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A B S T R A C T   

Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that has been widely detected in the envi-
ronment and is known to accumulate in organisms, including humans. The study investigated dose-dependent 
mortality, hatching rates, malformations, lipid accumulation, lipid metabolism alterations, and impacts on 
cholinergic neurotransmission. Increasing PFOS concentration led to higher mortality, hindered hatching, and 
caused concentration-dependent malformations, indicating severe abnormalities in developing zebrafish. The 
results also demonstrated that PFOS exposure led to a significant increase in total lipids, triglycerides, total 
cholesterol, and LDL in a concentration-dependent manner, while HDL cholesterol levels were significantly 
decreased. Additionally, PFOS exposure led to a significant decrease in glucose levels. The study identified TGs, 
TCHO, and glucose as the most sensitive biomarkers in assessing lipid metabolism alterations. The study also 
revealed altered expression of genes involved in lipid metabolism, including upregulation of fasn, acaca, and 
hmgcr and downregulation of ldlr, pparα, and abca1, as well as decreased lipoprotein lipase (LPL) and increased 
fatty acid synthase (FAS) activity,suggesting an impact on fatty acid synthesis, cholesterol uptake, and lipid 
transport. Additionally, PFOS exposure led to impaired cholinergic neurotransmission, evidenced by a 
concentration-dependent inhibition of acetylcholinesterase activity, altered gene expressions related to neural 
development and function, and reduced Na+/K+-ATPase activity. STRING network analysis highlighted two 
distinct gene clusters related to lipid metabolism and cholinergic neurotransmission, with potential interactions 
through the pparα-creb1 pathway. Overall, this study provide important insights into the potential health risks 
associated with PFOS exposure, including dyslipidemia, cardiovascular disease, impaired glucose metabolism, 
and neurotoxicity. Further research is needed to fully elucidate the underlying mechanisms and potential long- 
term effects of PFOS exposure.   

1. Introduction 

Per- and Polyfluoroalkyl substances (PFAS) are emerging anthropo-
genic compounds characterized by their long carbon chain and 
extremely stable carbon‑fluorine (C–F) covalent bond (Hallberg et al., 
2019). With their exclusive characteristics of durability and hydropho-
bicity, PFAS are widely used in commercial and extensive industrial 
applications ranging from surfactants and lubricants to insulating agents 
and aqueous firefighting foams since 1950s (Zhang et al., 2016). This 
has attracted public attention due to their widespread distribution, 
persistent nature and adverse effects on wildlife and humans in the 

environment (Menger et al., 2020). They are resistant to degradation 
and have potential to bioaccumulate in food web. Therefore, they have 
been detected ubiquitously such as air, surface water, groundwater, 
sediments and food (Menger et al., 2020). Despite of legislation 
restricting their worldwide use in 2000, among all PFAS, PFOS in 
particular have arisen more concern in recent years due to its prevalent 
occurrence and increased concentrations in the environmental matrices 
including human populations and wildlife tissue (Jantzen et al., 2016). 

PFOS (C8HF17O3S) is a perfluorinated carboxylic acid (having hy-
drophobic alkyl chain and hydrophilic end group) surfactant and is 
extremely stable due to C–F bonds. PFOS has been predominantly 
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detected in blood samples of wildlife species, human and even in fetal 
cord blood also (ranging from pg/L to ng/ml) (Zheng et al., 2012). For 
instance, PFOS has been detected in fish samples, with 18 of the 23 
target PFASs found in the fish samples. PFOS is the most predominant 
component, contributing 32.55% to the 

∑
PFASs in fish, likely arising 

from its bioaccumulation preference (Guo et al., 2023). PFOS has been 
detected in river water, with a study showing the use of electrochemical 
sensing to detect PFOS at sub-nanomolar levels in river water (Clark and 
Dick, 2020). Recently, the US Environmental Protection Agency (US 
EPA) in June 2022 have limited the PFAS usages and announced health 
advisory guidelines for restricting the use of PFAS, including limiting 
their concentration in drinking water under 20 pg/L (Cousins et al., 
2022). 

The accumulating studies have shown that PFOS causes multiple 
adverse effects such as immunotoxicity, hepatotoxicity, cardiovascular 
toxicity, reproductive toxicity, and endocrine disruption (Liang et al., 
2022; Sun et al., 2018; Xu et al., 2022; Yin et al., 2021). Of particular 
interest, PFOS can interfere with lipid metabolism as evident from 
earlier studies on mice (Tan et al., 2012). Additionally, PFOS exposure 
can upset energy metabolism, particularly lipid metabolism, in zebrafish 
and other organisms, potentially leading to hepatic dysfunction (Mylroie 
et al., 2021). Besides this, PFOS toxicity studies also suggest potential 
neurotoxicity. For instance, lactational PFOS exposure in adult male 
mice showed alteration in hippocampus function and profound long- 
lasting effect in its behavior and learning patterns (Mshaty et al., 
2020). Similarly, PFOS exhibited evident neurotoxicity and behavior 
defects after PFOS chronic exposure to Caenorhabditis elegans (Chen 
et al., 2014). However, limited evidence has pointed out the precise 
mechanism of action, more particularly in aquatic organisms. 

Lipid metabolism is essential for brain development and function, as 
lipids are major components of neuronal membranes, myelin sheaths, 
and signaling molecules (Alecu and Bennett, 2019).. Alterations in lipid 
metabolism have been implicated in various neurodegenerative dis-
eases, such as Alzheimer's disease and Parkinson's disease (Dai et al., 
2021; Yan et al., 2022). However, the mechanisms by which lipid 
metabolism affects neuronal survival and function are not fully under-
stood. PFOS is a persistent organic pollutant that has been shown to 
cause oxidative stress, apoptosis, and developmental toxicity in zebra-
fish embryos (Mahapatra et al., 2022; Shi et al., 2008). PFOS can also 
disrupt lipid homeostasis by affecting fatty acid synthesis, transport, and 
oxidation (Wan et al., 2012). However, the effects of PFOS on lipid 
metabolism and neurotoxicity in zebrafish embryos have not been 
explored. 

The integrated biomarker response (IBR) index is a multivariate 
approach that integrate the multiple biomarkers into a unified param-
eter to assess the overall health status of organisms (Beliaeff and Bur-
geot, 2002). Notably, IBR is a useful tool in the assessment of 
toxicological endpoints, as it provides a comprehensive measure of the 
adverse effects of environmental toxins on biological systems and 
establish a “cause-result effect” between the toxicants concentration and 
biological response (Beliaeff and Burgeot, 2002). 

Zebrafish (Danio rerio) have gained popularity as an outstanding in- 
vivo vertebrate model for ecotoxicology research with various advan-
tages such as high degree of genetic and functional conservation with 
mammals, transparent body for in-vivo imaging, easy maintenance and 
a rapid development with optical clarity for high-throughput screening 
(Chia et al., 2022; Rea and Van Raay, 2020).Over the course of the past 
decade, zebrafish have increasingly been recognized as an important 
tool for investigating the multifaceted pathways and molecular mecha-
nisms involved in lipid metabolism and neurotoxicity, providing insights 
that are highly relevant to human health. 

The present study aimed to provide novel insights into the lipid 
metabolism and potential neurotoxic effects of PFOS exposure on 
zebrafish. The developmental effects, lipid parameters and the gene 
expression profiling of lipid metabolism were observed. In addition, we 
evaluated the multiple endpoints related to neurotoxicity, including 

AChE activity, touch-evoked behavior, and Na+/K+-ATPase activity. 
Moreover, the changes in gene expression of cholinergic neurotrans-
mission were observed. Lastly, the potential risk of PFOS exposure to 
zebrafish was determined quantitatively by IBR. Taken together, these 
results will help to explore and understand the mechanism by which 
PFOS exposure alters lipid metabolism and neurotoxicity in zebrafish. 

2. Material and methods 

2.1. Zebrafish husbandry 

Adult zebrafish (Tubingen strain, 6 months old) were procured from 
METLab, Department of Zoology, BHU (India). All zebrafish were 
acclimated in a semi-circulating water system and maintained under 14/ 
10 h (light/dark) photoperiod cycle at 27 ± 5 ◦C (pH = 7.4–7.6, Salinity 
0.1–0.2 ppt and Conductivity 300–600 μS). The fish were fed ad libitum 
with freshly hatched Artemia nauplii twice daily. Male and female adult 
zebrafish (2:1) were bred to collect embryos. All the fertilized embryos 
(blastocyst stage) were collected and staged under stereomicroscope for 
the subsequent experiment. All zebrafish husbandry and experimental 
protocols used for this study were compiled in accordance with the 
Animal Ethical guidelines and regulations set by the Institutional Animal 
Ethics and Care (IAEC), Banaras Hindu University, India (approval letter 
No. BHU/DoZ/IAEC/2019–20/020 Dated 27/08/2019). 

2.2. PFOS exposure 

At 4- h post-fertilization (hpf), zebrafish embryos were exposed at 
PFOS concentrations of 0.1 μM, 0.5 μM, and 1 μM (50 ppb, 250 ppb, and 
500 ppb) prepared in E3 media. DMSO (0.05%) was used as vehicle 
control as PFOS stock solution was prepared in DMSO, this group is 
referred as 0 μM throughout the article. Approximately 10 eggs were 
chosen at random for each exposure group and kept in sterilized 12-well 
plates for 120 hpf at 27 ± 5 ◦C in a BOD incubator. About 80% of the 
exposure media was renewed daily after 24 h. Simultaneously, all the 
deceased embryos were discarded to maintain the exposure medium 
quality. Three biological replicates were conducted (n = 10) using fish 
from distinct breeding clutches collected over different weeks, and each 
biological replicate underwent three technical replicates with separate 
wells for each treatment group. 

2.3. Embryo toxicity test 

The OECD Test Guideline 236 for the fish embryo acute toxicity test 
was followed. Newly fertilized zebrafish eggs were exposed to the test 
chemical for 120 hpf and four apical endpoints were recorded as in-
dicators of acute lethality in fish: (i) coagulation of fertilized eggs, (ii) 
lack of somite formation, (iii) lack of detachment of the tail-bud from the 
yolk sac, and (iv) lack of heart-beat. The mortality rate for each treat-
ment group was calculated based on the number of embryos that showed 
any of these endpoints at 24 to 120 hpf. To observe the developmental 
abnormalities after 120 h PFOS exposure, embryos (n = 6) were imaged 
under stereomicroscope (Stemi 508, Zeiss). Developmental malforma-
tions such as yolk sac edema (YSE), pericardial edema (PE), body axis 
curvature and other obvious defects were recorded. The percent 
hatching was also calculated based on the number of hatched embryos 
out of total embryo. Malformation rate and morphology score was 
evaluated as mentioned earlier (Di Paola et al., 2022; Panzica-Kelly 
et al., 2010). 

2.4. Study of lipid metabolism 

2.4.1. Oil Red O (ORO) staining 
Zebrafish embryos treated with PFOS exposure were processed for 

ORO staining. For this, the embryos (n = 20) were first fixed in 4% 
paraformaldehyde (PFA) for 24 h at 4 ◦C. Thereafter, the fixed embryos 
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were washed with PBS thrice for 10 min each. Then, the washed em-
bryos were dipped with gradient of propylene glycol solution (from 20% 
to 100%) for 10 min each and stained with 0.5% ORO solution (in 60% 
isopropanol) for 4 h at room temperature (RT). The embryos were then 
washed with 60% isopropanol for 10 min following with PBS. The em-
bryos were imaged using a stereomicroscope and a bright-field camera. 

After imaging, the stained ORO was extracted from treated zebrafish 
embryos (n = 20) for the quantification analysis. PBS was withdrawn 
from each tube before adding 250 mL of 4% ethanol formed in 100% 
isopropanol. To ensure that the ORO stain was thoroughly removed, the 
samples were vortexed and then incubated overnight at RT. The 
extracted ORO stain solution was pipetted into corresponding 96-well 
plate and the OD (absorbance) was measured at 495 using multimode 
reader as described earlier (Al-Jamal et al., 2020). 

2.4.2. Biochemical studies 
At 96 hpf, 60 embryos were randomly chosen per group for enzyme 

sampling. The samples were homogenized in 10% phosphate-buffered 
solution (0.1 M). The homogenate then centrifuged at 2000 rpm for 
20 min at 4 ◦C. After that, the supernatant was collected for biochemical 
parameters. The protein concentration was quantified following the 
Bradford method at 595 nm and standard graph was plotted using BSA 
as a standard (Bradford, 1976). Total lipid content was estimated using a 
Folch extraction method (Folch, 1941). Briefly, 1 mL of chloroform: 
methanol (2:1 v/v) was added to 100 μL of homogenized sample, mixed 
well and incubated at RT for 30 min. The mixture was then centrifuged 
at 10,000 g for 10 min, and the chloroform layer was collected for lipid 
estimation. The collected lipid fraction was evaporated, and the 
remaining lipids were weighed to determine the total lipid content. The 
levels of triglycerides (TG), total cholesterol (TCHO), LDL cholesterol, 
and HDL cholesterol in the homogenized samples were measured using 
commercially available enzymatic assay kits (Autospan). The sample 
was incubated with specific assay reagents that catalyzed the conversion 
of the lipid to a colored product, following the manufacturer's in-
structions for each lipid component. The absorbance of the product was 
measured at the wavelength specified by the kit, and the concentration 
of the lipid component was calculated using a standard curve prepared 
with known concentrations of the lipid. The glucose level in the ho-
mogenized samples was measured using a glucose oxidase-peroxidase 
method (Hill and Kessler, 1961). The sample was mixed with glucose 
oxidase and peroxidase enzymes, which oxidized glucose to gluconic 
acid and hydrogen peroxide, respectively. The H2O2 then reacted with a 
chromogen to produce a colored product. The mixture was incubated at 
37 ◦C for 30 min to allow the reactions to complete. The absorbance of 
the product was measured at 540 nm, and the glucose concentration was 
calculated using a standard curve prepared with known concentrations 
of glucose. 

2.4.3. Enzyme assays 
After the exposure period, embryos (n = 50) were collected and 

homogenized in ice-cold homogenization buffer. The homogenate was 
centrifuged at 10,000 rpm for 10 min at 4 ◦C, and the supernatant was 
collected for enzyme assays. LPL and FAS enzyme activity was deter-
mined using a commercial assay kit according to the manufacturer's 
instructions (Abcam). The activities were expressed as units per milli-
gram of protein. 

2.4.4. Integrated biomarker response (IBR2) 
The IBR2 was calculated using the formula described by Beliaeff and 

Burgeot (2002) and modified by Caliani et al. (2021). Briefly, the 
biomarker values were transformed to standard scores, and the average 
of the absolute values of the standard scores was used as the normali-
zation factor. The normalized biomarker values were multiplied by their 
corresponding weight factors, and the sum of the weighted values was 
divided by the normalization factor to obtain the IBR2 value. 

2.4.5. Gene expression analysis 
Total RNA of treated and untreated zebrafish larvae (96 hpf) was 

extracted using TRIzol reagent (Ambion, Thermofisher) following the 
manufacturer's protocol. The purity (260/280) and quantity of extracted 
RNA was assessed using Eppendorf μCuvette® G1.0 bio spectropho-
tometer before proceeding further. Subsequently, total RNA was 
reverse-transcribed (RT) for cDNA preparation using cDNA Revert-Aid 
RT Transcription kit (Thermo Scientific™) in accordance with the 
manufacturer's instructions. Then, qRT-PCR was performed on Quant-
Studio 5 RT-PCR (Applied Biosystems) with reaction volume of 20 μl 
using SYBER Green qPCR Master mix (Thermo Scientific™, K0243). All 
analysis was carried out in triplicates. β-actin (house-keeping gene) was 
used as an internal standard. The function and primers for the genes 
(fasn, acaca, hmgcra, ldlra, pparab, abca1a, lpla, manf, ache, ngfb, chata, 
slc18a3a, creb1a, bdnf) used in this study are listed in Table S1 and S2 
respectively. The 2-ΔΔCt technique was used to compute each gene's 
expression levels in Design and Analysis Software v1.5.2 (Applied Bio-
systems), which were then normalized against that of housekeeping 
genes (Livak and Schmittgen, 2001). 

2.5. Assessment of cholinergic neurotoxicity 

2.5.1. Acetylcholinesterase (AChE) enzymatic activity 
After 96 hpf PFOS exposure, zebrafish larvae were taken randomly 

from each group for the determination of AChE activity. Briefly, the 
acetylcholine is hydrolyzed by AChE enzyme into choline and acetic 
acid, and further the obtained choline reacts to produce sym- 
trinitrobenzene at 412 nm. For quantification, larvae (n = 30) were 
homogenized and centrifuged at 10000 rpm for 20 min at 4 ◦C. The 
obtained supernatant was then used for the estimation of AChE activity 
following Ellman et al. (1961). The specific activity of AChE was re-
ported in U/mg protein. 

2.5.2. Visualization of AChE activity 
The activity of AChE in fixed zebrafish embryos was determined 

using the method described by Karnovsky and Roots (1964). Embryos at 
24 hpf with a sample size of 10 were fixed overnight with 4% PFA. After 
fixation, the embryos were incubated in 60 mM sodium acetate buffer (5 
mM sodium citrate, 4.7 mM CuSO4, 0.5 mM K3(Fe(CN)6), 1.7 mM ace-
tylthiocholine iodide, pH 6.4) for 3–4 h and thoroughly washed with 
phosphate-buffered saline with Tween-20 (PBT) before observation 
under a Zeiss stereomicroscope (Stemi 508) connected to a Zeiss Axio-
cam 208 color digital camera. 

2.5.3. Touch-evoked-escape behavior 
To assess the touch-evoked escape (TEE) behavior, a random selec-

tion of ten embryos at 120 hpf was placed individually at the center of a 
plate (Ø 22 mm) containing E3 medium. Each embryo's tail was gently 
poked with a needle, and the distance traveled was captured by a video 
camera (60 frames per second) (Supplementary: Video_S1). We made a 
slight modification to the method described by Basnet et al. (2017) by 
adding an overlay of four concentric zones (Ø 5 mm = zone 1, Ø 10 mm 
= zone 2, Ø 15 mm = zone 3, and Ø 20 mm = zone 4) was added to each 
clip. We manually tabulated the embryo's location in response to the 
needle touch, based on the zone in which it ended up. 

2.5.4. Na+/K+-ATPase activity 
After 96 h PFOS exposure, the homogenized supernatant of zebrafish 

larvae was estimated using commercially available Na+/K+-ATPase 
enzymatic activity assay kit (Elabscience). 

2.6. STRING network analysis 

The STRING database (https://string-db.org/) was used to analyze 
the protein-protein interaction network of the proteins encoded by the 
genes whose expression levels were measured. The STRING database, 
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version 11.0, combines genomic context, high-throughput experiments, 
co-expression, and literature mining to predict functional associations 
between proteins. The interaction score was set to a medium confidence 
level of 0.4, which filters out interactions with a combined score lower 
than 400 in STRING. The protein network was visualized and clustered 
using the web-based viewer in STRING. The endpoints evaluated in the 
network analysis were the number of nodes, edges, clusters, and 
enrichment p-values for Gene Ontology terms and KEGG pathways. 

2.7. Statistical analysis 

The data obtained from the experiment was repeated three times and 
presented as mean ± standard deviation (SD). The data sets were 
analyzed using one-way ANOVA followed by Dunnett post hoc test. The 
graphs were created using GraphPad Prism software (version 9). The 
threshold for statistical significance was set at P < 0.05 for all 
experiments. 

3. Results 

3.1. Dose-dependent mortality and hatching rates of zebrafish embryos 
exposed to PFOS 

The results of this study showed dose-dependent mortality of 
zebrafish embryos exposed to PFOS. The mortality (%) increased with 
increasing concentrations of PFOS at all time points examined, indi-
cating the potential toxicity of PFOS to zebrafish embryonic develop-
ment (Fig. 1A). The mortality (%) at 120 hpf was the highest among all 
time points, reaching up to 28.1% at the highest concentration of 1 μM. 
The mortality rates at earlier time points (24–72 hpf) were relatively 
lower than those at later time points (96–120 hpf). 

The hatching rates of zebrafish embryos exposed to different con-
centrations of PFOS were assessed in this study, providing important 
insights into the potential developmental toxicity of this compound 
(Fig. 1B). Analysis of the data revealed that PFOS exposure had a con-
centration and time-dependent effect on the hatching (%) of zebrafish 
embryos. At 48 hpf, the hatching (%) of embryos exposed to 0.5 and 1 
μM PFOS was lower compared to the control group, suggesting an early 

effect of PFOS exposure on embryonic development. At 72 and 96 hpf, 
exposure to higher concentrations of PFOS resulted in significant re-
ductions in hatching (%), indicating a more pronounced effect on later 
stages of embryonic development. 

3.2. PFOS impaired development 

The present study investigated the developmental effects of PFOS on 
zebrafish embryos at 24, 48, 72, and 96 hpf. The malformation rate, 
defined as the percentage of malformed embryos out of the total em-
bryos, was used as the endpoint for the current study. The results 
revealed that exposure to PFOS caused a concentration-dependent in-
crease in the malformation rate in zebrafish embryos (Fig. 2A). At 24 
hpf, the malformation rate was low across all PFOS concentrations 
tested. However, at 48 hpf, the malformation rate increased with 
increasing PFOS concentration, with the highest malformation rate 
observed at 1 μM PFOS. The trend continued at 72 hpf and 96 hpf, with 
the highest malformation rates observed at the highest PFOS concen-
tration tested (1 μM). Analysis of the morphological scores (Table S3; 
based on which morphology scoring was done) revealed that at 1 μM 
concentration, the embryos exhibited severe malformations, with mul-
tiple abnormalities in their anatomical structures such as yolk sac 
edema, pericardial edema, body axis curvature, tail deformities etc. 
(Fig. 2B & Fig. 2C). At lower concentrations of 0.5 μM and 0.1 μM, the 
embryos exhibited moderate to mild malformations, respectively. 
However, even at these lower concentrations, the abnormal morphology 
observed in the embryos suggests the potential developmental toxicity 
of PFOS. 

3.3. PFOS induced lipid accumulation 

The ORO staining revealed a notable increase in lipid accumulation 
in PFOS-exposed zebrafish embryos compared to the control group 
(Fig. 3A). The intensity and extent of ORO staining appeared to be 
dependent on the dose of PFOS exposure, with higher doses resulting in 
more pronounced lipid accumulation. Vehicle Control embryos exhibi-
ted minimal ORO staining, indicating low levels of lipid accumulation. 

The quantification analysis revealed a significant increase in 

Fig. 1. The mortality (A) and hatching (B) of zebrafish embryos exposed to PFOS. Values represented as mean ± SD. Significance levels: P < 0.05, P < 0.01, and P <
0.001 denoted by *, **, and ***, respectively. 
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absorbance values in the PFOS-exposed embryos compared to the con-
trol group (Fig. 3B). The absorbance values correlated with the amount 
of extracted ORO stain, indicating higher lipid content in the PFOS- 
exposed embryos. Furthermore, the increase in absorbance was found 
to be dose-dependent, with higher PFOS concentrations leading to 
greater lipid accumulation. 

3.4. PFOS exposure altered lipid contents 

The study conducted at 96 hpf in zebrafish embryos exposed to 
different concentrations of PFOS revealed several noteworthy results. 
The data showed a significant increase in total lipid levels in embryos 
exposed to PFOS at concentrations of 0.5 μM and 1 μM compared to the 
control group (Fig. 4A). TGs (Fig. 4B) and TCHO (Fig. 4C) levels also 
increased in a dose-dependent manner, with the highest levels observed 
in embryos exposed to 1 μM PFOS. Similarly, LDL cholesterol levels 
showed a dose-dependent increase in embryos exposed to PFOS 
(Fig. 4D). Interestingly, HDL cholesterol levels decreased in embryos 
exposed to PFOS at concentrations of 0.1 μM and above, suggesting a 
possible adverse effect on lipid metabolism (Fig. 4E). Finally, glucose 
levels decreased in a dose-dependent manner in embryos exposed to 
PFOS, with the lowest levels observed in embryos exposed to 1 μM PFOS 
(Fig. 4F). 

3.5. High IBRv2 index indicated most affected biomarkers 

All biochemical indicators related to lipid metabolism demonstrated 
a statistically significant induction or inhibition in the exposure groups 
as shown in Fig. 5. The biomarker deviation index for TGs, TCHO and 
GLU (glucose) activity was larger than that of all other biomarkers, 
indicating that these three were the most sensitive biomarkers in this 
exposure study. IBRv2 values for 0.1, 0.5 and 1 μM were 117.02, 210.59 
and 295.63, respectively, with very modest differences among groups 
(Fig. 5). 

3.6. PFOS altered enzyme activities and gene expressions involved in lipid 
metabolism 

The enzyme activity of LPL and FAS was assessed, along with the 
gene expressions of fasn, acaca, hmgcra, ldlra, pparab, abca1a, and lpla. 
The results showed a concentration-dependent decrease in LPL activity 
with increasing PFOS concentrations (Fig. 6A), while FAS activity 
exhibited an opposite trend, with increased activity at higher concen-
trations (Fig. 6B). Additionally, the gene expressions of fasn, acaca, and 
hmgcra were upregulated in a dose-dependent manner, indicating an 
increase in fatty acid synthesis in response to PFOS exposure (Fig. 6C). 
Conversely, ldlra, pparab, and abca1a gene expressions were down-
regulated in a concentration-dependent manner, suggesting decreased 
cholesterol uptake and transport (Fig. 6C). Interestingly, the expression 
of lpla exhibited a biphasic response, with a decrease at lower concen-
trations followed by an increase at higher concentrations as shown in 
Fig. 6C. Overall, these findings suggest that PFOS exposure alters lipid 
metabolism and gene expression in zebrafish embryos, potentially 
leading to adverse health effects. Further studies are warranted to 
elucidate the underlying mechanisms and implications of these changes. 

3.7. PFOS impaired cholinergic neurotransmission 

One of the main objectives of this study was to investigate the effects 
of PFOS exposure on the development and function of the nervous sys-
tem in zebrafish embryos. To this end, a series of assays were performed 
to evaluate the behavioral, enzymatic, and molecular changes induced 
by PFOS in zebrafish larvae. The results revealed significant alterations 
in several parameters related to neurotoxicity and neurodevelopment. 

3.7.1. Acetylcholinesterase activity 
PFOS exposure resulted in a concentration-dependent inhibition of 

AChE activity in whole embryo homogenates, with the highest effect 
seen at 1 μM PFOS (Fig. 7A). This effect was confirmed by whole mount 
staining of 96 hpf larvae, which showed a clear decline in the AChE 

Fig. 2. (A) Malformation rate, (B) Morphology score and (C) Morphological changes observed in zebrafish larvae after 96-h exposure to different concentrations of 
PFOS (0 μM, 0.1 μM, 0.5 μM, and 1 μM). The morphological changes included body axis curvature (BAC), yolk sac edema (YSE), pericardial edema (PE), tail 
malformations (TM). Scale bar = 500 μm. 
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activity in the trunk regions of embryo (Fig. 7B). 

3.7.2. Touch-evoked escape behavior 
The touch-evoked escape (TEE) behavior of 96 hpf larvae was 

assessed, which is a simple and reliable indicator of sensory-motor 
integration and neurological function. It was found that exposure to 
PFOS resulted in a significant reduction in the ability of larvae to 
respond to touch stimuli with increasing concentrations of PFOS, indi-
cating impaired neurological function (Fig. 7D). 

3.7.3. Gene expression of neural development and function factors 
The mRNA levels of key genes involved in neural development and 

function were measured by quantitative real-time PCR (qRT-PCR). 
Genes that encode for neurotrophic factors (manf, ngfb, bdnf), enzymes 
related to cholinergic neurotransmission (ache, chata, slc18a3a), and 
transcription factors involved in neuronal plasticity (creb1a) were 
selected. It was found that exposure to PFOS resulted in alterations in 
gene expression of several factors, including manf, ngfb, bdnf, ache, 
chata, slc18a3a, and creb1a (Fig. 7E). The mRNA levels of manf and ache 
were upregulated in a concentration-dependent manner, suggesting 
compensatory responses to the observed AChE inhibition and neuronal 
stress. In contrast, the expressions of ngfb, bdnf, chata, slc18a3a, and 
creb1a were downregulated in a concentration-dependent manner. 

3.7.4. Na+/K + -ATPase activity 
Na+/K + -ATPase is essential for maintaining the resting membrane 

potential and regulating the excitability and signaling of neurons. PFOS 
exposure resulted in a significant inhibition of Na+/K + -ATPase activity 
in whole embryo homogenates in a concentration-dependent manner, 
with the highest effect observed at 0.1 μM PFOS (Fig. 7C). 

3.8. STRING network analysis 

To explore the possible interactions and pathways among the genes 
involved in lipid metabolism and cholinergic neurotransmission, we 
performed a string network analysis using the STRING database. The 
genes included in the analysis were related to lipid metabolism and 
cholinergic neurotransmission. The STRING network analysis showed 
that the genes formed two distinct clusters according to their biological 
functions (Fig. 8). The lipid metabolism cluster was composed of fasn, 
acaca, hmgcr, ldlr, ppara, abca1, and lpl, which are involved in fatty acid 
synthesis, cholesterol synthesis, lipoprotein uptake, lipid transport, and 
lipolysis. The cholinergic neurotransmission cluster was composed of 
manf, ache, ngfb, chat, slc18a3, creb1, and bdnf, which are involved in 
neuronal survival, acetylcholine hydrolysis and synthesis, acetylcholine 
transport, transcriptional regulation, and synaptic plasticity. However, 
the clusters were not completely isolated from each other and were 
found to be well connected via the pparα-creb1 pathway (Fig. 8). 

Fig. 3. (A) Representative images of ORO staining in zebrafish embryos exposed to different concentrations of PFOS. (B) Quantification analysis of ORO staining in 
PFOS-exposed zebrafish embryos. Values represented as mean ± SD. Significance levels: P < 0.05, P < 0.01, and P < 0.001 denoted by *, **, and ***, respectively. 
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4. Discussion 

The present study demonstrated that PFOS exposure during embry-
onic period caused various developmental toxicity by inducing aberrant 
lipid metabolism and disruption of neurotransmission. Developing or-
ganisms are always susceptible to any kind of environmental toxins and 
hence may pose a potential threat to aquatic ecosystems. In our study, 
developmental toxicity induced by PFOS in zebrafish was indicated by 
hatching rate, mortality rate, morphology score, and malformation rate 
in zebrafish larvae in a dose-dependent manner. These results have 
shown that PFOS can cause remarkable developmental abnormalities in 
zebrafish larvae including delayed hatching (48–96 hpf), increased 
mortality and malformation rate which was consisted with a previous 
study (Chen et al., 2020). Briefly, hatching is considered as the critical 
window period for zebrafish embryogenesis. The consequences of 
delayed hatching might be the retarded or inability to come out of the 
chorions and sometimes eventually led to death of embryos also (Gupta 
et al., 2023; Mahapatra et al., 2023). Therefore, the differences in 
hatching (%) and mortality (%) after PFOS exposure shows slower 
development of zebrafish embryos (Zhang et al., 2015). The yolk sac is 
essential during the early development stage since it is the primary 
source of sustenance for embryos, and its physical size decreases as the 
embryo develops. Lesser or fewer deformities were seen in control 

Fig. 4. Total lipid content (A), triglycerides (B), total cholesterol (C), LDL (D), HDL (E), and glucose content (F) of zebrafish embryos exposed to PFOS concen-
trations. Values represented as mean ± SD. Significance levels: P < 0.05, P < 0.01, and P < 0.001 denoted by *, **, and ***, respectively. 

Fig. 5. IBRv2 star plot of several biochemical markers of lipid metabolism after 
PFOS exposure. 
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Fig. 6. (A) LPL and (B) FAS activity in 96 hpf larvae homogenate after PFOS exposure. (C) The relative fold change in expression of genes involved in lipid 
metabolism as measured by qRT-PCR. Values represented as mean ± SD. Significance levels: P < 0.05, P < 0.01, and P < 0.001 denoted by *, **, and ***, 
respectively. 

A. Mahapatra et al.                                                                                                                                                                                                                            



Neurotoxicology and Teratology 100 (2023) 107304

9

Fig. 7. (A) AChE activity, (B) representative images of AChE localization in 96 hpf zebrafish embryos following exposure, (C) Na+/K+-ATPase activity and (D) heat 
map showing traveled zone by individual larvae from different experimental groups. (E) The relative fold change in expression of genes involved in manf-ache 
pathway as measured by qRT-PCR. Values represented as mean ± SD. Significance levels: P < 0.05, P < 0.01, and P < 0.001 denoted by *, **, and ***, respectively. 

A. Mahapatra et al.                                                                                                                                                                                                                            



Neurotoxicology and Teratology 100 (2023) 107304

10

group, but the treated group showed increased YSE, PE, bent body axis 
curvature and tail malformations. These results showed that PFOS can 
considerably impede zebrafish embryo development. 

ORO stains neutral lipids and TGs (Mehlem et al., 2013), therefore 
the quantitative measurement of ORO staining can be a direct assess-
ment of neutral lipid and TGs content (Yoganantharjah et al., 2017). As 
in our study, ORO staining after PFOS exposure have shown increased 
content of neutral lipid and TGs as further demonstrated by quantifi-
cation analysis that suggests disruption in neutral lipid mobilization 
from the zebrafish embryonic yolk sac. Consistent with our findings, 
same pattern was observed in zebrafish embryos after PFOA and its 
novel analogs exposure (Sun et al., 2023). 

In general, as the fish embryos hatch out, the depletion of lipid from 
yolk sac starts for nutrition (Wiegand, 1996). Quantification of total 
lipid demonstrated that lipid content was accumulated in zebrafish 
larvae after PFOS exposure. Earlier study has shown that difenoconazole 
exposure in marine medaka resulted in increased content of total lipids 
(Dong et al., 2016) and subsequently increased TG level in embryonic 
zebrafish after 96 h (Hu et al., 2016). In fact, TG and TCHO are 
considered as the important biomarkers for indicating any lipid meta-
bolism disorders. TGs constitute a prominent class of neutral lipids that 
supply most of the energy ingested by embryo throughout the growth 
and development. Meanwhile, cholesterol is the most common tetracy-
clic hydrocarbon compounds, exists as a crucial component of cell 
membranes (Simons and Ikonen, 1997) and provides protection of 
membrane lipids (Zhang et al., 2018). It is also essential for transport 
and signal transduction between cells (Mu et al., 2015; Simons and 
Toomre, 2000) or it can exist in a neutral lipid storage form esterified to 
a fatty acid (Kojima et al., 2009). The present findings showed an 
appreciable increase in TCHO, TGs and total lipid content in the highest 
dose group (Qian et al., 2018; Yan et al., 2022). 

Lipid metabolism plays a major role during early-life stages of 
zebrafish embryo development (Teng et al., 2019). FAS is a key enzyme 
present in the cytoplasm that catalyzes lipogenesis from glucose and 
therefore increases in de novo fatty acid synthesis (Qian et al., 2018). 
LPL is a triacylglycerol hydrolase that hydrolyses TG in circulating li-
poproteins (Goldberg et al., 1986). The rate-limiting step for the 
adsorption of TG produced from FA is defined as the degree of LPL 
expression in a specific tissue. In our study, there was a decrease in level 
of LPL enzyme which is consistent with the observed increase in total 
lipid and TG content. This result indicates that due to decrease in LPL 
activity and increase in FAS, there will be decrease in breakdown of 
circulating TG, and hence resulting in increased accumulation of total 
lipid and TG in zebrafish embryos (Zhang et al., 2019). In our study, the 
observed increase in TCHO and LDL cholesterol can be demonstrated by 

the PFOS effect on cholesterol synthesis and uptake. As earlier shown 
that FAS activity increased after exposure which is in accordance with 
the increase in TCHO production levels. Similarly, PFOS might be 
inhibiting the uptake of LDL cholesterol and hence there is increased 
level of LDL cholesterol in exposed zebrafish embryos. However, HDL 
plays protective role against cardiovascular diseases and a decrease in its 
level could be associated with increased risk of diseases as observed in 
our study. 

Lipid homeostasis is governed by significant number of genes 
including lipid intake, mobilization, storage, synthesis, metabolism, and 
breakdown. Therefore, there should be a proper mechanism to maintain 
and regulate the optimal lipid homeostasis either at the transcriptional 
or protein level in response to feedback signals (Tocher, 2003). For 
instance, Peroxisome proliferator-activated receptor (PPARs) family are 
clusters of nuclear receptors that play a key role in lipid metabolism, 
such as fatty acid oxidation, biosynthesis, and uptake. There are three 
isoforms of PPAR: PPARα, PPARβ/δ, and PPARγ, each of which has 
distinct functions in lipid metabolism acting as either sensor or signal 
transducers (Mylroie et al., 2021). In the current study, we have showed 
that PFOS exposure resulted in decrease gene expression of PPARα 
indicating decreased fatty acid β-oxidation which regulates biological 
processes during development and growth of the organisms (la Poulsen 
et al., 2012). Subsequently, lipases are involved in breakdown of lipids 
including TGs and phospholipids (Heindel et al., 2017). The present 
study demonstrated that lpla was downregulated and therefore the 
breakdown of TGs or TGs uptake from blood was decreased and hence 
there is accumulation of TGs as demonstrated in our findings. Further-
more, Fatty acid synthase (FASN) and Acetyl-CoA carboxylase alpha 
(ACACA) plays central roles in fatty acid metabolism. In the current 
study, there is increased expression level of fasn and acaca which suggest 
an increase in de novo fatty acid synthesis and regulation of fatty acid 
synthesis respectively (Yu et al., 2020). This might contribute to the rise 
in TLs, TCHO, and TGs which is remarkably found in our study. The 
genes involved in cholesterol metabolism include 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMCGR), which is the rate-limiting enzyme in 
cholesterol synthesis, and low-density lipoprotein receptor (LDLR), 
responsible for uptake of LDL cholesterol from the bloodstream (O'Hare 
et al., 2014). The altered expression of hmgcra and ldlra suggests that 
there is imbalance in the clearance of lipoproteins. Moreover, ATP- 
binding cassette transporter A1 (abca1a) expression gets significantly 
downregulated due to decreased level of HDL cholesterol (Xu et al., 
2017). 

Overall, the observed abnormalities in lipid metabolism indicate that 
PFOS is interfering with lipid metabolism pathways, including lipolysis, 
lipogenesis, cholesterol production, and cholesterol absorption. Further 

Fig. 8. STRING Protein-Protein Interaction analysis showing interaction between proteins (of respective genes) of our interest.  
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research would be needed to discover the specific molecular pathways 
involved and the possible ramifications of these alterations in lipid 
metabolism for the health of aquatic organisms exposed to PFOS. 

Acetylcholine (ACh) is the major neurotransmitter of the cholinergic 
system and plays a crucial role in central and neuromuscular synapses 
(Behra et al., 2002; Suman et al., 2023). In the central nervous system, 
these cholinergic neurons are widely distributed and therefore respon-
sible for modulating neurological functions. Experimental evidence has 
shown that injuries introduced in forebrain cholinergic neurons led to 
attention deficit (Ferreira-Vieira et al., 2016). During cholinergic 
signaling in the nervous system, ACh releases from the pre-synaptic 
nerve terminals and binds to its receptor which are present in 
post-synaptic membrane. After release, ACh are rapidly degraded by 
AChE and cleaves ACh into choline and acetate. Therefore, the AChE has 
been underscored as an important biomarker for neurotoxicity exposure 
in aquatic organisms (Wang et al., 2019b). As in our study, PFOS 
exposure has shown decreased activity of AChE enzyme which resulted 
in accumulation of acetylcholine neurotransmitter in synaptic cleft and 
therefore ultimately resulting in enhanced cholinergic transmission. 
This can result in overstimulation of cholinergic neurons and, as a result, 
a decrease in responsiveness, leads to hypoactive muscle contraction 
and behavioral actions (Chen et al., 2012). Consistent with these, in our 
study also, PFOS exposure resulted in deceased AChE activity and 
eventually impaired TEE. The delayed response in TEE is one of the 
important biological endpoints for neurotoxicity evaluation (Wang 
et al., 2019a). The present work observed delayed TEE in exposed 
groups in a dose-dependent manner indicating PFOS induces neuro-
toxicity. This finding agreed with the previous studies that reported 
inhibition of AChE activity might cause altered behavior, eventually 
leading to neurodevelopmental toxicity in zebrafish larvae (Chen et al., 
2012). Additionally, Na+/K+-ATPase is an ion pump that is critical for 
maintaining proper ion concentrations and electrical gradients across 
cell membranes (Wang et al., 2020). The decrease in enzymatic activity 
of Na+/K+-ATPase can lead to an imbalance of ion gradients across 
neuronal membranes, resulting into altered neuronal excitability and 
potential neurotoxic effects as demonstrated in our experiment (Gupta 
et al., 2023; Mahapatra et al., 2022). Taken together, these findings 
suggest that PFOS might be interfering with cholinergic signaling and 
ion transport processes in neurons. 

In terms of molecular mechanism, alteration of several genes 
involved in manf-ache pathway might be responsible for development 
neurotoxicity after PFOS exposure. The transcript level of manf was 
increased in embryonic zebrafish after PFOS exposure. Among all the 
genes, increased ache activity and downregulated choline acetyl-
transferase (chata) genes were found in PFOS-exposed zebrafish larvae. 
CHAT is responsible for synthesizing acetylcholine in neurons (Granger 
et al., 2020) and therefore PFOS induced accumulation of acetylcholine 
occurs after downregulation of its expression. The gene nerve-growth 
factor (ngfb) and brain-derived neurotrophic factor (bdnf) are involved 
in promoting survival and growth of cholinergic neurons (Allen et al., 
2013). PFOS dysregulates the gene expression of ngfb and bdnf and hence 
potentially contributing to neurotoxic effects (Wu et al., 2017). Vesic-
ular acetylcholine transporter (slc18a3a) transports acetylcholine into 
synaptic vesicles for secretion. cAMP response element-binding protein 
(creb1a) is a transcription factor that plays a role in regulating gene 
expression in response to synaptic activity. The decreased level of 
slc18a3a and creb1a shows dysregulation in other cholinergic and ion 
transport genes. Concludingly, these results indicate that PFOS induced 
adverse effect on neurodevelopment by affecting the key genes involved 
in early life-stage of zebrafish. STRING protein-protein interaction is 
showing that how lipid metabolism and cholinergic neurotransmission 
is correlated with each other through pparα-creb1 pathway. 

In summary, this research provides an extensive evaluation of the 
impact of PFOS exposure on the early life stages of zebrafish, encom-
passing the effects on developmental abnormalities, lipid metabolism, 
and neurotoxicity endpoints. Our study reveals that PFOS exposure is 

associated with developmental anomalies, such as delayed hatching and 
increased mortality, as well as changes in lipid metabolism, including 
altered enzyme activity and lipid droplet formation. Moreover, our 
findings demonstrate that PFOS exposure induces neurotoxicity, as 
shown by changes in the activity and staining of the AChE enzyme, TEE, 
Na+/K+-ATPase enzyme activity, and the expression of crucial neuronal 
markers. Overall, this research emphasizes the necessity of assessing the 
impact of environmental pollutants, such as PFOS, on developing or-
ganisms. Given that zebrafish embryos and larvae are widely used as 
model organisms in toxicology and developmental biology research, our 
results have significant implications for comprehending the potential 
health risks of PFOS exposure in human populations. Ultimately, a better 
understanding of the mechanisms underlying the observed effects of 
PFOS on zebrafish embryos and larvae could aid in the development of 
effective measures to mitigate the health hazards linked to exposure to 
PFOS and other environmental pollutants. 

5. Conclusion 

This study provides important insights into the potential adverse 
health effects of PFOS exposure on developing zebrafish embryos. The 
results demonstrate that PFOS exposure alters lipid and glucose pa-
rameters, as well as key molecular mechanisms underlying neurological 
development and function. The dyslipidemic effects of PFOS exposure 
observed in this study, including the increase in TLs, TGs, TCHO, and 
LDL cholesterol, and the decrease in HDL cholesterol, suggest an 
increased risk of cardiovascular disease. Additionally, the study's finding 
of a significant decrease in glucose levels suggests that PFOS exposure 
may impair glucose metabolism. The observed alterations in lipid 
metabolism and gene expression suggest that PFOS exposure alters lipid 
uptake and metabolism, stimulates de novo fatty acid synthesis, and 
inhibits cholesterol uptake and transport. Additionally, the altered key 
molecular mechanisms underlying neurological development and 
function, including cholinergic neurotransmission, neuronal plasticity, 
and ion homeostasis, underscore the potential neurotoxicity of PFOS 
exposure. Moreover, the correlation between lipid levels and acetyl-
cholinesterase activity has been observed though STRING network 
analysis. These findings highlight the urgent need for further research to 
fully elucidate the underlying molecular mechanisms and potential 
long-term effects of PFOS exposure, and to inform the development of 
effective preventive and therapeutic strategies to minimize the public 
health threat posed by PFOS exposure. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ntt.2023.107304. 
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