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ABSTRACT: Endocrine-disrupting chemicals (EDCs) such as per- and poly-fluoroalkyl substances (PFAS) pose a documented 
adverse impact on humans and wildlife because of their global distribution. PFAS have received much attention as a possible 
cause of metabolic disorders, including adverse effects on kidney function. Because of its durability, bio-accumulative potential, 
and connection to the pathophysiology of metabolic diseases, Perfluorooctanoic acid (PFOA) has received the most attention 
among PFAS. There is much concern that PFOA exposure may present overwhelming adverse effects on kidney function, and 
there are only a few outcomes based on the biological effects of this compound in the human kidney cells. This study finds that 
kidney tubular cell vacuolation and Neutrophil gelatinase-associated lipocalin (NGAL) are acute PFOA-induced kidney tissue 
injury biomarkers. Chronic exposure of human kidney tubular cells (HK-2) to PFOA stimulated NGAL induction and tubular 
cell vacuole formation. Upregulated NGAL and vacuole formation led to elevated cleaved caspase-3 activation with decreased 
human tubular cell viability. Intriguingly, enhanced NGAL and vacuole formation in PFOA-treated cells was reduced with 
N-acetyl cysteine, a Food and Drug Administration-approved antioxidant. Indeed, N-acetyl cysteine treatment significantly
reduced PFOA-induced cleaved caspase-3 activation and enhanced human tubular cell viability.
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� Introduction
Per- and poly-fluoroalkyl substances, widely distributed 

man-made persistent chemicals used in various consumer and 
industrial processes, negatively affect human health.1 PFOA 
postulates a wide range of toxic effects on the kidney, liver, 
endocrine function, immune system, and nervous system, but 
knowledge about PFOA’s potential toxicity on human kidney 
tubular cells is limited and needs a focus of attention. The 
metabolically active renal tubules are in charge of absorbing or 
eliminating various chemicals. Several enzymes that are abun-
dantly present in the lysosomes inside or on the brush borders 
of tubular epithelial cells promote the transport of these sub-
stances.2 Research on epidemiology has demonstrated that 
PFOA is linked with an elevated risk of renal cell carcinoma 
in humans at varying levels of chronic exposure.3,4 There are 
various ways that humans can be exposed to PFOA. Most 
humans are exposed to PFOA through their food and water. 
PFAS can contaminate groundwater, a vital drinking water 
supply, through various channels, including contaminated 
soil, river water infiltration, and industrial leaks. An industri-
al plant in South Korea's Nakdong River Basin experienced a 
PFHxS leakage incident in 2018. Following the event, higher 
PFAS concentrations (mainly short-chain PFAS, especially 
PFHxS) were discovered in tap water in the Nakdong River 
Basin region.5,6 However, persistent exposure to comparatively 
low levels of PFOA will result in a physical load and raise the 
possibility of adverse health effects. As the primary organ for 
eliminating the body's metabolic wastes, the kidney is thought 
to be a target for PFOA, and the body's delayed renal clear-

ance of PFOA contributes to its biological accumulation in the 
human body. We are unsure how the environmental pollutant 
PFOA affects renal tubules and eventually develops kidney in-
jury. Therefore, early predictive biomarkers are urgently needed, 
and early management dramatically improves the prognosis of 
PFOA-induced kidney injury. Through this study, we aim to 
identify the early predictive protein and morphological bio-
markers of PFOA-induced kidney injury.

� Methods
HK-2 cells, which are an immortalized human proximal tu-

bular cell line 7 were purchased from ATCC and maintained 
in a humidified atmosphere containing 5% CO2 in Roswell 
Park Memorial Institute (RPMI)-1640 (Life Technologies, 
Inc., Grand Island, NY) medium supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum (FBS; Gibco, Grand 
Island, NY, USA), 100 U/mL penicillin, and 100 μg/mL 
streptomycin. PFOA was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). HK-2 cells were exposed to PFOA (50 & 
100 μM) for 24 hours. HK-2 cells were exposed to N-acetyl 
cysteine (200 μM) for 2 hours and then to PFOA (50 μM) 
for 36 hours. The morphology (vacuolation) of HK-2 cells was 
captured using an inverted microscope after 24 hours. The per-
centage of viable cells was determined using the Cell Counting 
Kit-8 (CCK-8; Dojindo Lab., Kumamoto, Japan).

NGAL Immunofluorescence Analysis:
HK-2 cells were exposed to PFOA (50 & 100 μM) for 12 

hours. Then, they were fixed in 2% paraformaldehyde for 15 
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minutes and permeabilized with 0.2% Triton X-100 for 15 
minutes at room temperature. The NGAL primary antibody 
(Abcam—ab125075) was applied overnight and incubated for 
1 hour with the secondary antibody Alexa-Fluor488 (Invitro-
gen, Eugene, OR, USA). NGAL images were captured using 
a fluorescence microscope.

Western Blotting:
HK-2 cells were exposed to PFOA (50 μM) for the indi-

cated periods, and after that, cell lysates were prepared using 
a lysis buffer containing protease and phosphatase inhibi-
tors. HK-2 cell protein lysates were resolved by running the 
samples on a NuPAGE 4%-12% Bis-Tris gel (Invitrogen) 
and transferred onto PVDF membranes (Millipore, Biller-
ica, MA, USA). After blocking, membranes were incubated 
at 4 °C with the following primary antibodies: NGAL (Ab-
cam, Cambridge, UK), Cleaved caspase 3 (Cell Signaling 
Technology, USA), and ACTIN (Abcam, Cambridge, UK). 
Membranes were then washed and incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies. 
Immunoreactive proteins were detected using ECL reagents 
(ECL Plus; Amersham, GE Healthcare Life Sciences, Little 
Chalfont, Buckinghamshire, UK).

� Result and Discussion

We started by determining whether long-term PFOA ex-
posure affects the proximal tubular cell morphology of the 
human kidney. Exposure of HK-2 cells with PFOA (50 & 
100 μM) for 24 hours resulted in changes in cell morpholo-
gy, which include cell rounding-up, which is also followed by 
cell shrinkage beginning at the periphery and accompanied by 
membrane blebbing and the formation of cells with numerous 
vacuoles as depicted in Figure 1. Moreover, higher PFOA con-
centrations cause more pronounced morphological alterations, 
dramatically reducing the number of cells with severe constric-
tions, as shown in Figure 1. Cells often adjust their volume due 
to water moving into or out of the cell in response to changes 
in the osmotic equilibrium. Cell swelling results from an in-
crease in intracellular osmolarity or a decrease in extracellular 
osmolarity, whereas cell shrinkage results from a reduction of 
intracellular osmolarity or an increase in extracellular osmolar-
ity. When cells invade an anisotonic extracellular environment 

or when intracellular osmolyte concentrations change due to 
the uptake or release of ions or nutrients or metabolic changes, 
such as the formation or degradation of macromolecules, these 
changes occur physiologically.8 However, lipophilic substances 
with weakly basic amines are the most commonly known in-
ducers of temporary vacuolization.9,10 Intriguingly, PFOA is 
not a lipophilic chemical, and more research is necessary to 
determine how PFOA causes vacuolation. Importantly, acute 
kidney injury (AKI), which causes a sudden reduction in re-
nal function, is mainly caused by injury to the tubules, which 
are responsible for the reabsorption and secretion of several 
solutes. The data from the present work demonstrate for the 
first time that PFOA alters the organization of human renal 
tubular cells characterized by visible cytoplasmic vacuoles.

NGAL was first discovered using gene arrays in ischemic 
kidneys and then using immunoblots in hospitalized pa-
tients.11,12 To determine whether the NGAL protein fulfills 
the requirements for a biomarker, we measured the expression 
of NGAL in PFOA-exposed human kidney tubular cells. As 
shown in Figure 2A, Comparing HK-2 cells to control cells 
using a fluorescence microscope, PFOA treatment increased 
NGAL expression in a dose-dependent manner. In addition, 
Western blot images were captured in PFOA-treated cells to 
measure NGAL protein levels. Significantly, PFOA treatment 
raised the amounts of the NGAL protein, and the apoptotic 
marker cleaved caspase-3 protein in the HK-2 cells over time 
compared to control cells, as illustrated in Figure 2B. Addi-
tionally, the activation of the cleaved caspase-3 protein caused 
by PFOA exposure results in a loss of HK-2 cell viability (Fig-
ure 2C). The increase in NGAL production and release from 
tubular cells in response to harmful stimuli of various kinds 
may have a self-defensive intent.13

Proteomic investigations confirmed that ischemic and 
nephrotoxic acute kidney injury caused the NGAL protein to 
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Figure 1: Exposure of HK-2 cells with PFOA (50 & 100 μM) for 24 hours 
resulted in changes in cell morphology, which include cell rounding-up, which 
is also followed by cell shrinkage beginning at the periphery and accompanied 
by membrane blebbing and the formation of cells with numerous vacuoles.

Figure 2: (A). Exposure of HK-2 cells with PFOA (50 & 100 μM) for 24 
hours resulted in increased NGAL expression analyzed by the fluorescence 
microscope. (B). Exposure of HK-2 cells with PFOA (50 μM) for the 
indicated periods increased NGAL expression, followed by apoptotic marker-
cleaved caspase-3 protein induction. (C). Exposure of HK-2 cells with PFOA 
(50 & 100 μM) for 48 hours induces cell viability loss over time compared 
to control cells. The statistically significant differences were found using the 
student’s t-test.
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be produced in the kidneys. The urine concentration increased 
severalfold shortly after the insult (within hours). Under typical 
circumstances, the proximal tubules almost entirely re-ab-
sorb filtered NGAL via megalin-cubulin receptor-mediated 
endocytosis, resulting in negligible urine NGAL levels.14,15 
Therefore, given the significance of NGAL and vacuolation 
for apoptosis, it is logical to assume that PFOA regulates these 
processes to induce kidney tubular cell injury.

N-acetyl cysteine (NAC) is a well-known antioxidant that
can pass across membranes and alter oxidative processes’ bal-
ance by reducing ROS production and boosting antioxidant 
defenses. In clinical research as well as experimental cell and 
animal biology, it is arguably the most commonly employed 
"antioxidant." Traditionally, NAC is assumed to function as a 
precursor for glutathione production, a scavenger of reactive 
oxygen species, and/or a reductant of disulfide bonds.16 We 
hypothesized that endogenously produced oxidative stress is 
responsible for tubular cell vacuolation, and their inhibition 
might improve the function of tubular cells against PFOA. 
N-acetyl cysteine treatment prominently repressed PFOA-in-
duced intracellular vacuole formation, paralleled by the
inhibition of NGAL expression and the cleaved caspase-3 lev-
el, as depicted in Figure 3A-B. Subsequent analyses revealed
that NAC treatment prominently repressed PFOA-mediated
HK-2 cell viability loss (Figure 3C). We outline how NAC
reacts to PFOA circumstances by increasing antioxidant de-
fense, which regulates vacuolation and NGAL activation. We
proposed early kidney damage markers in response to PFOA
in the kidney tubular cells, and there seems to be a need for
more research on PFOA’s effect on kidney injury.

� Conclusion
Over the past decade, studies in animals and humans have 

suggested that long-term exposure to poly-fluoroalkyl sub-

stances, like PFOA, from the environment, contributes to the 
damage of human kidney tubular cells, leading to metabol-
ic diseases like acute and chronic kidney injury. Conversely, 
we demonstrated for the first time that the rise in NGAL 
protein and vacuolation could serve as a sensitive marker for 
identifying PFOA-induced kidney tubular cell damage. As a 
proof-of-concept, our work supports further investigation into 
protein biomarkers and other putative markers in PFOA-in-
duced kidney tubular cell damage. In the future, we want to 
look into the molecular mechanism through which kidney 
tubular cells exposed to PFOA experience a rise in NGAL 
and vacuolation and suppression of their natural antioxidant 
system.
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