are programmed into our 

DNA. These changes are intrinsic epigenetic modifications. 
Intrinsic factors are very important in its role of regulat-
ing epigenetic changes over time. The fact that epigenomes 
of monozygotic twins are more similar than dizygotic twins 
shows clearly the importance of intrinsic factors. Another 
example is the programmed epigenetic mechanisms during fe-
male puberty, recent studies showing that at least in part, the 
neuroendocrine pubertal components are mediated by epigen-
etic mechanisms.²⁵

Many studies have shown that environmental pressures 
during development in both prenatal and childhood can af-
fect epigenetic developmental programming. Exposure to toxic 
compounds and nutritional status are two very important en-
vironmental factors, these effects have given rise to the term 
“developmental origin of health and disease”, which is an ap-
proach of medical research where the focus is on the effects of 
prenatal and perinatal on the development of diseases during 
adulthood. During embryonic development, the two main en-
vironmental influences are the lifestyle of the mother-hence 
exposure, and the phenotype of the mother, such as the size of 

Figure 7: : Diagram shows the different types of non-coding RNAs and 
their regulatory roles in epigenetics. Adapted from Jian et al.34 Created with 
BioRender.com. 
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the uterus and placenta. This period is especially important for 
epigenetics as these changes can be inherited and amplified in 
future cells.²⁵

In the adult epigenome, the influence of external factors 
highly depends on the type of tissue involved. For example, it 
is obvious that UV light will affect skin tissue more than the 
lungs. Furthermore, just like in embryos, if a stem cell is affect-
ed, the cells differentiated from it may cause serious problems. 
The most important thing is that if the germline was affected, 
reproductive disorders might result and these epigenetic alter-
ations may be passed down.²⁵

Chemical and environmental stressors:
Epigenetic marks can be affected by exposure to metals, air 

pollution, organic pollutants, benzene, and electromagnetic 
radiation. These chemicals have an amplified effect when an 
embryo is exposed to them. This leads to an increase in risk of 
developing diseases in the F1, F2, and F3 generations. Envi-
ronmental exposure to a variety of metals such as mercury, lead, 
arsenic, and nickel can have severe impacts on the health of 
the individual. Many recent studies have shown that exposure 
to metal can have a major role in epigenetic changes leading 
to disease phenotypes. These metals can be found in most 
polluted industrial wastes, sometimes they can also be found 
naturally in high quantities, such as arsenic which is present in 
rocks, soil, water, insecticides, and many other places.²⁵

As an example, analysis has found that DNA methyla-
tion changes after exposure to arsenic. Arsenic exposure is 
capable of inducing H3Kme3 and H3K9ac enrichment and 
H3K27me3 decrease due to its effect on histone-modifying 
enzymes. Overexposure to arsenic has also been found to cor-
relate with an increased probability of developing cancer where 
there is a DNA hypermethylation of the p16 and RASSF1A 
gene. Lead is another common heavy metal that it is used in 
building construction, batteries, fishing weights among other 
consumer goods. Exposure to lead has been found to induce 
changes in methylation in genes involved in neurogenetic 
pathways, which could lead to a neurodevelopmental deficit in 
children. In females, exposure to lead has been found to cor-
relate with COL1A2 promoter hypomethylation.²⁵

Furthermore, exposure to these metals has been found to 
affect not only DNA methylation and histone modifications, 
but also miRNA profiles. There is an inverse proportionality 
between the amount of metals exposed to and the amount of 
miRNA present. Air pollutants can cause illness and one fac-
tor contributing to this is its ability to alter the epigenome. 
High exposure to particulate matter (PM) in steel workers 
have been shown to induce hypomethylation in the nitric oxide 
synthase promoter region. Furthermore, black carbon, which 
is prevalent in vehicle exhaust, has also been found to cause 
aberrant global DNA methylation patterns. There is also evi-
dence that air pollution is linked to the regulation of miRNAs; 
both the upregulation and downregulation of several miRNA 
caused by diesel exhaust particle (DEP) exposure have been 
associated with human airway diseases. Exposure to another 
well-known pollutant, asbestos, have also been found to cause 
DNA methylation of many tumour suppressor genes such as 
APC, CCND2, CDKN2A, CDKN2B and many more.²⁵

There is also risk related to the exposure to endocrine dis-
ruptors, namely different plastics. It has been shown that the 
exposure to bisphenol A (BPA) causes global hypomethylation; 
moreover, it has been shown to disrupt the DNA methylation 
patterns of many imprinted genes. Electromagnetic radia-
tion has been found to change the epigenetics of cells. Upon 
chronic ultraviolet (UV) light exposure, the H3 and H4 his-
tone proteins have been found to have hypermethylation and 
hypomethylation in mouse models. Studies which show the in-
activation of the cell apoptotic genes and also the inactivation 
of the mitotic control genes and aberrant methylation patterns 
in genes such as Cip1/p21 and p16 INK4a upon chronic ex-
posure to UV light further support the notion that important 
epigenetic changes are being mediated by the chronic exposure 
to UV electromagnetic radiation.²⁴

Diet and Lifestyle:
The intake of vitamins that cannot be synthesised by the 

human body could be a very important factor in the determina-
tion of epigenetics, especially for the intake of folate and other 
methyl donor groups. During the prenatal period, the intake of 
vitamin B6 is important as it is the cofactor in the synthesis of 
the methyl donor group 5-methyltetrahydrofolate, which is in 
turn the methyl donor for SAM, a methyl donor group respon-
sible for maintaining methylation levels. Another important 
vitamin is the vitamin B9 which is used in the synthesis of 
tetrahydrofolate that will become 5-methyltetrahydrofolate. A 
lack of these essential vitamins might lead to hypomethylation 
and contribute to cancer, which has been demonstrated in an-
imal models. This is true not only during the prenatal period, 
but also during adulthood. Folate deficiencies have been linked 
to epigenetic statuses in humans; methylation changes in colon 
cancer and hyperhomocysteinemia have been related to folate 
deficiencies. Another type of dietary habit to effect epigene-
tic alterations is caloric restriction (CR). It has been shown to 
reduce oxidative stress and a change in the regulation of meta-
bolic pathways, it has also been shown to attenuate age related 
epigenetic changes.²⁵

Lifestyle choices such as smoking and drinking have been 
shown to cause significant changes in epigenetics. Mater-
nal tobacco smoke exposure (MTSE) has been shown to 
cause global DNA hypomethylation and an increase in DNA 
promoter-specific methylation in newborns. In adults, tobac-
co smoke has been shown to cause an increase in promoter 
gene-specific DNA methylation, such as the p16 gene. A more 
in-depth research project has revealed that tobacco smoke can 
cause changes in DNA methylation of many CpG sites. These 
sites are related to “the development and function of cellular, 
cardiovascular, detoxification, haematological, immune, tumor-
igenic, and reproductive systems.” Tobacco smoke also affects 
histone modifications and the expression of miRNAs. Alcohol 
consumption inhibits methionine synthase, which means that 
long term consumption of alcohol may lead to a decreased level 
of SAM. Alcohol consumption will also affect the regulation 
of methylation patterns and miRNA regulation. In addition 
to these, ethanol may lead to immune system dysfunction as 
ethanol increases histone acetylation.²⁵ 
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Vaping is a recent addition to the recreational drugs, because 
of this, there have not been conclusive research conducted on 
the effects of vaping on global epigenetic patterns. In a recent 
investigation using 45 human peripheral blood samples in-
cluding exclusive vapers, smokers, and nonusers, significantly 
reduced LINE-1 repeats and global hydroxymethylation were 
observed in smokers and vapers compared to nonusers. Fur-
thermore, out of the 24 miRNAs affected in smokers and 17 
miRNAs affected in vapers, there were 9 overlapping miRNAs 
identified, suggesting the presence of similarities between the 
effects of smoking and vaping. There are further animal models 
showing how vaping alters epigenetics such as DNA methyl-
ation. However, the effects of these epigenetic alterations have 
not been fully explored.³⁵

Stress in early life has been reported to induce aberrant DNA 
methylation for many genes such as the glucocorticoid receptor 
gene. Stress has also been shown to produce changes in histone 
modifications, such as increased levels of H3K4me3 and re-
duction of H3K9me3 levels in the dentate gyrus. The benefit 
of physical exercise on epigenetics is not very well known, but 
epigenetic changes have been observed in germ cells, skeletal 
muscle, and the brain following a period of exercise.²⁵

Lastly, epigenetic changes can be induced by pharmaceutical 
drugs. The drug used to prevent pregnancy disorders, diethyl-
stilbestrol (DES), is responsible for the increased risk in breast 
cancer, vaginal, and cervical adenocarcinoma. It is suggested 
that the reason behind this is the drug’s ability to cause epi-
genetic change. In mice uteruses, synthetic estrogen has been 
observed to decrease DNMT expression and alterations in 
DNA methylation. DES has also been observed to upregulate 
and downregulate multiple miRNAs. There are many other 
drugs that have an effect on the epigenetics of cells within the 
human body, such as pyrazinamide, a classic antituberculosis 
drug.²⁵

Epigenetic therapeutics
Epigenetic therapeutics in cancer:
There is currently a wide range of epigenetic drugs undergo-

ing clinical trials and seven agents have been approved by the 
FDA for use. Among them are 5-azacytidine and 5-Aza-2-de-
oxycytidine which are both methylation inhibitors; FK-228, 
SAHA, PXD101, and LBH589 which are all HDAC inhibi-
tors (HDACi); and tazemetostat which is an EZH2 inhibitor.³⁶

Methylation inhibiting drugs:
Within methylation inhibiting drugs, there are three dif-

ferent categories or ways of inhibiting the addition of methyl 
groups by DNMTs. They are nucleoside-like compounds, an-
tisense oligonucleotides and competitive inhibitors. 

Nucleoside-like compounds:
Nucleoside-like compounds are analogues of nucleosides. 

An example of this is 5-azacytidine, a drug first synthesised in 
1964 by Piskala and Sorm; its cytotoxic properties were tested 
and reviewed in the 1970’s.³⁷

The drug itself is a cytidine analogue, with a nitrogen atom 
in place of the carbon 5. This analogue is incorporated into the 
DNA sequence during DNA replication. DNMT1 recogniz-
es the need to add a methyl group to this newly synthesised 
sequence, but when the DNMT1 binds to 5-azacytidine, it 

forms an irreversible DNMT1-aza linkage. This triggers the 
degradation of DNMT1 that in turn leads to the widespread 
reduction in methylation. This drug however is toxic, relatively 
unstable and cannot be taken orally.³⁸ But there is an analogue 
to 5-azacytidine, dihydro-5-azacytidine (DHAC) which is 
relatively less toxic. There is a non-FDA approved drug, zebu-
larine, that is also a DNMT inhibitor. It has shown promising 
results on mouse models. This drug can be taken orally and is 
quite stable in both acidic and aquatic environments. However, 
its clinical application is hindered by its bioavailability.³⁶

Antisense oligonucleotides:
Antisense oligonucleotides (ASO) are small pieces of DNA 

or RNA molecules that can bind to specific RNA molecules 
which block them from working.³⁹ An example is the drug 
MG98, which binds to the 3’ untranslated DNMT1 gene.³⁸ 
This drug has entered phase I and II clinical trials. However, 
some of the most recent published articles seem to be from 
2008 and 2009, suggesting a decrease in research-oriented use 
of this drug.⁴⁰,⁴¹

Some of the application of ASO drugs include diabetes, 
hyperlipidaemias, cardiovascular diseases, neurodegenerative 
diseases, and cancer. A recent paper published in 2018 suggests 
that ASO drugs may be used for supressing the growth of ad-
vanced prostate cancer.⁴²

Competitive Inhibitors:
Competitive inhibitors target DNMT1’s active sites spe-

cifically, preventing the enzyme from being able to carry out 
methylation.  An example of this type of drug is RG108. When 
used in vitro on human cancer cell lines, it has been demon-
strated to cause significant demethylation and the re-expression 
of p16 tumour suppressor genes. As a result, slower cancer cell 
growth has been observed. The nature of these types of drugs 
- inhibitors, means that enzyme trapping is not involved (as is 
the case of nucleoside-like compounds) and hence there will be 
lower drug toxicity.³⁸

Protein methyltransferase inhibitors:
Protein methyltransferase (PMT) inhibitors are another 

class of inhibitors that prevents methylation from being carried 
out by PMTs. An example of this type of drug is BIX-01294, 
the first selective inhibitor of this type and an inhibitor of the 
G9a histone methyltransferase. This drug is highly potent, but 
the trade-off is that it is toxic in high concentrations.¹⁶,³⁸

Bromodomain Inhibitors:
Bromodomains are structural motifs or features associat-

ed with chromatin-modifying protein; currently, they are the 
only protein structure discovered to recognise acetylated lysine 
residues. As the recognition of this site is often a prerequisite 
for further chromatin modifications, epigenetic therapeutics 
may target these sites to control and mediate epigenetic alter-
ations.³⁸

Bromodomains are present on bromodomain and ex-
tra-terminal (BET) proteins. Many bromodomain inhibitors 
currently under clinical trials and undergoing laboratory test-
ing specifically target this family of proteins.³⁶,³⁸ An example 
of this is the first-generation synthetic inhibitor-JQ1, it po-
tently inhibits BRD2, BRD3, BRD4, and the testis-specific 
protein BRDT in mammals. However, this drug has shown 
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various undesirable side effects such as heightened anxiety and 
impaired long-term memories in mouse models.³⁶

HAT Inhibitors:
Most of the HAT inhibitors are not very selective and target 

multiple classes of protein. Although, there has been the dis-
covery of one inhibitor, C646, that is both potent and selective 
which makes it a very good candidate for cancer treatments. 
This compound can reliably bind to the predicated druggable 
pocket of p300 and acts as a cofactor competitor. As discussed 
previously, HATs are often present in larger protein complex-
es, so further information regarding these complexes may be 
needed for further discoveries of HAT inhibitors.³⁸

HDAC inhibitors:
HDAC inhibitors (HDACi) reduces histone deacetylation, 

and this leads to two results; either the direct induction of cell 
death or the sensitization of cancer cells to other drugs. An 
example of this type of drug is Vorinostat, however, this drug 
induces multiple side effects such as diarrhoea, fatigue, nausea, 
and anorexia due to the fact that it has multiple targets.³⁸

There have been studies that show increased drug cell spec-
ificity and reduced toxic side effects when a combination of 
epigenetic drugs are being used.³⁶,³⁸An example of this interac-
tion is when vincristine and Vorinostat are being used together. 
When administered together, these two drugs demonstrated 
synergic antitumour effects.³⁶ Furthermore, studies have also 
shown that HDACi can sensitise breast and ovarian cancer cell 
lines to a variety of cytotoxic drugs such as calpeptin, TRAIL, 
and telomere homologue oligonucleotides. There are other 
combinations where HDACi is paired with the previously dis-
cussed aza methylation inhibitors. An example of this is the 
interaction of aza and entinostat, studies show that this cocktail 
is tolerated by a majority of the patients who showed a decrease 
in methylation in at least two hypermethylated promoters.³⁸

Uses in diseases other than cancer:
A reduction in memory loss and neuroprotective effects after 

administration of HDACi have been demonstrated in many 
studies. When HDACi have been administered to mice, there 
is evidence that memory deficits can be reversed.  Although 
further investigation is needed, this technique has the poten-
tial to become the cure for neurodegenerative diseases such 
as Alzheimer disease. Investigations have also shown that the 
administration of valproic acid after cerebral ischaemia signifi-
cantly reduces infarct size and neurological deficit scores. This 
gives rise to the possibility of HDACi being used to prevent 
permanent brain damage following strokes.³⁸

Perspectives:
The field of epigenetics has seen an explosion of knowledge 

since the 2000s, evidenced by the increased amount of litera-
ture containing the keyword “epigenetics”.⁴³ This led to deeper 
understanding of epigenetics and its concepts, allowing for a 
better understanding of many biological processes. Catalysed 
by the recent realization of the role abnormal epigenetic mod-
ifications play in cancer, there has been the development of 
many experimental drugs targeting currently untreatable dis-
eases. These discoveries allow for the development of more 
specific therapeutics targeting these abnormal modifications, 
aiming to either return these abnormalities to the norm or 

further alter the epigenetic modifications to make cancer 
cells more susceptible to other drugs.⁵ However, the current 
available epigenetic therapeutics do not offer astonishing re-
sults and, at the same time, cause side effects for the patient, 
so further research must be carried out to discover more ef-
fective compounds. With the development of these improved 
compounds, better patient welfare may be achieved. However, 
despite the current seemingly immense wealth of knowledge 
surrounding epigenetics, what is currently known is only the 
tip of the iceberg. Most of the epigenetic alterations currently 
present may be mapped out, but at the same time, for many 
of alterations, the role which they play within cells is still a 
mystery. Many of the mechanisms through which they act 
are also still hypotheses rather than having solid experimental 
proofs such as the mechanism of ADP-ribosylation. Further-
more, there seems to be a distinctive lack of research focused 
on the effects of our diet in recent years despite its inherent 
importance being part of our daily life. Hence, there is still a 
monumental amount of work to do in order to uncover the 
complete facade of epigenetics.
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ABSTRACT: With the rise in the use of Indian languages, visualizing and improving translation tasks is essential in order to 
narrow the gap between the comprehension of these languages globally. In this paper, approaches of sequence-to-sequence models 
including attention mechanism and long short-term memory are explored and compared with other state-of-the-art models such 
as transformers. Previous work has explored multiple Indian languages including Bengali, Hindi, Marathi, Telugu, and Kannada. 
Due to the overall increase cases of use of the Hindi Language, a comparison between models is done through a custom pre-
processing of a Hindi-English dataset and normalizing the data to the required needs. While some systems are focused on specific 
end-to-end language translations, some are large-scale systems with translation capabilities of multiple languages. The paper 
proposes that adding attention to the basic encoder-decoder architecture can not only improve the translation tasks with higher 
accuracies, but also reduce training times and make it possible to train with larger datasets. Additionally, certain challenges with 
Hindi translation such as word sense disambiguation are also explored by looking at examples of previous work and some of the 
results produced by them.  

KEYWORDS: Robotics and Intelligent Machines; Machine Learning; Natural Language Processing; Machine Translation; 
Attention Models.

�   Introduction
Neural Machine Translation (MT) is one of the essential 

applications of Natural Language Processing that has been 
ongoing for the past 50 years. During this time, there have 
been several advancements by linguists and computer scientists 
in the field. The main aim of MT models is to translate 
literature or a given piece of text from a source language to a 
target language, thereby making the text available and usable 
for a larger group of people globally. Making rich resources 
of literature available to various target groups helps to remove 
language barriers around the world.

Since India is a large multilingual society, there is great 
demand for the translation of documents from one language 
to another language. There are 22 constitutionally approved 
languages,¹ which are officially used in different states with 
about 1652 dialects spoken by different communities and 
around 14 Indic scripts. All of these languages are rich in 
content and well-developed. However, most of these languages 
do have similar grammatical structures and hence similarly 
comprehensible scripts of literature.

In the last two decades, most of the machine translation 
systems were based on statistical machine translation 
approaches. In these systems,²,⁴ the basic units of the translation 
process are phrases and sentences. The first neural approach 
started with a basic feed forward network, but translation 
between sentences of different lengths required the innovation 
of encoder-decoder models.

The first implementation of this type of model used 
continuous recurrent representations to build robust language 
models by capturing syntax, semantics, and morphology. After 
this, the LSTM (Long Term Short Memory) network was 

introduced,⁵ which is a type of RNN that uses special units 
in addition to standard units. LSTMs include a memory 
cell that can maintain information in the memory for long 
periods of time, and a set of gates are used to control when 
the information enters the memory, when it outputs, and 
when it is forgotten. This architecture helps to learn longer-
term dependencies. However, a few improvisations that were 
needed in RNNs then marked the beginning of Attention 
models.⁶ The attention mechanism allows the decoder to look 
at an entire sentence and selectively extract the information 
needed during decoding. And while they may work for shorter 
sentences, RNN based architectures are hard to parallelize 
and inefficient in learning long-term dependencies within the 
input and output sequences. Hence, transformers use multiple 
attention distributions and multiple outputs for a single input 
in order to improve the problem.

With the availability of such models, MT has become an 
emerging research area in NLP for Indian languages. Indian 
language processing started more than a decade ago. There 
have been a number of attempts in MT for English to Indian 
languages and Indian languages to Indian languages using 
different approaches.⁷,⁹ Hindi-English translation can be 
considered a relatively high resource pairing given the increase 
in the creation of parallel sentences as compared to other less 
common Indian Languages.¹⁰ 

Many researchers are working on the task of NMT for Indian 
languages lately. The Technology Development for Indian 
Languages (TDIL) Programme initiated by the Ministry of 
Electronics & Information Technology, Govt. of India is a 
prime example of state-of-the-art machine translation projects 
being conducted nationally.¹¹ TDIL has the aim of developing 
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Information Processing Tools and Techniques to facilitate 
human-machine interaction without language barriers. It 
also serves in creating and accessing multilingual knowledge 
resources and integrating them to develop innovative user 
products and services.¹² Adding to TDIL, many such 
initiatives and experimentations have been undertaken for 
Indian language processing.

Previous work has made the use of the similarities and 
data availability of Hindi to produce efficient Hindi-English 
translation systems. The ANGLA-BHARTI represents a 
machine-aided translation methodology specifically designed 
for translating English to Indian languages.¹³ It uses a pattern 
directed approach using context free grammar-like structures. 
It analyzes English only once and creates an intermediate 
structure called PLIL (Pseudo Lingua for Indian Languages). 
The PLIL structure is then converted to each Indian language 
through a process of text-generations. Additionally, machine 
translation of Bilingual Hindi-English text, that is the mixing 
of both languages called Hinglish is also proposed in previous 
work apart from singular English-Hindi NMT models.¹⁴ 
It aims to present a mechanism for machine translation of 
Hinglish to pure (standard) Hindi and pure English forms.

Another line of work explores other traditional languages 
such as Bengali for aiding in specific Indian translation tasks, 
both between two Indian languages, and from English to 
an Indian language. The VAASAANUBAADA is a project 
to translate bilingual Bengali-Assamese news texts using 
the Example-Based Machine Translation technique.¹⁵ The 
work involves machine translation of bilingual texts at the 
sentence level. Moreover, the Anubharti Technology is an 
English to Bangla translation system that takes a paragraph of 
English sentences as input sentences and produces equivalent 
Bangla sentences.¹⁶ EB-ANUBAD system is comprised 
of a preprocessor, morphological parser, semantic parser 
using English word ontology for context disambiguation, an 
electronic lexicon associated with grammatical information 
and a discourse processor, and also uses a lexical disambiguation 
analyzer.

Along with specific language models, previous work has also 
been aimed at larger systems for multiple Indian languages. 
The Anusaaraka system makes text in one Indian language 
accessible in another Indian language.¹⁷ The machine presents 
the source text in a language close to the target language. In 
the image, some constructions of the source language (which 
do not have equivalents) spill over to the output. Anusaarakas 
are currently being built for various Indian Languages. The 
approach for the translation in this system is divided in two 
parts: a) The Anusaaraka system which is based on language 
knowledge, and b) the domain specific knowledge based on 
world knowledge, statistical knowledge etc.

While these are some of the relevant works published on 
Indian language translation, machine translation among 
Indian languages is still an active research area due to the 
semantic and word-based ambiguities involved with a lot of 
the languages. Certain works talk about resource constrained 
word sense disambiguation (WSD), which is related to lexical/
sense ambiguity in languages.¹⁸ Moreover, it also explains the 

stages of NLP and ambiguities such as morphology analysis 
of speech tagging, named entity recognition, parsing (deep 
and shallow), semantics extractions, pragmatics, and discourse 
processing.

In addition, English to Indian language machine translation 
poses the challenge of structural and morphological diver-
gence.¹⁹ Structural difference is due to the dissimilar word 
orders in these languages. Specifically, English uses the sub-
ject-verb-object order, whereas most of the Indian languages 
primarily use subject-object-verb. The suffix separation is used 
to tackle the morphological divergence between English and 
highly agglutinative Indian languages.

Hence it can be said that NLP in Indian languages have a 
long way to go before ambiguities and semantic differences 
can be matched for better translation accuracy. However, In-
dian languages do have certain datasets already, having parallel 
corpus of the input and output language, which makes it rela-
tively easy to understand translation tasks currently.²⁰,²²

Additionally, while performing translation tasks such as part 
of speech tagging, parsing, etc., WSD takes a sense ID and 
marks it on a target word WT, where the sense ID comes from 
Wordnet. Below is an example:

Example 1: Conversation between a mother and her son:
Mother: Son, get up quickly. The school is open today. Should 

you bunk? Father will be angry. Father John complained to 
your father yesterday. Aren’t you afraid of the principal?

Son: Mummy, it’s a holiday today!
In example 1 as shown,¹⁸ the word ‘Son’ has a sense of am-

biguity, whereas in WordNet, it has two senses – one of an 
offspring and the other of the Son of God. Hence, as clearly 
seen, the first lingual sense should be applied here. Next comes 
the phrasal verb/multi word which is ‘get up’. We cannot use 
the individual meanings of ‘get’ and ‘up’ since the phrase is 
supposed to be considered as a single entity to understand 
its true meaning. Individually extracting the meaning of both 
words would not make factual sense to the phrase. Hence, such 
ambiguities of grammatical sentence structure and multiple 
semantics of words make it a challenging translation task.

With so many languages at play, Hindi-English translation 
serves as the benchmark to connect Indian languages with a 
high resource language like English and develop the trans-
lation task to reach better performance and accuracy with 
seq2seq models. With the rising concerns of translating be-
tween diverse Indian Languages, there are fewer approaches 
that discuss the approaches and challenges in the task, espe-
cially for Hindi and English translation. As there is a rising 
need to explain the aforementioned problems in a concise 
and effective manner, this paper aims to compare effective ap-
proaches and the challenges of MT between Indian languages 
due to the lack of availability of parallel data and precise com-
parison of various language models and architectures in the 
open source today. This is done through comparing recurrent 
neural networks with attention encoder-decoder models.
�   Methods
Dataset:
The experiments in this paper use the IIT Bombay English-

Hindi Parallel Corpus.²³ This dataset consists of an 
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English-Hindi Parallel Corpus that has been pre-processed 
for machine translation. The Hindi side of the training, dev, 
test sets as well as the monolingual corpus have been nor-
malized to ensure canonical Unicode representation using 
the Indic NLP Library.²⁴ The corpus contains 1.49 million 
parallel segments. The existing sources used to compile the 
corpus were: (a) Judicial domain corpus 1 - translation of legal 
judgements by in-house expert translators, (b) Judicial domain 
corpus 2 - student translated sentenced, (c) Mahashabdkosh 
- an online official terminology dictionary consisting of En-
glish and Hindi terms,²⁵ (d) Indian government corpora, (e) 
Hindi-English Linked WordNet - contains bilingual dictio-
nary entries from hind and English linked wordnets,²⁶ and (f ) 
Gyan-Nidhi Corpus - multilingual parallel corpus of Hindi 
and English sentences that combines sentence-length models 
and word-correspondence based models, and requires no lan-
guage or corpus specific knowledge. The moses tokenizer for 
English, and the IndicNLP tokenizer for Hindi was used to 
prepare the data.²⁷,²⁸ Table 1 shows the size of the dataset used 
for both languages.

Experiments:
In order to perform the translation task, two approaches 

have been used: Recurrent neural networks (RNN) such as 
Long Short-Term memory (LSTM) and Attention Models. 
Varied results and challenges have been observed with both 
of these methods. To understand machine translation mod-
els better, a sequence to sequence (seq2seq) network is one in 
which two RNNs work together to translate one sequence to 
another.²⁹ Here, an encoder network maps the input sequence 
to a vector of a fixed dimensionality and the decoder network 
decodes the target sequence from the vector. 

In order to train the LSTM model, the preprocessing of 
data was done by compiling pairs of English and Hindi sen-
tences and shuffling them. Below are two sample pairs created 
wherein the English sentence is the input, and the translated 
target sentence is in Hindi. 

For target sentences, a <START> token and <END> token 
will be added for the sequence to know when to start and stop 
the text generation. Two different approaches have been taken 
to process the data. One of them is character level predictions. 
Here, the punctuation is separated from the words.

Table 1: Language specific statistics of dataset.23 

On the other hand, in the world level predictions the target 
sequence is appended without change, and this is commonly 
used to predict a fixed set of words from the training corpus. 
With both the input and target tokens, feature dictionaries 
are then created for both the tokens that store key-pair values. 
This helps encode the input sentences into one-hot vectors. 

Coming to the encoder-decoder structure, the encoder re-
quires an input layer that holds the one-hot vector defined by 
a matrix and an LSTM layer that holds hidden states. The 
decoder is similar to the encoder but with its own inputs. 

For the attention model, the training dataset used was re-
duced to 124,999 sentences each for Hindi and English, while 
the testing dataset was unchanged and had 2507 sentences 
each. The original dataset for Hindi and English was merged 
into 2 columns in 1 file with the respective lengths. In order 
to train the vast amounts of sentences, the length constraint 
was of 22 words including punctuation and certain English 
prefixes such as “I am”, “He is”, “she is”, etc. were added to filter 
sentences translating to these beginnings. After normalizing 
and filtering the text, the dataset was trimmed to 120,396 sen-
tences which included 7732 English words and 9329 Hindi 
words. 

The training process of the attention model used the op-
timizer Stochastic Gradient Descent (SGD) for the encoder 
and decoder, along with a learning rate of 0.01. The loss func-
tion used was Negative Log-Likelihood (NLL), along with 
a dropout of 0.1. Unlike a single RNN wherein the input is 
matched to a respective output, seq2seq models remove the 
barrier of sequence length and order of words, making it more 
accurate for translation tasks. For example:

Here, most of the output words have a direct match with 
the input words, however the order of sentence construction is 
different. For instance, “am not” is before “stranger” in English, 
however after “अजनबी” (stranger) in the Hindi sentence. Hence, 
sequence to sequence models make translation easier by ac-
counting the sentence order and not outputting single words 
for an input in the same order.

For every input, the encoder outputs a vector and a hidden 
state which is used for the next input word. The decoder takes 
the encoder’s output vector and outputs a sequence of words to 
create the translation. The last output of an encoder is called 
a context vector since it encodes context from the entire se-
quence. A basic decoder in the seq2seq model uses the context 
vector as the initial hidden state. Hence at every step of de-
coding, an input token i.e., start-of-string <SOS>, and the first 
hidden state which is the context vector is given. 

The problem with such an architecture is that the single 
context vector is responsible for encoding the entire sentence. 
Hence, an attention decoder is added to the existing model. 
The attention mechanism, shown in Figure 1, allows that with 
each output of the decoder, it can focus on specific parts of the 
encoder’s output at every step. This helps lower the burden on 
the decoder for each step. In order to achieve this, special 
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attention weights are calculated, which are then multiplied by 
the encoder’s vectors to get weighted combinations.

Both the LSTM and Attention model also use the concept 
of teacher forcing which is used by seq2seq models during 
training. The teacher forcing for both was set to 0.5. The main 
aim of this is to use the actual target outputs as the next input 
instead of using the generated prediction from the decoder as 
the next input. This helps it to converge faster than normal.
�   Results and Discussion
Prediction Analysis:
By collecting the data for both the LSTM and Attention 

model experiments, getting training and validation accuracies 
and losses made it clear that the attention mechanism was 
generally more successful in predicting the correctly translated 
word. As the metrics and data processing done was not similar 
to the original paper, the results with that could not be fully 
compared. However, for the attention model, the cumulative 
n-gram scores and the BLEU score were calculated for sen-
tences, and below is the data for two of those:

In the first example in Table 2, the translation of the first 
word i.e., “existing” is missing, while in the second example 
the last word is missing. However, given the small dataset the 
model was trained on, the n-gram scores and translation task 
were carried out with a high enough accuracy. 

The attention mechanism can also be individualized. Since 
it is used to weight specific encoder outputs of the input sen-
tence, it is helpful to look at the input token the network is 
focused on from each time step. 

Figure 2 is generated through the translation of “did you 
do your”. This shows the focus through the similarities be-
tween the predicted output and the target sentence at each 

axis. Hence, the diagonal focus of the visualization helps to un-
derstand the mapping of each word of the prediction with the 
actual output. In this case, the starting portions of the sentence 
were more accurate, as can be seen by the overall diagonal color 
grading, representing the input words matching the translated 
sentences at each time step.

Moreover, the understanding can be enhanced by adding 
axes to the translation sentences, which further improves 
comparisons by showing word by word analysis of input and 
output sentences.

Example 1:
input = at least two file names are equal
output = कम से कम फाइल नाम

The white areas in Figure 3 represent accurate translation 
as shown by the grading key on the right. Upon viewing the 
translation, the words “are equal” and “two” are not translated 
by the model, leaving “at least file names” as the translated out-
put, hence the last 2 words are black in the diagram.

Example 2:
input = weather: snow
output = मौसमः बर्षा

Both words are accurately translated in Figure 4 and thus 
the white marker on the complete sentence is seen. 

As evident through the experimentation and previous works, 
attention models outperform sequence-to-sequence models. 
Although due to computational constraints an ideal compar

Figure 2: Visualizing Attention of a sentence. This shows the level of 
translation at each step in a sentence, with the color grading indicated 
successful translations. 

Table 1: Encoder-decoder with attention: feeding.30

Table 2: Prediction Scores of 2 sentences. This shows the respective 
cumulative n-gram and the BLEU scores of both sentences to compare the 
efficacy and accuracy of translation from Hindi to English. 

Figure 3: Example 1 sentence. The white bands show the level to which 
the sentence matches. Here, the translation shows some problems with a few 
words, while it is accurate for the majority of the sentence. 

Figure 4: Example 2 sentence. This sentence shows the accurate translation 
of both words involved. 
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ison between both couldn’t be made, past research does show 
that this is the case.

Sentence Analysis:
In addition, a qualitative look at sentences produced through 

this attention model help to represent the overall efficacy of the 
model in the translation task:

In Table 3, most sentences are predicted close to the actual 
one, however a common trend is the missing of one to two 
words, having wrong punctuation, or repeating words. For in-
stance, in the first row, the word ‘option’ is missing and ‘one’ is 
repeated an extra time in Hindi. In the second row, the word 
‘two’ is missing, and so on for all examples.

Previous works have also compared seq-2-seq models with 
attention and transformer models. As the experiments suggest, 
self-attention transformers and attention models perform bet-
ter with higher BLEU scores than stand sequence models.

As seen in Table 4, the BLEU scores of the attention model 
are 21-23% more than seq-2-seq models, and the self-attention 
transformers are 50-60% more, making them far more accurate 
in both English to Hindi and Hindi to English translation 
tasks. Thereby, both original results and previous works high-
light that adding attention to the model increases accuracy. 
�   Conclusion
In this paper, initially the importance of neural machine 

translation in Indian languages was discussed. Then, it was 
followed by current Indian language processing models and 
systems that have been released for translation tasks between 
several other Indian languages, finally coming down to the 
relevance of English to Hindi translation. Then, the dataset 
and the experimentation including the comparison of LSTMs 
and Attention Models were examined. Later, an attention 
model with visualizing the attention was proposed and scores 
of multiple translation tasks performed. Finally, the results 
from a previous work were compared to see the performance 
difference in seq-2-seq with attention and transformer models. 

The project can be improved by using a larger dataset, which 
would help to train more types of sentences and increase the 
lingual diversity of the model. In addition, expanding to self-
attention transformer or transformer models like mBART 
could aid with comparing other approaches for English-Hindi 
translation.
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ABSTRACT: An alarming number of Americans are denied access to sufficient and affordable health care.  In fact, 137 
million Americans fell into medical debt in 2019 alone, and every day, millions of patients across the nation go without necessary 
medical care, often resulting in deteriorated health, and even death.  For example, twenty-six percent of Americans with type 
1 diabetes must ration their insulin due to its cost, and thirteen young Americans died due to insulin rationing in the past few 
years. However, compared to the other wealthy countries of the world, these tragedies are unique to America: the only developed 
country without universal health care. This appalling circumstance is due to the fact that, in America, socioeconomic status dictates 
the health care patients receive.  Monstrously prioritized corporate profits, obscenely expensive treatment prices, and inequitable 
access to professional medical care contribute to a healthcare system that fails to put patient well-being first, causing those of lower 
socioeconomic status to perish. Access to affordable, adequate health care should be a human birthright, but this is not America’s 
reality.   
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�   Introduction
In America, socioeconomic status dictates the health care 

patients receive. Obscenely expensive treatment prices and 
inequitable access to professional medical care all contribute 
to a healthcare system that fails to put patient well-being first. 
Those of lower socioeconomic status perish due to inadequate 
health care. Therefore, America must discard its capitalistic 
healthcare system for a universal one to prevent further 
suffering. Access to affordable and adequate health care should 
be a human birthright, but this is not America’s reality. 

For instance, Alec Smith was an American who died at 
twenty-six years old because he could not afford his insulin. 
Alec was single and made $40,000, so he did not qualify for 
any subsidies under the Affordable Care Act. Private insurance 
would have cost 80% of his income, and his month’s supply of 
insulin cost $1,300. The exorbitant price of insulin in America 
barred Alec from receiving his necessary treatment, so he had 
to insulin ration. As a result, he died four days later due to 
diabetic ketoacidosis.¹ Tragically, Alec is not an isolated case: 
13 young Americans died due to diabetic ketoacidosis caused 
by insulin rationing from 2017 to 2019.1 Alec’s mother, Nicole 
Smith-Holt, stated, “My son and Jesy [a 21-year-old American 
veteran that also died due to insulin rationing], they were 
murdered. They were killed by big Pharma. The cause of death 
should actually be on their death certificates, corporate greed.”² 
Undeniably, America must hold big Pharma accountable for 
the devastation that has transpired; America must redesign 
its healthcare system into universal care before more innocent 
patients suffer. 

Even so, the majority of American society dismisses universal 
care in America as “socialist,” ignoring a feasible solution to 
the dire problem. Furthermore, minimal research covers how 

patients with type 1 diabetes receive varying levels of health 
care depending on their socioeconomic status in America when 
managing their illness from the onset of the disease to the 
twenty-four-seven insulin treatments and glucose monitoring. 
Additionally, earlier research has wrongly generalized type 
1 diabetes and type 2 diabetes as “diabetes.” To reiterate, the 
focus of this paper is on type 1 diabetes to highlight how vital 
universal health care is for everyone to stop the socioeconomic 
disparities that persist in the American healthcare system. Type 
1 diabetes is just an example of innumerable diseases, including 
cardiovascular disease, Crohn’s disease, COPD, and cystic 
fibrosis, that people suffer from unnecessarily due to America’s 
healthcare system.³ 

This paper focuses on type 1 diabetes, which affects 1.6 
million Americans and is one of the plethora of diseases 
that patients unnecessarily suffer from in America.⁴ Further, 
America’s frequency of diabetic ketoacidosis varies significantly 
on socioeconomic status.⁵ With a close look at type 1 diabetes, 
this paper exposes how the American healthcare system 
denies adequate care to those of lower socioeconomic status 
and debunks the common American myths plaguing universal 
health care. 

Evolution of the American Healthcare Industry:
The American healthcare system has evolved to monopolize 

care with minimal government regulation —giving the 
healthcare industry the power to raise prices without question 
or justification.⁶ The American healthcare system is inequitable 
and discriminates against patients of lower incomes, especially 
the working middle class, minority races, and those living in 
more impoverished geographical locations.⁶ 

In 1929, the Blue Cross and Shield Association, a non-profit 
organization, was the first company to insure hospital and 
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doctor visits. The Blues were seen as a “force for good across 
America” because everyone paid the same steady rates, despite 
age or pre-existing health conditions. The Blues were so trusted 
in America that well-respected community leaders would 
encourage their neighbors to receive coverage.⁶ Unfortunately, 
over time, the emerging field of healthcare attracted 
capitalistic businesspeople. For example, in 1951, Aetna and 
Cigna, two for-profit insurers, aggressively marketed their 
insurance. Due to this growing competition, health inequities 
in America became so stark that the government had to act. In 
an effort to protect Americans from corporate greed, President 
Lyndon B. Johnson and his administration passed the Social 
Security Act, establishing Medicare, a health insurance 
program for the elderly, and Medicaid, a health insurance 
program for the impoverished, on July 30th, 1965.⁷ However, 
this act was insufficient as it only protected the elderly and 
starkly impoverished, and states could decide whether or not 
to provide Medicaid, leaving millions of Americans in the 
coverage gap without protection.⁸ In fact, the state discretion 
gap alone leaves over two million Americans uninsured today.⁹ 
This act allowed for-profit insurers to continue to make 
extensive profits, which eventually destroyed the remaining 
non-profit insurers. Soon after, non-profit private healthcare 
in America died as it could no longer keep up with for-profit 
companies; the last non-profit private healthcare system died 
in 1994 when the Blues switched over to a for-profit plan.⁶ 
With these for-profit insurance companies, shareholders, 
investors, and executives began to get paid based on how well 
they financially performed, leading to corrupt and greedy price 
gouges to cover increased salaries, administration spending, 
lobbying, and marketing. These new measures only increased 
profit for the healthcare industry, not patients’ well-being.⁶ 
Health insurance companies raised deductibles, forcing 
patients to pay thousands of dollars before their insurance plan 
even kicked in.⁶ 

Consequently, as health insurance expanded, hospitals 
expanded into conglomerates, causing doctors to alter their 
medical practice, which then altered the production and kinds 
of drugs and devices prescribed. Conglomerate hospitals 
pressure doctors and nurse practitioners to see as many patients 
as possible in one day—instead of what they can realistically 
and adequately treat. Additionally, conglomerate hospitals 
pitted doctors against each other and their patients by hosting 
monthly competitions, rewarding whoever made the most 
money for the hospital.⁶ As a result, doctors hastily checked 
on patients and treated symptoms, not the actual illness.⁶ 
Further, as the average American changes jobs and insurance 
plans every two years, the healthcare industry transformed 
into a system solely focused on short-term health to maximize 
profits.³ While patients need personalized health care, the 
American healthcare system provides the bare minimum: a 
“one-size-fits-all” that, in reality, only works for the healthcare 
industry.³ With this cycle of greed and corruption, patient care 
diminished.⁶ 

However, more recently, there has been a movement in the 
moral and commonsensical direction. Although it has been 
unable to reign in pharmaceutical prices and insure every 

American, the Affordable Care Act, which President Obama 
signed into law in 2010, is the most regulatory act on the 
American healthcare system and expansion of coverage since 
the Johnson administration passed Medicare and Medicaid 
in 1965.⁶ Under the Affordable Care Act, executive salaries 
and insurance profits were cut as the act required insurance 
companies to spend 85% of their revenue on patient care. The 
Affordable Care Act also increased insurers’ pushback against 
pharmaceutical companies demanding lower prices, banning 
lifetime insurance payouts, capping annual out-of-pocket 
spending at $6,850 per patient, and requiring maternal care 
coverage.⁶ Many preventative tests were also made free under 
the Affordable Care Act to promote early detection.

Additionally, under the Affordable Care Act, the coverage 
of patients was expanded. Under the Affordable Care Act, 
children were allowed to stay with their parents until they 
were twenty-six years old. As a result, the uninsured American 
percentage rate dropped from 18% in 2013 to 11.9% in 2016. 
Furthermore, the Affordable Care Act is a lifeline for millions 
of Americans because it made it illegal for insurers to deny 
a patient due to pre-existing conditions, protecting over 100 
million Americans with these conditions.⁶ Unfortunately, 
while 20 million people gained health care coverage under the 
Affordable Care Act, over 25 million people still do not have 
insurance, and the Republican party aims to dismantle the act.⁶ 
The Affordable Care Act must be protected and expanded to a 
universal healthcare system.

Type 1 Diabetes:
One of the innumerable classified pre-existing conditions in 

America is type 1 diabetes. Type 1 diabetes develops after the 
body’s immune system destroys the pancreatic beta cells that 
produce insulin, which is a hormone that converts glucose into 
energy needed to live.¹⁰ In this state, patients cannot produce 
insulin to break down and store the energy from carbohydrates 
for bodily functions. Instead, the glucose circulates in the 
bloodstream, dangerously elevating patients’ blood glucose 
levels. If untreated with synthetic insulin, patients will most 
likely die due to diabetic ketoacidosis or another diabetic 
complication, such as a neuropathy. However, the same insulin 
that is needed to live can kill the patient if administered in 
an incorrect dosage (causing hypoglycemia). In addition to 
insulin administration, patients with type 1 diabetes must also 
continuously check their blood glucose levels to ensure their 
blood sugar level is not too high (hyperglycemia) or too low 
(hypoglycemia).

Hypoglycemia is when blood glucose is low (under 70 mg/
dL); this can happen rapidly, within less than 15 minutes, 
and can happen at any time; the most typical causes are too 
much insulin or insulin delivery at the wrong time, a delayed, 
skipped, or smaller meal than usual, increased activity, or 
drinking alcohol without eating. When patients experience 
hypoglycemia, they will generally be pale, shaky, sweaty, 
anxious, weak, cold, hungry, drowsy, and disorientated. Patients 
may also endure an elevated heartbeat, blurry vision, headache, 
nightmares, or the inability to wake up. When patients are low, 
they must drink or ingest a rescue glucose source: juice, glucose 
tablets, gummies, glucose gel, etcetera. If this treatment does 
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�   Discussion
Cost: The Barring Expense of American Health Care:
While the United States ranks fourth best in “healthcare 

innovation” worldwide, our government has allowed health-
care industries to monopolize and continually raise already 
exceedingly high prices.¹⁸ As a result, those of lower socioeco-
nomic status cannot afford adequate care, and even for those 
with insurance, American health care is a financial burden. In 
fact, sixty percent of all bankruptcies in America are related to 
medical expenses.¹⁹ In 2017, Americans spent $1,122 out of 
pocket, $4,092 privately, and $4,993 publicly on health care. 
In contrast, France, which spends the average amount among 
high-income countries, spent $463, $357, and $4,111, respec-
tively.²⁰ American health care expenditures only continue 
to escalate. In 2018, the United States spent $3.6 trillion on 
health care. If continued at this pace, in 2028, it is projected 
that America will spend $6.2 trillion, which would be twenty 
percent of its GDP.²¹ In contrast, France’s total expenditure on 
health is only 11.2%.²² Such stark escalations are unique, even 
within the American Economy. The healthcare service cost has 
grown faster than the cost of other goods and services in the 
US Economy.²² Looked at another way, over the past twenty 
years, the Consumer Price Index grew annually at an average 
rate of 2.1%, while the Consumer Price Index for strictly med-
ical care grew at an average rate of 3.5% per year.²² Such high 
healthcare costs are not beneficial or sustainable. The United 
States, despite its significantly higher prices, has worse aver-
age life expectancies, obesity rates, infant mortality rates, and 
diabetes rates.²¹

For Americans with chronic conditions, even though 
America ranks first for “Science and Technology” worldwide, 
this obscene pricing is even more daunting.¹⁸ A patient with 
type 1 diabetes with “good” insurance will still have to pay 
$2,500 annually on average. In fact, at least eight percent of 
insured patients with type 1 diabetes spend over $5,000 annually 
due to high deductibles and severe diabetic complications.²³ 
For uninsured Americans with chronic conditions, health 
care costs are unjustifiably insurmountable. An uninsured or 
inadequately insured American with type 1 diabetes spends at 
least $20,400 annually for their vital treatment, equipment, and 
care. For reference, in Germany, patients spend approximately 
$44 annually.²⁴ 

Furthermore, the uninsured rate for those who are non-
elderly is severely disproportional in terms of race. In 2017, 
22% of Native Americans, 19% of Hispanics, and 11% of 
African Americans were uninsured.²⁵ These disparities only 
worsened; forty percent of the American Latino population 
were uninsured this past year, 24% of the Black population, 
and 17% of the White population.²⁶ Without regulation, the 
number of vulnerable uninsured patients in America continues 
to grow. 

In 2019, 29.6 million Americans were uninsured.²⁷ In the 
first half of 2020, 43.4% of American adults from nineteen 
to sixty-four were uninsured or inadequately insured.²⁶ More 
so, throughout the COVID-19 pandemic, the number of 
Americans inadequately insured increased as many lost their 
jobs and their employer-based healthcare insurance along with 
it.²⁸ Fourteen-million six-hundred-thousand Americans 

not work, and the patient’s blood glucose level continues to 
drop, the patient can pass out and have a seizure (usually 
occurring around 45 mg/dL and under). When the patient is 
passed out, not alert, or unable to swallow, another individual 
must administer prescribed emergency glucagon to the patient 
and call 911 immediately. If left untreated or treated too late, 
the patient may die.¹¹

On the other end, hyperglycemia is a possibly fatal condition 
when a patient with type 1 diabetes has high blood glucose. 
Hyperglycemia can also happen at any time: usually due to 
an insufficient amount of insulin, severe stress, too much 
food, dehydration, infection, fever, illness, or injury. When 
patients are high, they experience increased thirst, hunger, 
and urination; they can also experience fatigue, nausea, light-
headedness, weakness, itchy skin, blurry vision, and heavy 
breathing. If left untreated, patients’ blood glucose levels can 
continue to rise, and they may enter a comatose state. To lower 
a patient’s blood sugar, they usually must administer additional 
insulin. If patients are unable to lower their blood sugar, they 
can experience weight loss, ketones in the urine, and other 
diabetic complications.¹²

One of these diabetic complications is ketoacidosis, which 
develops more rapidly than other diabetic complications. 
Patients suffer from consistently elevated blood glucose levels 
and the lack of insulin or insulin action, which causes ketones 
to develop. Ketones are the liver’s fatty acids released into the 
bloodstream to break down fat for energy (since the body is 
not getting it from glucose). High levels of these toxins (over 
1.6 mmol/L) make your blood too acidic and can result in a 
coma or death.¹³ The excessive level of ketones in the body 
poisons it, swelling the brain and causing organ failure. 
Diabetic ketoacidosis can kill untreated patients rapidly.² It is 
most common in patients with type 1 diabetes who lack access 
to adequate supplies of insulin. The condition is rare among 
patients with type 2 diabetes.¹⁴

Type 1 diabetes and type 2 diabetes are frequently put 
together as “diabetes.” Such generalization is dangerous because 
it leads to misinformation, misdiagnosis, and loss of empathy 
for treatment-barred patients with type 1 diabetes. Type 1 
and 2 diabetes are entirely different diseases. On a basic level, 
type 1 diabetes is insulin-dependent and currently incurable, 
whereas most people with type 2 diabetes can manage their 
insulin resistance with diet, exercise, and oral medications.¹⁵ 
Type 1 diabetes is an autoimmune condition where patients 
do not produce insulin because their immune system destroyed 
the insulin-producing pancreatic beta cells. Type 2 diabetes is 
a metabolic condition that occurs when the body does not 
produce enough insulin for the patient’s sum of consumed 
carbohydrates, or the patient is insulin resistant.¹⁶ Unlike some 
patients with type 2 diabetes, all patients with type 1 diabetes 
need prescribed synthetic insulin to survive, which, as noted, 
is excessively expensive in America. This combining of type 1 
and type 2 diabetes leads uninformed people, including some 
medical first responders, to ignore those dependent on insulin, 
degrading care and causing additional unnecessary suffering 
in America.¹⁷  
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lost their health care coverage since the pandemic began in 
February 2020 to June 2020; no one lost care in Australia, 
Belgium, Canada, Chile, Denmark, Finland, France, Germany, 
Greece, Hungary, Italy, Japan, New Zealand, Norway, Poland, 
Portugal, South Korea, Spain, Sweden, Turkey, or the Unit-
ed Kingdom.²⁹ While The Consolidated Omnibus Budget 
Reconciliation Act (COBRA) can cover one’s health insur-
ance for up to a year into unemployment, the worker must still 
pay the premium of their past health insurance while being 
income-less. Undeniably, this still creates a severe financial 
burden, unmanageable for some families.³⁰ Fifty-two percent 
of uninsured Americans accumulated medical debt from 2019 
to the beginning of 2020.²⁶

When Americans fall into medical debt, which 137 million 
Americans did in 2019, they face severe financial problems.³¹ 
In the past two years, 37% of Americans from ages 19-64 
used all their savings, 31% took on credit card debt, 26% were 
unable to pay for basic necessities, 20% delayed education or 
career plans, 11% took out a mortgage against their home or 
took out a loan, and 3% declared bankruptcy.³¹ Undeniably, 
the cost of medical care in America is paralyzingly expensive. 
Hospital and surgery costs comprise the most considerable 
portion of America’s healthcare spending.³² Hospital costs ac-
cumulate before a patient arrives: A standard ambulance can 
cost over $1,200, and an air ambulance, which is generally used 
when patients are in a remote location or critical condition, 
can cost over $200,000. The ER visit alone is $3,000, increas-
ing to over $6,000 if one receives medications and must stay 
overnight.³² For example, my hospital stay was $53,000 when I 
was diagnosed and hospitalized with type 1 diabetes. 

Such obscene hospital pricing is a result of the combina-
tion of individual health circumstances, the patient’s insurance, 
lab tests, x-rays, surgical procedures, operating room and 
post-surgical costs, food, medication, doctors, specialists’ fees, 
overnight stays, equipment—including $7 Band-Aids—, lost 
wages, surgeons’ fees, anesthesia, pre-surgery treatment, and 
miscellaneous costs.³² For example, while an MRI needed for 
surgery costs $1,119 in America, it is only $215 in the United 
Kingdom.³² Even with the “best” insurance, deductibles can 
still cause hospital bills to be extremely expensive.³² A med-
ical emergency is already life-changing and stressful; in fact, 
40% of patients diagnosed with a chronic disease will develop 
a mental health disorder.²⁸ Seeking medical care should not 
destroy one’s finances, especially during such a pivotal time in 
the patient’s life.³³

Normally, an endocrinologist discovers a patient has type 
1 diabetes after a medical emergency, such as diabetic keto-
acidosis. When first diagnosed, many patients are already 
hospitalized or need to be hospitalized to stabilize their blood 
sugar. This period is crucial because ideally, nurses, dieticians, 
doctors, and other newly diagnosed patients help the pa-
tient lower their blood sugar to a safe level, learn about their 
life-altering disease and how to treat it, and meet their first 
endocrinologist. The patient’s life will never be the same again, 
and they must be adequately cared for and trained in these first 
days. 

For example, when I was diagnosed with type 1 diabetes in 
August of 2019, my primary care physician sent me to West-
chester Medical Center because my fasting blood glucose was 
over 350 mg/dL. I stayed in Maria Fareri Children’s Hospital 
from August 16th to 20th. I was put on an IV, got various lab 
work, learned what type 1 diabetes was, and learned how to 
manage and monitor type 1 diabetes with basic blood glucose 
meters and insulin pens. I also met with two different endo-
crinologists, established my first insulin regimen, consulted a 
dietician, and went to group meetings with other recently di-
agnosed patients with type 1 diabetes. As a result, I was able 
to stabilize my blood glucose levels, learn how to manage and 
monitor my disease, and connect with endocrinologists. 

However, my insurance company at the time, Aetna, refused 
to cover my hospital stay because it was not “medically neces-
sary.” Aetna’s ophthalmologist considered my hospitalization 
unnecessary because I “did not” have diabetic ketoacidosis with 
acidosis and moderate ketonuria, a hyperglycemic hyperosmo-
lar state with blood glucose over 600 mg/dL and neurological 
dysfunction, or severe signs of hyperglycemia, such as severe 
infection, severe electrolyte abnormality, unexplained fever, 
severe dehydration, or severe and persistent vomiting. This 
claim, which a specialized pediatric endocrinologist should 
have made, is incorrect because I had significant ketones in my 
urine, severe electrolyte abnormality, and severe dehydration. 
Due to Aetna’s decision, my family had to pay for my $53,000 
medical bill. We automatically appealed the denial, and they 
denied it again. My story is not unique .  

Every year, insurance companies deny around two hun-
dred million health care claims—one in every seven. This 
rate increases to one in four for patients with chronic illness-
es.³⁴ Insurance companies deny care, hoping that patients 
will not have the time or stamina to challenge every denied 
claim, despite an apparent valid medical reason because they 
profit off premiums and copays and lose money when they 
pay out claims.³⁴ As a result of this profit potential, since 
2011, insurance deductibles and premiums have increased at 
a disproportionate rate to American worker’s wage increase: 
from 2011 to 2016, deductibles increased sixty-three percent, 
and premiums increased twenty percent, while worker earn-
ings only increased eleven percent.³³ As a result, over 66% of 
Americans claim that their health insurance cost is a source of 
significant stress.³⁵ Simultaneously, in 2018, insurance compa-
nies made $23 billion in profits.²⁵

Private insurance companies are not concerned with the 
long-term health consequences for their patients because, in 
general, people change jobs every two to three years, along 
with their insurance. Therefore, many insurance companies 
only focus on short-term means, keeping one out of the hospi-
tal and out of the emergency rooms because this is where they 
are charged the most amount of money, providing the bare 
minimum for their members.³ 

These insurance companies further their profit and worsen 
their members’ financial status as they deny claims in broad 
categories without looking closely at a case’s details.³⁴ For ex-
ample, an auto-inflammatory chronic skin condition that is 
common for patients with type 1 diabetes, like Hidradenitis 

  However, it is essential to note that, thankfully, the hospital absorbed my stay. Nevertheless, if they had refused to do that, or did not have the financial means to do so, my family would 
have been in a severe financial crisis. 
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Suppurativa, can be treated effectively with laser hair remov-
al. However, insurance companies will automatically deny this 
medical treatment and label it as a cosmetic request. As a result, 
the patient will either absorb the bill themselves or not get the 
treatment done and continue to suffer. Insurance companies 
can deny treatment, labeling it “experimental,” or demand that 
the patients try more generic treatments first before they cover 
the prescription, forcing patients to bear inadequate treatments 
until they can finally receive the correct one. Lastly, some in-
surance companies frequently deny, or barely cover, Durable 
Medical Equipment, especially for patients with type 1 dia-
betes, because the new, updated, safe, improving quality of life 
insulin pumps and Continuous Glucose Monitors (CGMs) are 
considered “luxury items.” 

Due to insurance denials, in 2019 alone, $8 billion was 
spent out-of-pocket by American patients on durable medical 
equipment.³⁶ Continuous Glucose Monitors, insulin pumps, 
and insulin pump supplies are all durable medical equipment. 
As a result, they are billed through the medical channel (not 
the pharmacy channel) and require the patient to pay their de-
ductible and coinsurance until they reach their out-of-pocket 
limit.³⁷ Even worse, in 19 states and Washington DC, adult 
patients under Medicare and Medicaid plans deny CGMs and 
coverage for an insulin pump varies on the specific plan a pa-
tient has and the kind of pump the patient wants—but most 
end up choosing the pump their insurance company covers the 
most— because they are both expensive and considered “un-
necessary” “luxury” items.³⁸ However, numerous studies have 
proven that insulin pumps and CGMs help lower a patient’s 
A1c by at least 1% in under 24 weeks and improve the qual-
ity of life for the patient as they no longer have to fingerstick 
check throughout the day or use needles to administer insulin 
throughout the day.³⁹ As durable insulin pumps, like Tandem’s, 
cost around $6,000, and Dexcom G6 CGMs’ cost around 
$1,650 every three months, patients are left unable to receive 
such lifesaving and life-enhancing equipment.³

Furthermore, physician and clinical services comprise 20% 
of American healthcare spending.³² Specialty physicians, such 
as endocrinologists, can cost over $450 per visit for a patient 
with “adequate” insurance, without any additional tests.³³ Un-
deniably, doctor visits are crucial to maintain a healthy life and 
avoid disease progression, but the barring cost of this care forc-
es patients to skip their visits, eventually resorting to ER care. 
In fact, one in every six American adults avoids going to the 
doctor strictly because of cost.⁴⁰ Even worse, 44% of Ameri-
cans skip doctors’ visits because of cost.⁴¹ 

Unfortunately, even with a doctor’s prescription, many pre-
scribed medications and treatments are prohibitively expensive 
in America. For example, BAQSIMI, which is a lifesaving 
emergency glucagon nasal spray, costs $670. As a result, Amer-
icans cannot purchase potentially lifesaving prescriptions; in 
2019, 37 million Americans did not fill a prescription because 
it was too expensive.²⁵ 

Insulin is one of these excessively high-priced, lifesaving 
pharmaceuticals. Three insulin companies, Sanofi, Eli Lilly, 
and Novo Nordisk, comprise 80% of the world’s insulin sup-
ply.⁴² Sanofi increased the price of their Lantus insulin by 50% 

in 2014, despite being on the market for over a decade.⁴³ Since 
2001, Eli Lilly’s Humalog 10 mL insulin vials have risen 685% 
in price; on average, they are now $390.23 per vial.⁴² On av-
erage, patients with type 1 diabetes need at least 3-4 vials of 
insulin monthly. Even worse, Humalog 50/50 KwikPens cost 
$709.19 for five 3mL pens.⁴⁴ Insulin only costs a few dollars 
to manufacture, yet insulin brands mark up their prices by 
5,000%.¹

Price increases like these are due to third-party pressure, 
shadow pricing, and the lack of competition and regulation—
not, as often believed, for innovation and development costs. 
The declared benefits of a capitalistic system are not active in 
America’s healthcare system due to monopolies’ destruction of 
the free market.⁴⁵ As a result, beneficial competition, innova-
tion, and cooperation cease, leaving unjustified price gouges in 
its absence.⁴⁶,⁴⁷ Shadow pricing is a technique all three insulin 
companies have used. With this technique, when one brand 
increases their prices, the other brands immediately follow 
with the same increase; they have this ability because of their 
oligopoly on the pharmaceutical. For example, in 2014, Novo 
Nordisk increased its price of insulin by 11.9%, the exact same 
amount that Sanofi did less than 25 minutes earlier.⁴⁸ To in-
crease profits, Eli Lilly followed in raising its insulin prices the 
same percent.⁴⁸ The uncontrolled American cost of insulin 
forces 26% of American patients to ration their insulin. Insu-
lin-rationing patients experience 3x the number of dangerous, 
uncontrolled glycemic episodes than their peers who do not 
have to ration.⁴⁹ As Dr. Kao-Ping Chua, a pediatrician at the 
University of Michigan’s C.S. Mott Children’s Hospital in Ann 
Arbor, stated, “Insulin is the difference between life and death 
for patients with type 1 diabetes, and efforts to make it afford-
able are critical.” ²³

In the past, these insulin companies have made minimal and 
overall failed efforts to lower the price of insulin in Ameri-
ca. For example, in March 2019, Eli Lilly produced its generic 
insulin, Lispro, which was 50% cheaper than Humalog.⁴² How-
ever, Elizabeth Warren and Richard Blumenthal conducted a 
nationwide survey, including 190 chain and 196 independent 
pharmacies, and discovered that Insulin Lispro was not wide-
ly available across the country. In fact, 83% of the pharmacies 
did not have it, 14 states did not have it at all, and 17 states 
only had it available in one pharmacy. 69% of the pharmacies 
who did not have the insulin stated they believed they would 
never get it if they reached out again. Even in the pharma-
cies that did receive the insulin, only 15% of these pharmacies 
offered Insulin Lispro without a patient’s prompt.⁴² Clearly, 
Eli Lilly’s half-attempt at providing a more affordable brand 
of insulin in America was inadequate. Nevertheless, Eli Lilly 
made $5.48 billion in Quarter 3 of 2019 alone, and current 
CEO of Eli Lilly David Ricks earns $23.7 million annually.⁴², 
⁴⁸,⁵⁰,⁵¹ Undeniably, Eli Lilly has the financial means to lower 
their American insulin prices. While Novo Nordisk, Eli Lilly, 
and Sanofi provide free insulin to the impoverished through 
various forms of outreach, the working middle class are left 
without assistance.⁵² The American government needs to hold 
Big Pharma accountable for the lives of all American people. 

 

ijhighschoolresearch.org



 107 DOI: 10.36838/v4i2.17

In addition, Pharmaceutical Benefit Managers (PBMs) 
contribute significantly to the opaque, skyrocketing price of 
insulin. PBMs work secretively, allowing little transparency 
into their manipulations of and contracts with the pharma-
ceutical industry.⁴⁸ CVS Caremark, Optum RX, and Express 
Scripts, which Aetna, UnitedHealth, and Cigna, respectively, 
now own, are the three prominent PBMs, controlling 80% of 
American drug benefits.⁴⁸ Due to their monopolistic control of 
the market, they are able to pressure insulin manufacturers into 
increasing the Wholesale Acquisition Costs (WAC) of insulin, 
which in turn increases patient’s out-of-pocket spending, es-
pecially that of uninsured patients. PBMs also negotiate Price 
Protection contract terms to force a drug’s annual increase in 
WAC over a certain percent, which usually ranges up to 12%.⁴⁸ 
Using exclusion risks, PBMs threaten the refusal of a manufac-
turer’s product if they do not increase their WAC, refusing to 
stock a manufacturer’s products, which would harm both the 
insulin manufacturer and the patients. However, they do this 
because the higher the WAC, the higher the gain in rebates 
and administration fees.⁴⁸ This pressure has intimidated insu-
lin manufacturers into refusing to lower their WACs in fear of 
retaliation from PBMs.⁴⁸ PBM’s efforts have become more ag-
gressive since the passage of the Affordable Care Act, proving 
their prioritization of profits and ability to evade government 
regulation. This is a Pharma-wide occurence.⁴⁸

Insulin is overpriced in America, and it is significantly more 
affordable in other developed nations. Insulin prices are over 
eight times higher in the United States than in thirty-two 
comparable, high-income nations combined. While the av-
erage American price per manufacturer’s standard unit was 
$98.70, it is $12.00 in Canada, $7.52 in the UK, and $6.94 
in Australia.⁵³ Further, for specifically rapid-acting insulins, 
the average American price is $111.39 per unit versus $8.19 in 
non-US countries.⁵³ While American students with type 1 di-
abetes have to decide between “paying for a class or a textbook 
or paying for insulin and medical supplies,” it is not a concern 
for European students because of their universal healthcare 
systems.⁵⁴ In every other developed country, which all have a 
universal healthcare system, lifesaving pharmaceuticals are sig-
nificantly less expensive than the same insulin in America and 
attainable for all people. 

Undoubtedly, American health care is uniquely high-priced, 
affecting all patients, not just patients with type 1 diabetes; 
patients with innumerable other diseases, such as cardiovas-
cular disease, Crohn’s disease, COPD, and cystic fibrosis, 
agonize over America’s costly healthcare system as well. As a 
result, Americans suffer to afford their treatments, and some 
are barred from care. Without adequate help and regulation 
from the government, monopolistic pharmaceutical companies 
and conglomerate hospitals produce obscene profits, while the 
American patient suffers.³ Although the United States leads 
the globe in new medicinal production, comprising 57% of 
those created, their costs bar American patients from receiving 
these discoveries.¹⁹, ⁵⁵, ⁵⁶ Rising health care costs have created 
an emotional and financial crisis for Americans.¹⁹ The under-
insured and uninsured are forced to skip doctor visits, surgeries, 
and prescriptions. Due to exorbitant health care prices, pa-

tients with type 1 diabetes must chase health insurance and 
health care benefits when searching for employment because 
they “cannot afford [their] supplies” without it.⁵⁴ Undoubtedly, 
America needs a personalized universal healthcare system.

Access: The Prohibitive Factors of American Health Care:
Location, socioeconomic status, and race diminish one’s ac-

cess to medical care. Based on where someone lives, they may 
not have access to quality care, especially if they live in rural 
or low socioeconomic urban areas.³ Furthermore, even when 
someone has access to this care, they may face discrimination 
for their race or for being part of the LGBTQ+ community.⁵⁷ 

Geography is critical for adequate treatment of type 1 di-
abetes in America. With low average incomes, geographic 
isolation, and a shortage of qualified health care providers, it 
is challenging for rural hospitals to deliver quality care, and it 
is near impossible for rural American patients to receive qual-
ity health care.⁵⁸ While the New York City and Westchester 
region is at the center of premier diabetes care, places such as 
rural Idaho have their closest, minimal diabetes center four 
hours away.³ This ties directly with socioeconomic status as 
well; those who are impoverished or are in the working middle 
class generally live in underfunded city communities or rural 
areas, far away from the nearest city, where they do not have 
access to acceptable care.²⁸ These underserved hospitals can-
not afford the expensive, lifesaving diagnostic equipment, so 
patients must travel vast distances to receive care.⁵⁸ Further, ur-
ban specialty clinics write over 90% of prescriptions for CGMs. 
So, if one lives in rural America, they are statistically unlikely 
to be prescribed a CGM because they lack the resources and 
knowledge to do so.³ Even worse, some tertiary hospitals in 
areas such as the middle of rural North Dakota do not have an 
endocrinologist or pharmacist.³ 

 A significant cause of this issue is that doctors, who accumu-
lated significant debt from medical school, chose to practice in 
big cities because that is where they will get paid the most.³ As 
a result, there are up to 300 physicians for every 100,000 urban 
dwellers, while there are only 55 physicians per 100,000 rural 
residents.⁵⁸ Due to such inadequate care, the State of South 
Dakota only meets 87% of all medical needs, and this percent-
age worsens to 48% and 37% in Bennett County and Shannon 
County, respectively.⁵⁸ In the Pine Ridge Reservation, there is 
one 45-bed hospital with 16 physicians that serves the entire 
17,000+ Lakota population.⁵⁹ 

In particular, Indigenous people lack adequate health care. 
Forty percent of the American Indigenous population in the 
northern plains live below the federal poverty line, and they 
have significantly greater death rates due to diabetes, alcohol-
ism, unintentional injuries, preventable illnesses, cancer, and 
infant mortality than compared to the rest of the country.⁵¹ 
Inadequate health care is a significant contributing factor. 
While the American government provides Native Americans 
on reservations health care through the Indian Health Service, 
Congress has underfunded the program, leading to insufficient 
health services and facilities.⁶⁰

 For example, the Nebraska-Iowa territory, home to the 
Winnebago and Omaha tribes, has one 13-bed hospital. The 
Winnebago tribe alone has 5,000 members. Due to insufficient 
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care, Tori Kitcheyan’s 45-year-old diabetic aunt died there due 
to overmedication from the hospital staff after she had several 
toes amputated at a different hospital over 20 miles away in 
Sioux City, Iowa as the hospital could not facilitate these mea-
sures themselves. Kitcheyan declared that their hospital is “the 
only place you can legally kill an Indian” due to such derisory 
care.⁶¹ 

Furthermore, due to the catastrophe of Native American 
Health Care and America’s history, there is a significant dis-
trust among the Indigenous population, especially among the 
Elders, toward modern, western medicine. For example, one 
tribal elder from the Navajo tribe, which has over 300,000 
members, refused to touch a blood glucose meter because it 
had the “enemy’s” blood on it—blood from a white male with 
type 1 diabetes.⁶² During the decades after World War 2, the 
main food supply for the Navajo was government-supplied lard 
and flour, leading the traditional diet to include high carbo-
hydrate fry bread.⁶² Such poor nutrition, at the hands of the 
American government, is one leading reason as to why Native 
Americans have the highest diabetes prevalence in the coun-
try.⁶² Currently, some elder Native Americans view modern 
medicine as “White Man’s Medicine,” reverting to traditional 
cures. While this works for a variety of illnesses, type 1 diabe-
tes needs synthetic insulin. The struggle is to not only supply 
Indigenous people with quality, affordable health care, but also 
to educate them while respecting their cultural beliefs so the 
elder, current, and future generations of Indigenous people can 
feel comfortable and respected getting treatment.⁶² 

The difference in care between someone like myself, who 
lives in the center of American diabetes care and another 
pediatric patient with type 1 diabetes who lives in a rural or un-
derserved, impoverished urban center is obscenely inequitable. 
When patients live far away from their primary care physician 
or endocrinologist, they do not have time for a long and de-
tailed visit that provides all the needed social, dietary, research, 
and lab work. Also, if their parents both work and do not have 
time to bring their children to their visit, crucial appoint-
ments with their endocrinologist may be skipped altogether.²⁸ 
In rural areas, this is especially a problem in the winter. Hilly, 
snow-covered terrain and dangerous winds make it impossible 
to travel.⁵⁸ As a result, patients who lived in underserved areas 
are less educated and less supported in managing their type 1 
diabetes.²⁸ All this elevates their A1c's, lipid and blood pressure 
levels, and lowers their resilience to other diseases.²⁸ While I 
still struggle greatly with type 1 diabetes, another child with 
type 1 diabetes with low socioeconomic status is four times 
more likely to die than I am.⁶³

Another significant factor that causes improper treatment 
for patients is racial discrimination. Racial disparities in health 
care are apparent.⁵⁴ For example, Black women with advanced 
degrees who make over six figures still bear worse health out-
comes than white women who never graduated from college.⁵⁰ 
In fact, racial and ethnic minorities are less likely to receive 
adequate treatment compared to their white peers as they have 
lesser access to insulin and diabetic durable medical equipment, 
like insulin pumps and continuous glucose monitors.⁵⁴ As a re-
sult, the average A1c of an African American child is 10.7%, 

and for a white child, it is 8.5%.⁶⁴ Pediatric black patients die 
twice as frequently as white and Hispanic children due to their 
type 1 diabetes.⁶⁵ 

Implicit bias is at the root of this discrimination. For in-
stance, nurses and doctors may not treat patients of color the 
same way they treat white patients.³⁰ In fact, some doctors 
ask women of color minimal follow-up questions and dismiss 
clear signs of a stroke or blood clots.⁵⁷ As a result, physicians 
of color tend to communicate more effectively with patients of 
color because implicit bias is reduced, and communication is 
enhanced.³⁰ Additionally, White children with type 1 diabetes 
are twice as likely to start using a CGM and four times as likely 
to continue using a CGM than Black and Hispanic children.⁶⁶ 
The inequality is apparent.

The LGBTQ+ community also faces severe health care 
disparities. Transgender individuals need specialized care and 
insulin regimens to compensate for their hormone irregulari-
ties, especially during their transition, yet some endocrinologists 
do not accommodate such needs. Some discrimination is even 
more blatant against the LGBTQ+ community. For example, 
an endocrinologist in San Francisco told his gay patient with 
type 1 diabetes that “every low he got, he’d deserved because he 
was gay.⁶⁷” Such discrimination increases stress and anxiety and 
deters treatment, worsening one’s A1c.⁶⁷ 

Additionally, according to Sue Gerry, Westchester Medical 
Center’s Senior Vice President for Strategic Alliances and Part-
nerships, many immigrants who are impoverished or homeless 
also do not feel welcome due to fears of discrimination, the 
questioning of their legal status, and other financial struggles 
they already face, such as rent, electricity, or grocery bills. As a 
result, many tend not to seek care, worsening their condition, 
usually leading to a severe ER visit.⁵⁷ As many immigrants are 
undocumented, receiving adequate health care is even more 
challenging.⁵⁷ Due to this, immigrants and ethnic minorities 
have higher HbA1c, morbidity, and mortality rates.⁶⁸ 

Immigrant families also experience increased rates of un-
employment and reliance on social welfare services as these 
families may lack shelter stability and food security, have 
lower education levels, larger families, and higher rates of sin-
gle-parent households. Additionally, many immigrant parents 
have a language barrier making it difficult for them to com-
municate with their child’s doctors or understand key medical 
terms, increasing the risk of complications. For example, Span-
ish-speaking families in the United States have increased stress, 
less strict insulin regimens, and worse glycemic control.⁶⁸ 

Unfortunately, the COVID-19 pandemic only worsened 
disparities in pediatric type 1 diabetes in America. Especially 
seen in cities such as Philadelphia, the coronavirus pandemic 
furthered disparities because families must care for their chil-
dren intensively while balancing their daily schedules.⁶⁹ Also, 
as many parents of lower socioeconomic status lost their jobs, 
they lost their medical benefits and insurance. The coronavirus 
pandemic undeniably proved that health care coverage should 
not be linked to one’s job.²⁸ To make matters worse, as schools 
shut down, many children lost access to healthy meals and in-
sulin.⁶⁹ Further, the pandemic made it even harder to safely 
schedule a visit with an endocrinologist, especially since some 
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patients cannot even afford the internet and a phone to facili-
tate telehealth.⁶⁹ Without the prescription, guidance, time, or 
money to get insulin and other vital type 1 diabetic supplies, 
those of lower socioeconomic status have suffered at signifi-
cantly higher rates during the COVID-19  pandemic. 

Active Efforts:
Non-government organizations in America help decrease 

inequities among patients and advocate for a more universal 
approach to health care. 

Many activist groups, like the Right Care Alliance, have or-
chestrated protests to lower the price of insulin.⁷⁰ The Right 
Care Alliance is a Massachusetts-based grassroots coalition 
that believes health care is a human right and that the American 
people need to reform their healthcare system to value patients, 
not profit. Clinicians, patients, and community members com-
prise the organization, striving to hold America's healthcare 
industry accountable, provide full transparency for informed 
and empowered decision-making, and create a healthcare sys-
tem based on science and need, not market influence.⁷⁰ Their 
most notable protests against the price of insulin in the United 
States include the May 2018 Mother’s Day Cards Delivery to 
Sanofi, the November 2018 Ashes of the Dead Delivery to Sa-
nofi, the March 2019 Gravestone Delivery to Sanofi, and the 
November 2019 Blood Money Protest at Eli Lilly.⁷⁰ Mothers 
of young adults who died from insulin rationing led the May 
2018 Mother’s Day Cards to Sanofi protest and delivered a 
five-foot card with 5,000 signatures and names of mothers who 
lost children due to insulin rationing to the Sanofi offices in 
Boston.⁷⁰ Other mothers wrote letters to the specific insulin 
company that was responsible for their child’s death. The Right 
Care Alliance held this protest in 8 cities across the country.⁷⁰ 
On November 16th, 2018, during the Ashes of the Dead De-
livery protest, over 85 patients, students, clinicians, and activists 
united in calling for lower insulin prices. Parents of children 
who died due to insulin rationing left their children’s ashes 
at the doorsteps of the Sanofi headquarters. In March 2019, 
protestors during the Gravestone Delivery protest delivered 
six gravestones, each dedicated to a young American who had 
recently died due to insulin rationing in America.⁷⁰ Protestors 
gave eulogies, rang chimes, and raised awareness. During the 
November 2019 Blood Money Protest in Cambridge, Mas-
sachusetts, families of those with children who died due to 
insulin rationing poured theatrical blood on money bags to 
honor their loved ones and to highlight the nation’s greedy and 
murderous healthcare system. One father, whose daughter died 
on Christmas Day 2018, spoke: “I will never forget seeing the 
Christmas tree with the presents underneath it that would nev-
er be opened.⁷⁰” These protestors also parodied This Land is 
Your Land with the lyrics, “our diabetes, we have been crippled, 
we’re forced to ration, and we are dying, Pharma doesn’t care 
for you and me.⁷⁰” In response, Boston physicians declared an 
insulin crisis, and patients with diabetes publicly shared their 
daily struggles. As a result of these moving protests, there is 
greater public awareness about the price of insulin and expand-
ed news media coverage, pressuring government officials to act, 
and politicians such as Senator Bernie Sanders and Senator 

Elizabeth Warren vigorously campaigned in 2020 in support 
of this effort.⁷⁰ 

Additionally, non-profit organizations such as Beyond 
Type 1, JDRF, and the Helmsley Charitable Trust partnered 
together to power GetInsulin.org: an online program, provid-
ed in English and Spanish, that helps patients discover how 
they can get affordable insulin with specific steps and instruc-
tions, alongside coupons for the insulin, which Eli Lilly, Novo 
Nordisk, and Sanofi partly fund.⁷¹ First, a patient will answer 
questions related to their location, income, insurance type, and 
prescription. Then, this site gives the patient their customized 
action plan, guiding them to solutions to best serve their spe-
cific circumstance. If someone is in urgent need of insulin, they 
can select the “GET URGENT INSULIN SUPPORT” tab to 
get insulin quickly by placing them in contact with an insulin 
manufacturer’s solution center.⁷¹ As the CEO of Beyond Type 
1, Thom Scher, stated, “Insulin is not optional for people with 
diabetes. The current drug pricing system that leaves many un-
sure of how to access their insulin needs to change, and that 
change will take time. GetInsulin.org is designed to address 
this immediate and solvable problem—to simplify the process 
of getting people to the right help and getting them access to 
insulin in the immediate term.⁷²” 

Although GetInsulin.org has only recently started its service, 
it has already begun to make a profound difference in insulin 
affordability in America. Since its launch, GetInsulin.org has 
reached over 172 million people across all media platforms.⁷³ 
With its growing outreach, thousands of patients generate ac-
tion plans with affordable solutions for themselves every week. 
It is expected for these numbers to continue to grow as time 
passes.⁷³ Proving the necessity of outreach, approximately 30% 
of GetInsulin.org users go straight to the Urgent Insulin Sup-
port page, as opposed to the Action Plan page; this exemplifies 
how many users are desperate for immediate insulin support.⁷³ 
Undeniably, while GetInsulin.org is an immediate and tempo-
rary solution, the program’s work saves lives in the American 
government’s virtual absence.

Even so, Getinsulin.org is only a temporary solution for im-
mediate relief; the American healthcare system needs reform. 
While this is in no way the endpoint, this program is a vital 
step towards affordable, quality pharmaceuticals for all until 
America reduces insulin prices and provides universal health 
care.⁵⁴ 

In addition to GetInsulin.org, the Helmsley Charitable 
Trust supports rural healthcare systems through telehealth, 
starting in 2010 in the rural Upper-Midwest.³ With telehealth, 
rural healthcare patients can contact qualified doctors and get 
prescriptions without traveling miles. These patients can either 
connect through a local, smaller health facility or use their own 
network and device from home while saving money. Telehealth 
is less expensive than a routine doctor visit as the patient is 
not required to pay facility fees.¹⁹ The foundation’s EndoEcho 
project, stemming from the University of New Mexico Health 
Sciences Center, virtually connects areas that lack sufficient 
local medical resources, primarily underfunded rural areas, to 
advanced urban health centers, so patients with type 1 diabetes 
can consult with qualified endocrinologists to monitor, treat, 
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and care for their diabetes as if they were treated in the center 
of diabetes care, despite their remote location. The program 
also reaches out to each patient weekly for a specialized check-
in and holistically cares for the patient as they set them up with 
other services, like prenatal care and counseling.⁵⁸ As a result, 
patients’ levels of stress, anxiety, and depression decrease, which 
also lowers average Hb A1c.⁵⁸ EndoEcho is free due to grants 
from organizations such as the Helmsley Charitable Trust.⁵⁸

The Helmsley Charitable Trust has proven that telehealth 
is beneficial for patients’ health. In 2017, they created a virtual 
specialty clinic with 35 people in their pilot study. A primary 
care physician saw these patients. While these patients previ-
ously did not know what a CGM was, the physicians virtually 
onboarded them to a CGM and taught them about the various 
CGMS.³ After three months of the virtual clinic, every par-
ticipant felt more comfortable controlling their diabetes and 
lowered their A1c by at least 0.5%.³ 

During the pandemic, numerous doctors across the country 
switched over to telehealth to continue to provide care while 
complying with COVID-19 precautions, and it was a pro-
found success.³ With the widespread utilization of telehealth, 
medical providers have shown its benefits to further equity. 
The pandemic has forced the significant acceleration of the 
medical field’s acceptance of telehealth. Before, many states 
had laws restricting telehealth across state lines. Now, there has 
been reimbursement for many health features like telehealth 
and remote prescriptions.³ 

Telehealth should be made available across the country for 
all Americans. Fully subsidized telehealth nationwide is essen-
tial; this would include developing a digital infrastructure that 
ensures telecommunication for even the most remote regions 
of America. A universal telehealth system could connect pa-
tients to doctors regardless of socioeconomic status or location. 

Similar to non-profit organizations, non-profit hospitals, 
such as Westchester Medical Center, have facilitated medical 
outreach to care for as many patients as possible. Susan Gerry, 
the Senior Vice President for Strategic Alliances and Partner-
ships for Westchester Medical Center, stated that “if we are a 
sick society, everyone loses,” and because of this, it is vital that 
everyone receives adequate care and feels welcome.⁵⁷ A few 
years ago, a medical-legal partnership began in hospitals, like 
Westchester Medical Center, across the country. Through this 
system, a legal aid attorney was in the hospital’s lobby to help 
protect patients facing eviction due to their medical bills.⁵⁷ 
Westchester Medical Center also works diligently to represent 
the LGBTQ community, all races and ethnicities, and those of 
varying disabilities.⁵⁷ To further this, they also require special 
training and awareness for all clinicians and staff to ensure they 
are a respectful community towards all.⁵⁷ They also ensure that 
everyone, despite a language barrier, has access to quality care 
as they accommodate Spanish-English translation for immi-
grants and their caretakers.⁵⁷ 

However, their outreach’s longevity is uncertain as the 
healthcare industry is still a “big business.⁵⁷” When there is a 
lack of funding, these “unnecessary,” yet lifesaving, community 
efforts and accommodations are removed from the budget.⁵⁷

Undeniably, it should not be outside organizations’ and in-
dividuals’ responsibility to advocate for and provide equitable 
health care to all in America. It should be the government’s 
duty to provide health care. Like every other developed nation, 
America must implement a universal healthcare system.

Universal Healthcare:America's need solution:
Despite the myths that try to complicate the matter, Univer-

sal Health Coverage is simply universal access to high-quality, 
affordable health services. It is evident that the current Amer-
ican healthcare system is significantly flawed; America spends 
more per person on health care than any other country.⁷⁴ 
However, America can provide greater health equity and re-
duce costs. America, the only country out of the 33 developed 
nations that does not have a universal healthcare system, needs 
a long-term, government-run healthcare system to ensure that 
every American has the right to adequate health care.⁷⁵ Educa-
tion is critical for widespread acceptance of this crucial system 
to counter the current propagated myths. 

One of the many American myths revolving around univer-
sal health care is that the American healthcare system is the 
best worldwide because it provides the best health care avail-
able. While many politicians and businesses who profit from 
America’s healthcare system, such as American businessman 
and US Senator Ron Johnson, declare that the American 
healthcare system is “the finest healthcare system in the world,” 
it is not.⁷⁶ In fact, the American healthcare system ranks 37th 
worldwide.⁷⁷ As the only developed nation without a universal 
healthcare system, the American people would benefit from 
learning from foreign examples. 

Additionally, another myth plaguing the American health-
care system is the wait time to see physicians. In reality, 
physician wait times in France, the United Kingdom, and ev-
ery other developed nation—all of which have a universal 
healthcare system—are not longer than those in America. For 
example, in Australia, doctors can see 67% of patients within 
a day of their initial request, whereas this rate is only 51% in 
America.⁷⁸ Additionally, only 11% of Australians have diffi-
culty getting specialty tests, versus America’s 30%.⁷⁸ Clearly, 
the expansion of patients’ rights to receive health care does not 
diminish the rate at which doctors can treat patients. 

America can facilitate this change. For instance, according to 
Health Policy Analyst Thomas Waldrop, while Massachusetts’s 
wait time increased slightly after they expanded Medicaid in 
2006, this did not affect their quality of care, and it lowered 
their percentage of uninsured patients to only 2.8%. Eventual-
ly, their wait times actually decreased after they fully adjusted 
to their new healthcare system.⁷⁸ The initial increase in wait 
time was a surmountable and predictable effect of changing the 
system. Like any change, patience is necessary for adjustment, 
allowing more Massachusettsans to receive lifesaving health 
care. 

Another significant myth in America is that doctors in 
universal healthcare systems are underpaid. However, a gov-
ernment-paid General Practitioner in London, can earn the 
equivalent of $120,000 to $200,000 USD.⁷⁹ These doctors 
earn income based on how well they improve their patient’s 
health. For example, through the UK’s National Health Service 
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(NHS), if a doctor can stop their patient from smoking, low-
er their blood pressure or cholesterol, or treat their mental or 
physical condition, they are paid more. As a result, this health-
care system incentivizes doctors to do what is best for their 
patients. Under universal healthcare systems, more patients can 
receive health care, more patients can improve their health, and 
doctors are still receiving substantial salaries. In fact, one Lon-
don doctor modestly commented that doctors in the UK live 
“very comfortably” and never have to reject a patient based on 
their socioeconomic status.⁷⁹

Finally, one of the most prevalent and incorrect Ameri-
can myths surrounding universal health care is that taxes are 
agonizingly expensive. However, the majority of Canadian 
taxpayers are not upset with their taxes going towards their 
healthcare system. As one conservative Canadian explained, 
they “look out for” each other because they believe that there 
are people “who are not in the position” to afford their own 
medical bills yet deserve their vital health care. They know 
that their fellow Canadians “would do the same for them” if 
they needed medical support financially. In fact, “in Canada, 
it doesn’t matter what political party [one is] affiliated with…
healthcare ought to be universal.⁷⁹” They also believe that the 
medical costs in a capitalistic healthcare system would be more 
expensive than their taxes.⁷⁹ 

Despite the plethora of American myths surrounding uni-
versal health care, with further education and time, universal 
health care would provide further health equity in America. 
The United Kingdom, Australia, Singapore, Sweden, and 
France have hybrid healthcare systems, meaning they combine 
elements of a single-payer system and a private insurance man-
date system.⁸⁰ While each of these developed countries has its 
own specifically tailored universal healthcare system, the Unit-
ed Kingdom’s and France’s universal healthcare systems are 
especially noteworthy. 

For example, the United Kingdom has a complex and suc-
cessful socialized medical system focused on patients’ health, 
not profit. The government owns the health facilities and em-
ploys professionals, providing anyone under 16 years old or over 
60 with free pharmaceuticals. Others pay a maximum of $7.78 
for their pharmaceuticals. In addition, there are copay waivers 
for children, seniors, the sick, and those with certain condi-
tions, resulting in nearly 90% of prescriptions being free.⁸⁰ The 
UK is able to regulate such pharmaceutical pricing due to its 
universal healthcare system. Their government has the power 
to negotiate with pharmaceutical companies to reduce their 
prices to reasonable figures. In addition, their pharmacies only 
sell medical treatments: not additional candy, toys, or other ex-
cessive consumer products. The NHS manages its healthcare 
system, covering preventative, hospital, physical, some dental 
and vision, mental health, palliative, rehabilitation, and home 
care, while private insurance covers elective surgeries.²⁴ Hospi-
tals do not even have a billing department.⁷⁹ Despite advanced 
coverage, all funding comes from general taxes and dedicated 
payrolls: All patients can receive their treatments and care, and 
no patient stresses over medical expenses.

Further, France’s healthcare system is a role model for every 
nation. Having a government-financed universal healthcare 

system, “Social Security,” since 1945, France has the high-
est-ranked healthcare system in the world, spending less on 
health care while producing better outcomes than the United 
States.⁷⁷ Their patients have better access to primary care and 
proper hospital stays.⁸¹ In fact, French citizens get affordable 
health care coverage from birth.⁸¹ Anyone living in France, 
citizen or not, has access to health care with low copays, reim-
bursing approximately 80% of medical costs.²⁶ Further, their 
system covers every health care provider in the country, and 
every provider must accept every potential patient.⁸¹ In addi-
tion, if necessary, France also provides voluntary supplemental 
insurance for extra services. As a result, patients, regardless of 
financial status, can receive medical treatment without financial 
burden. Through France’s organized system, the French Parlia-
ment decides on an annual healthcare budget; their healthcare 
system legally requires absolute price transparency, has the 
bargaining power to keep prices low, and ensures there is no 
waiting list or necessary approval for specialized treatment.⁸¹ 
To keep this comprehensive and inclusive system organized, 
every French citizen has a Carte Vitale card to inform their 
doctor of all of their medical information and history.81 France 
serves as a clear example that a universal healthcare system is 
not only adequate but superior to America’s current model. 

It is no wonder so many Americans move to other countries 
for affordable health care. For example, Katie West, a thirty-
year-old with type 1 diabetes, went to Germany for graduate 
school and decided to move there permanently: She can now 
afford her insulin and other diabetic supplies. While she ac-
knowledges that her taxes are slightly higher in Germany, she 
believes it is worth it as she no longer has to fear for her life. 
Katie West believes that there is no reason for her to return 
to America: “Why would I go back? It’s thousands of dollars 
a year I’m going to have to spend on the same [insulin] I get 
here for nothing…[Here,] I don’t have to worry.²⁴” Undeniably, 
as a result of America’s costly healthcare system, patients like 
Katie West are immigrating to other countries to afford their 
lifesaving medications. 

Unfortunately, Katie West does not have a unique story. For 
instance, after discovering a cancerous tumor, Alexis Crémant 
had to return to his native country, France.⁷⁹ He could not af-
ford to live in America. Additionally, an American man with 
type 1 diabetes who moved to Paris explained that he received 
personalized, superior care for his condition in France in-
stead of additional medical expenses like he had experienced 
in America. Further, another American with type 1 diabetes, 
Elizabeth Pfiester, went to the UK for her master’s degree and 
decided to permanently move there to afford her medical care 
and treatment.⁸² She explains, “If I did have to go back, I would 
be terrified,” due to the unaffordable costs of necessary care 
and prescriptions such as insulin.⁸² Through West, Crémant, 
Pfiester, and countless others, it is apparent that the American 
healthcare system denies patients the care they need to survive, 
forcing them to relocate. Medical expenses in America are so 
barring that people must leave the country in order to survive.

While a fully paid Medicare and Medicaid and an expanded 
Affordable Care Act should economically ensure proper fund-
ing for equitable health care, pushback from conservative 
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Americans call for further state liberty to allow state-self-de-
termination of healthcare laws, causing further disorganization. 
While some states decided to expand their Medicaid cover-
age, other states refused to do so, leaving low-income, working 
Americans without health care.³⁰ 

Further, the American healthcare system is not consistent 
across state lines due to such state discretion. For example, a 
resident under Medicaid in New York can only get emergent 
health care fully covered in New Jersey. If this resident wished 
to get non-emergent care in New Jersey, they would most likely 
have to cover the total cost of their care.³⁰ Furthermore, if a 
patient were to move residencies across state lines, they would 
have to reapply for Medicaid. Due to interstate inconsistencies, 
patients may be eligible in one state but not in another state.³⁰ 

A combination of federal and state cohesion is necessary 
to provide affordable, adequate, and equitable health care in 
America. While the state has the best opportunities to rep-
resent their residents’ needs, the federal government provides 
the needed national unification of the healthcare system.³⁰ Ac-
cording to Dr. Sean Nicholson, a Research Associate at the 
National Bureau of Economic Research, a Cornell professor, 
and the director of their Health Administration Sloan Program, 
greater federal involvement will ensure proper funding for eq-
uitable health care within the American healthcare system, 
bringing more insurance guarantees and mandates lessening 
state discretion.³⁰ In fact, through this proper funding, taxes 
would not change for the average American. According to 
Senator Warren, instead, the money currently spent on private 
insurance would go directly towards the universal healthcare 
system. Any additional money needed would come from big 
corporations, Wall Street, and the top 1%: all of which can eas-
ily afford this.²⁵

Ultimately, America can, and must, transfer to a universal 
healthcare system. According to Dr. Nicholson, accurately and 
transparently educating the American public about universal 
health care is crucial for its implementation and success be-
cause many Americans are misinformed about universal health 
care.³⁰

However, the key to developing America’s best univer-
sal healthcare model is experimental implementation. While 
it may take time for Americans to fully embrace a universal 
healthcare system, starting with an optional Medicare plan 
open to everyone would serve as an actionable option to prove 
its functionality.³⁰ Due to America’s diversity and size, a solid 
beginning could be to mirror Japan’s or Germany’s healthcare 
systems where the government pays for most of the patient’s 
premiums, and the patient decides between a variety of private 
plans to ensure they get the plan that best fits their specif-
ic needs, or it could be to mirror France top-ranked hybrid 
healthcare system.³⁰ It may take five to eight years of observing 
a Medicare public option program before fully implementing 
universal Medicare.³⁰ Due to America’s unique characteristics, 
a unique healthcare system is necessary. Starting with a de-
monstrative, optional Medicare program allows America to 
adjust as necessary to the changes to their healthcare system 
while instilling public trust that the system is fully function-
al. Since America is large and diverse, it is vital to be patient 

and meticulous with this transition to ensure that the process 
occurs proficiently. As time passes, Americans will have be-
come educated about universal health care and confident in 
its capacity. By this time, the American healthcare system will 
be able to adjust as necessary and eventually switch over to 
their unique, specifically tailored, and truly universal health-
care system. When this occurs, America will be able to control 
pharmaceutical prices and other treatment costs, like every 
other developed nation, to end the obscenely excessive expens-
es of the current American healthcare system.
�   Conclusion
A universal healthcare system would better American 

society. America has already socialized many aspects of society, 
including the postal service, educational system, libraries, the 
police force, and the fire department; the American healthcare 
system must follow suit.⁵⁷ A universal healthcare system 
would help bring the needed, cost-effective, high-quality, 
equitable, and just care to everyone in America, preventing 
further unnecessary suffering, all while saving money. With 
this national unity, the American government can negotiate 
lower pharmaceutical prices and provide free health care to all 
people, bettering America as a whole. Access to affordable and 
adequate health care should be a human birthright, no matter 
their residential or financial status, but this is not America’s 
reality, yet. 

Undoubtedly, it is time for dire change. Seventy-one percent 
of Americans in a 2019 Gallup News poll said that the nation’s 
for-profit healthcare system is in a “state of crisis” and “has major 
problems.⁴³” Too much suffering has transpired; it is critical 
that America reconstructs its healthcare system to prioritize 
patients. As Tiana Cooks, the community manager for Beyond 
Type 1, stated, “A United States where we all have insurance, 
and nobody is denied access to it is the United States that I 
would fully support.⁵⁴" America must acknowledge its faults, 
overcome the “money-reluctant” business tycoons possessing 
the healthcare industry, educate its citizens, and implement a 
universal healthcare system.³⁰

Undeniably, the future of the American healthcare system 
contains significant experimentation and patience: trying 
the Medicare public option or trying a statewide model and 
adjusting it accordingly. However, with this incremental 
innovation, America will be able to see how a universal 
healthcare system works and find which model works best 
for everyone.³⁰ While reform may take five to eight years, this 
is not necessarily a bad thing; since the American healthcare 
system is massive and must contend with challenges that are 
unique to this country, having patience and taking the time to 
educate Americans with real-life examples and to make careful, 
thoughtful decisions helps ensure a working, just healthcare 
system for everyone living in America.³⁰ 
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ABSTRACT: The enhanced application of chemical fertilizers and pesticides not only has a limitation on growing crops but 
also has a negative impact on the environment. To improve these disadvantages, the plant growth-promoting bacteria (PGPB), 
Pseudomonas fluorescens, and Bradyrhizobium japonicum on the growth of Arabidopsis was examined. The inoculation of both 
bacteria has the main function of root protection, phosphate solubilization, and nitrogen-fixing. Six different inoculation conditions 
were tested using two types of bacteria: PF 1X, PF 100X, BJ 1X, BJ 100X, PF+BJ 1X, and PF+BJ 100X. Both bacteria assays 
aimed to address and measure the effects on plant development under normal or drought stress conditions. The growth and mass 
of Arabidopsis were significantly enhanced after the inoculation of plant growth-promoting bacteria in both conditions that were 
tested. This showed plant growth via improvement of soil health or through alleviating stress conditions. The results suggest that 
plant growth-promoting bacteria can accelerate and increase the growth and mass of plants, possibly by the fixation of nitrogen 
and by solubilizing phosphate, leading to the potential advantage of PGPB inoculation for sustainable agriculture.   

KEYWORDS: Plant Biology; Bacteria; Nitrogen Fixation; Phosphate Solubilizing; Sustainable agriculture.

�   Introduction
Sustainable agriculture is farming in sustainable ways, 

which means meeting society's present food needs, without 
compromising the ability of future generations to meet their 
needs. Sustainable agriculture seeks to integrate three main 
objectives into its practices: a healthy environment, economic 
profitability, and social and economic equity. Several key 
sustainable farming practices have been developed—for 
example: rotating crops and planting a variety of crops; 
applying mechanical or biological pest controls; integrating 
livestock and crops, etc.¹

Improved crop productivity and enhanced food security 
with a reduced or negligible application of chemical fertilizers 
and pesticides have become a major concern these days. Plant 
growth-promoting bacteria (PGPB) may be one of the keys 
to such sustainable agricultural practices. PGPB can serve the 
twin purpose of reducing chemical fertilizers and improving 
soil health.² Among the many PGPB, Pseudomonas fluorescens, 
a phosphate solubilizing bacteria, is known to protect the roots 
of some plant species against parasitic fungi as well as some 
plant-eating nematodes.³ Bradyrhizobium japonicum is a species 
of legume-root nodulating, micro-symbiotic nitrogen-fixing 
bacteria.⁴ The species is one of many Gram-negative, rod-
shaped bacteria commonly referred to as rhizobia. B. japonicum 
is often added to legume seeds to improve crop yields.

There are common scientific model plants. Arabidopsis is 
a genus in the family Brassicaceae. They are small flowering 
plants related to cabbage and mustard. It is one of the model 
organisms used for studying plant biology and the first plant 
to have its entire genome sequenced. Phenotypic changes in 
Arabidopsis are easily observed, making it a very useful model.⁵

It was expected that PGPB inoculated Arabidopsis may 
enhance growth compared to non-inoculated Arabidopsis. 
Previous studies indicated that phosphate solubilization 
bacteria support water uptake under drought stress. Also, 
nitrogen fixation may be inhibited by drought stress. Therefore, 
it was hypothesized that the plants with drought stress may 
show larger differences in plant growth between PDPB 
inoculated and non-inoculated plants.
�   Methods
Plant growth conditions:
Sterilized seeds were sewn onto moist soil (autoclaved) and 

stratified at 4oC for 3 days. The growth response of plants 
in the soil were evaluated by fresh weight under controlled 
environmental conditions (constitutive light, 150 mmol m22 
s21 light intensity, 75% relative humidity). Drought stress was 
initiated 1 week after planting. Plants were watered every 7 or 
8 days for the stress condition.

PGPB inoculant preparation:
For the PGPB inoculation, strains were grown in LB medium 

for 18 hours at 28 °C with continuous shaking at 200 rpm, and 
the cells were collected by centrifugation at 6,000 rpm for 10 
minutes, washed, and re-centrifuged in sterile distilled water to 
obtain a bacteria inoculum of approximately 10⁹ cfu/mL.

PGPB application to plants and drought stress:
Three different dilution series (1X; 10X; 100X) of the 

bacterial suspensions (10 mL/pot) were sprayed onto the 
seedlings on the soil. For the uninoculated control, an equal 
volume of sterile water was added. Drought stress was initiated 
one week after planting. Plants were watered every 7 or 8 days 
for the stress condition.
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Data analysis:
Every two weeks after the inoculation treatment, ten plants 

were harvested at random from each pot. The root and above-
ground tissue fresh weights were measured to determine if any 
biomass changes. To test for any changes in stress tolerance, 
the marker gene expression was measured accordingly as well.
�   Results and Discussion 
Preparation of Arabidopsis and PGPB:

Arabidopsis (rockcress) is a genus in the family Brassicaceae. 
They are small flowering plants related to cabbage and 
mustard. It is one of the model organisms used for studying 
plant biology and the first plant to have its entire genome 
sequenced.⁵ Arabidopsis was selected as the first model for 
testing the effect of PGPB inoculation on plant growth because 
it is easy to observe the phenotypic changes in Arabidopsis, 
and it has a short life span. (Figure 1)

P. fluorescens is a common gram-negative, rod-shaped 
bacterium. It is known to protect the roots of some plant species 
against parasitic fungi as well as some plant-eating nematodes. 
Also, it solubilizes phosphate to help increase the absorptive 
surface of plant roots for the uptake of water and nutrients. 
B. japonicum is a symbiotic nitrogen-fixing soil bacterium that 
has the ability to form root nodules.

P. fluorescens and B. japonicum are good inoculant candidates 
because they colonize roots and create a favorable environment 
for development and function. The success and efficiency of 
PGPB as inoculants for agricultural crops are influenced by 
various factors, among which the ability of these bacteria to 
colonize plant roots, the exudation by plant roots, and the 
soil health.⁶ P. fluorescens was used to suppress plant diseases 
by protecting the seeds and roots from fungal infection. It 
also solubilizes inorganic phosphorus into soluble phosphate 
for plants to uptake and manages the optimum level of soil 
phosphorus for crop production. This experiment was focused 
on comparing the growth of plants in two conditions (normal 
conditions and drought stress conditions). Previous research 
indicated that B. japonicum enhances survival under conditions 
of salinity stress.⁷ Moreover, it is known as a nitrogen-
fixing bacteria. They convert nitrogen in the atmosphere 
into ammonium (NH₄⁺) and nitrates that plants can absorb 
through their roots which will increase the growth rate. 

Based on previous research on plant growth-promoting 
bacteria, the following hypotheses can be made. There will be a 
significant change in the biomass of plants between inoculated 
and non-inoculated. In addition, the change will be notable 

when B. japonicum is inoculated or not because its purpose is 
to survive in a stressed condition, which is the independent 
variable in our experiment.

Imaging PGPB Cell Morphology on Brightfield Microscope:

To observe the phenotypic characteristics of the PGPB 
bacteria, images using a light microscope were taken. The size 
of the P. fluorescens was relatively smaller than B. japonicum and 
it was difficult to observe (Figure 2, left). The image showed 
that P. fluorescens is rod-shaped and able to aggregate together. 
However, the image of B. japonicum shows the clear shape 
of the bacteria, which is relatively larger than P. fluorescens. 
B. japonicum has a rod-shaped body. The microscopic image 
indicates that these bacteria are not cross-contaminated. 
Therefore, it was ready to be used for inoculation with 
Arabidopsis (Figure 2, right).

Germination of Arabidopsis and plant maintenance:

After 30 to 50 Arabidopsis were seeded on the Petri dish, 
Arabidopsis was successfully germinated on a Petri dish plate. 
The germinated Arabidopsis shows 4-5 green cotyledons from 
each plant. The length of the roots was about 2-3 cm (Figure 
3). The germinated Arabidopsis were then carefully moved to 
the soil. After the germination plant incubator used in this 
study. The condition was set to 16 hours light and 8 hours 
dark. 10 am to 2 pm was set to 22 oC. 2 pm to 10 am was set 
to 18 oC.

After germination, Arabidopsis grew well in the control 
environment. The image of Arabidopsis was captured after 
two weeks of growth (Figure 4, left) and three weeks of growth 
(Figure 4, right). As Arabidopsis grew, the number of leaves 

Figure 2: The 40 X microscopic image of Pseudomonas fluorescens (left) and 
Bradyrhizobium japonicum (right). Scale bar: 10 µm. 

Figure 1: Seeds of Arabidopsis thaliana in test tubes and the bacteria used 
in this study. (A) Arabidopsis seed (B) (left) Pseudomonas fluorescent, (right) 
Bradyrhizobium japonicum. 

Figure 3: Image of germinated Arabidopsis on a petri dish a week after 
seeding. 
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is known to be a nitrogen-fixing bacteria, the growth of the 
Arabidopsis may be enhanced by the extra nitrogen supplied by 
this bacterium.⁷ Previous research also indicates that nitrogen 
is part of the chlorophyll molecule, which supports the plants 
to sustain their green color and supports photosynthesis. 
Therefore, a sufficient nitrogen supply is essential for plant 
growth. However, when the Arabidopsis was grown in 
drought stress conditions, inoculating with B. japonicum alone 
was not sufficient to enhance the growth of the Arabidopsis. 
Instead, P. fluorescens alone and a combination of both bacteria 
significantly increases the growth of the Arabidopsis (Figure 
6, right). P. fluorescens has two important functions: supports 
water supply for plants and solubilizes phosphate. Since P. 
fluorescens only increases the weight of the Arabidopsis in 
drought stress conditions, the water supplying function of this 
bacteria may greatly influence the growth of the Arabidopsis. 
Moreover, previous papers indicate that p-solubilizing bacteria 
alleviate drought stress and promote plant growth.⁸
�   Conclusion
As the human population continues to increase, the 

demand for food may escalate. Seven decades ago, the Green 
Revolution increased agricultural production globally with 
the development of chemical fertilizer. It saved about a billion 
people from starvation and undernourishment. However, 
intensive agriculture, crop monoculture, and the use of extensive 
chemical fertilizers disturb the ecosystem. Considering the 
positive impact of plant growth-promoting bacteria (PGPB) 
on bio-fertilization, biocontrol, and bioremediation, PGPB 
deliver a positive influence on crop productivity and the 
ecosystem. 

In this research, two possible PGPB, P. fluorescens and B. 
japonicum, were selected and their effect on the growth of 
the Arabidopsis were examined. The results indicate that the 
growth and mass of Arabidopsis were greatly enhanced after 
the inoculation of PGPB. B. japonicum enhances plant growth 
in normal water conditions. P. fluorescens increases plant growth 
in drought stress conditions. These results suggest that PGPB 
can accelerate and increase the growth and mass of the plant, 

increased and became bigger. Arabidopsis were prepared for 
two conditions: water was supplied three times a week (normal 
condition) and water was supplied only once a week (drought 
stress). Then seven different conditions for bacteria inocula-
tion were prepared for each water supply condition: Mock, PF 
1x, PF 100x, BJ 1x, BJ 100x, PF+BJ 1x, and PF+BJ 100x (the 
abbreviation of bacteria was used, 1x and 100x indicates the 
concentration of bacteria). 100x means 100 times of 1x bacte-
ria condition was inoculated in Arabidopsis.

Measuring the weight of the plants to analyze the growth 
rate:

  After 6 weeks after the germination of Arabidopsis, the 
whole plant without the root and stem was collected on the 
petri dish as shown in Figure 5, left. Then, the collected leaves 
were placed on the densitometer and their weight was mea-
sured (Figure 5, right). For each condition, three individual 
samples were collected, and the weight was measured.

The plant weight change on normal water conditions (three 
times a week) and drought stress conditions (once a week:

After the weight was measured for each condition, the av-
erage plant weight was analyzed in Figure 6. Interestingly, 
the plant weight was increased only when BJ 100x was inoc-
ulated in normal water conditions. This result indicates that 
when water is sufficiently provided, B. japonicum supports the 
growth of the Arabidopsis (Figure 6, left). Since B. japonicum 

Figure 4: The image of Arabidopsis after two weeks of growth (left) and 
three weeks of growth (right). 

Figure 5: The weight of Arabidopsis thaliana after 5 weeks was measured 
with a densitometer. The whole Arabidopsis without stem and roots 
were collected (left). Densitometer was used to measure the weight of the 
collected Arabidopsis (right). 

Figure 6: Bar graph of plant weight in normal water condition (left) and 
in drought stress condition (right). Triplicate samples were prepared. Each 
measurement was presented as dark circle dots on the graph. The mean 
and standard deviation were described in the graph. PF = only Pseudomonas 
fluorescens was inoculated. BJ = only Bradyrhizobium japonicum was 
inoculated. PF+BJ = both bacteria were inoculated. 1x and 100x indicates the 
concentration of bacteria inoculated. Student t-test, p < 0.05 (*) and 
p < 0.01 (**). 
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possibly by the fixation of nitrogen and solubilizing phosphate, 
leading to the potential advantage of PGPB inoculation for 
sustainable agriculture. In conclusion, the selection of a 
particular strain is most important in obtaining the maximum 
efficiency in terms of improved plant growth and development.

In future studies, PGPB (P. fluorescens and B. japonicum) 
will be grown under the same condition before it is inoculated 
to the plants. Solanum Lycopersicum cv. Micro-Tom and 
Bok choy which are easily found in agriculture will be used 
as another experimental plant. The growth response of plants 
in the soil will be evaluated by fresh weight under identical 
environmental conditions as Arabidopsis (constitutive light, 
150 mmol m22 s21 light intensity, 75% relative humidity). 
PGPB will be further used in an efficient way for sustainable 
agriculture. The bacteria will be inoculated in a 1:1 ratio of 
P. fluorescens and B. japonicum bacterial suspensions with 
agriculture products in drought stress conditions.
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