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ABSTRACT: Per- and polyfluoroalkyl substances (PFASs) are
ubiquitous environmental pollutants, causing environmental
threats and public health concerns, but information regarding
PFAS hepatotoxicity remains elusive. We investigated the effects of
PFASs on lipid metabolism in black-spotted frogs through a
combined field and laboratory study. In a fluorochemical industrial
area, PFASs seriously accumulate in frog tissues. PFAS levels in
frog liver tissues are positively related to the hepatosomatic index
along with triglyceride (TG) and cholesterol (TC) contents. In the
laboratory, frogs were exposed to 1 and 10 μg/L PFASs,
respectively (including PFOA, PFOS, and 6:2 Cl-PFESA). At 10
μg/L, PFASs change the hepatic fatty acid composition and
significantly increase the hepatic TG content by 1.33 to 1.87 times.
PFASs induce cross-talk accumulation of TG, TC, and their metabolites between the liver and serum. PFASs can bind to LXRα and
PPARα proteins, further upregulate downstream lipogenesis-related gene expression, and downregulate lipolysis-related gene
expression. Furthermore, lipid accumulation induced by PFASs is alleviated by PPARα and LXRα antagonists, suggesting the vital
role of PPARα and LXRα in PFAS-induced lipid metabolism disorders. This work first reveals the disruption of PFASs on hepatic
lipid homeostasis and provides novel insights into the occurrence and environmental risk of PFASs in amphibians.
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6:2 Cl-PFESA is commonly found in surface water,8 sludge,9
and airborne particulate matter,10 and its level in the serum of
general human population even exceeds that of PFOS.11 In this
case, there are concerns about the adverse health effects of
PFASs in animals and even humans. Although few studies are
available, PFASs such as PFOA and PFOS have been reported
to induce lipid metabolism disorders along with developmental
and reproductive toxicity in amphibians.12,13 Thus, concerns
about the environmental occurrence of PFASs and their
ecological risk in amphibians are warranted.
Amphibians are frequently used to monitor ecosystem
health. However, amphibian populations are declining severely
worldwide. As one of the primary contributors to declining
amphibian populations, environmental pollution threatens 19%

1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFASs) are a group of
anthropogenic organic chemicals with fluorocarbon-based
characteristics but different functional end groups.1 Due to
their excellent chemical properties, PFASs have been applied
for over 70 years in industrial and household products and
appear to have high environmental persistence and biomagnification potential.2,3 Among them, perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are
the most abundant legacy PFASs found in environmental
matrices, biota, and human tissue.4 Due to their harm, PFOAand PFOS-related chemicals were listed for global restriction
and use in the 2009 Stockholm Convention.5 However, the
accumulation of PFOS in finless porpoises from the East China
Sea increased over time between 2009−2010 and 2018−2019,
indicating that PFOS remains in the environment.6 Furthermore, the phasing out of PFOA and PFOS has led to the rise of
other fluorinated alternatives, such as 6:2 polyfluorinated ether
sulfonate (6:2 Cl-PFESA). In 2013, the environmental
occurrence of 6:2 Cl-PFESA was first reported in electroplating
wastewater at a concentration greater than 40 μg/L.7 Today,
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of all amphibian species.14 Because of its rapid population
decline, the black-spotted frog (Rana nigromaculata) has been
listed as a near-threatened organism by IUCN.15 The highly
permeable skin of frogs makes them susceptible to watersoluble pollutants, such as PFASs.16 For instance, a total of 17
target PFASs have been widely detected in black-spotted frogs
near fluoridation plants in China.17 However, the adverse
effects of accumulated PFASs on frogs and the contribution of
PFASs to the declining frog population remain unclear.
The liver is the major organ for PFAS accumulation and
plays an essential role in regulating lipid homeostasis.18 Recent
toxicological studies have shown that exposure to PFASs
induces lipid metabolism disorders, which may lead to obesity,
nonalcohol fatty liver, or other metabolism-related diseases. 19,20 Peroxisome proliferator-activated receptors
(PPARs), as nuclear receptors that regulate lipid metabolism,
are naturally activated by fatty acids (FAs).21 Due to their
structural similarity with FAs, PFASs can bind to and activate
PPARs, which induces the of downstream lipid metabolismrelated genes, thereby disturbing lipid homeostasis.22 However,
exposure to several perfluoroalkyl acids (PFAAs) induced
hepatic steatosis in PPARα knockout mice, suggesting that
PPARα might not be the only mechanism responsible for
PFAA-induced lipid metabolism disorders.23 In addition, liver
X receptor α (LXRα), a ligand-activated transcription factor,
modulates the de novo lipogenesis (DNL) process, which is
easily affected by environmental pollutants.24 For example, Cu
induced hepatic lipid deposition through the LXRα pathway in
zebrafish (Danio rerio).25 However, it is not clear whether the
LXRα pathway is involved in PFAS-induced lipid metabolism
disruption.
This study aimed to determine whether accumulated PFASs
disrupt lipid metabolism in black-spotted frogs in the field.
Furthermore, frogs were exposed to PFOA, PFOS, or 6:2 ClPFESA for 21 days in the laboratory to evaluate lipid
homeostasis and explore their underlying mechanisms through
Oil Red O staining, biochemical index analysis, FA profile
assay, molecular docking, gene transcription determination,
and enzyme activity analysis. These findings provide a
reference for understanding the ecological risk and toxicity
mechanism of PFASs in amphibians.
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2.3. Frog Maintenance and Exposure. The maintenance
of the black-spotted frog was carried out following our
previously developed method.27 Healthy and uniform male
frogs were exposed to 0, 1, and 10 μg/L PFOA, PFOS, or 6:2
Cl-PFESA. The selected exposure concentrations were based
on the concentrations of PFOA (10.6 μg/L), PFOS (2210 μg/
L), and 6:2 Cl-PFESA (7.6 μg/L) in aquatic ecosystems.28,29
Each control and exposure group consisted of three replicate
aquariums; each aquarium contained 20 frogs and was filled
with 2 L of exposure solution (or 0.01% dimethyl sulfoxide).
After 21 consecutive days, the frogs were euthanized and
dissected for sample collection. To minimize individual
variation, three serum samples or three livers from the frogs
were pooled together as one sample. Pictures of the frog
housing device are provided in Figure S2, and details on frog
maintenance and exposure are provided in Text S5. All animal
experiments followed the humane treatment guidelines
established by the Association of Laboratory Animal Sciences.
2.4. Oil Red O Staining. Oil Red O staining was
performed following our previous study.13 Livers (n = 4
replicates) were fixed, frozen, and sectioned into 8 μm
sections, which were then stained with Oil Red O and
counterstained with hematoxylin (Servicebio, China). Lipid
accumulation was visualized at 200× magnification with an
optical microscope (Nikon, Japan). Additional details are
provided in Text S6.
2.5. Biochemical Measurements. Biochemical indices
were measured (n = 4 replicates) using commercial kits
following the manufacturer’s instructions. Absorbance was
detected using a microplate reader (Tecan, Switzerland).
Additional details are provided in Text S7.
2.6. FA Profile Analysis. FAs in the liver (n = 3 replicates)
were extracted and analyzed following a previously described
method.30 FA methyl esters were analyzed using a gas
chromatograph equipped with a mass spectrometer (Thermo
Fisher Scientific, U.S.A.). The analytical method is detailed in
Text S8.
2.7. Quantitative Real-Time Polymerase Chain Reaction (qPCR). A CFX 384 Touch real-time PCR detection
platform (Bio-Rad, Germany) was used to perform qPCR (n =
4 replicates) following a previously published method.31 The
target primers of the gene are shown in Table S4, and the
detailed protocols are provided in Text S9.
2.8. Western Blot Analysis. Protein extraction and
Western blotting (n = 3 replicates) were carried out following
a previously described method.32 Target protein expression
was visually analyzed using a Luminescent Imaging Workstation (Tanon, China). The detailed protocols are provided in
Text S10.
2.9. Molecular Docking. AutoDock Tools 1.5.7 software
was used to prepare the ligand and receptor. The molecular
docking of the ligand and receptor was carried out using
AutoDock Vina 1.2.0. Discovery Studio Visualizer 2021 (San
Diego, CA, U.S.A.) was used to visually analyze the docking
configuration with the lowest energy. The detailed molecular
docking procedures are described in Text S11.
2.10. Statistical Analysis. All data in this study were
analyzed by IBM SPSS Statistics 20 (IBM, U.S.A.). Levene’s
test and Kolmogorov−Smirnov one-sample test were used to
evaluate the homogeneity of variance and normality of the
data. One-way analysis of variance based on Duncan’s multiple
range test was applied to evaluate significant differences
between groups (P < 0.05). The Kruskal−Wallis test was

2. MATERIALS AND METHODS
2.1. Chemicals. A total of 16 target PFASs [12
perfluoroalkylcarboxylic acids (PFCAs) and 4 perfluoroalkanesulfonates (PFSAs)] and their internal standards were
obtained from Wellington Laboratories Inc. (Ontario,
Canada). Other chemicals are detailed in Text S1. An
authentic 6:2 Cl-PFESA standard was purified from the
commercial F-53B product following a published method.26
The preparation of 6:2 Cl-PFESA is shown in Text S2 and
Figure S1.
2.2. Field Sample Collection and Analysis. A total of 14
black-spotted frogs were captured in Quzhou, China (August
2021). The sampling site information, gender, whole body
weight, and liver weight of each frog are provided in Table S1.
Water samples (n = 4 replicates) were collected in ditches from
each frog sampling site. The details about sample collection,
sample extraction, instrument analysis, and quality control are
provided in Texts S3 and S4 and Tables S2 and S3. All
research protocols were approved by the Ethics Committee of
the Institute of Zoology, Hangzhou Normal University.
B
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Figure 1. Accumulation of PFASs and their relation with physiological indices in black-spotted frogs (n = 14) collected near fluorochemical
industries. (A) Tissue distribution of the mean ∑PFAS concentration in frogs. (B) Composition profiles of legacy PFSAs, PFCAs, and emerging
PFASs in frog liver. (C) Mantel’s correlation analysis between the liver PFAS levels and frog physiological indices. The blue and red colors indicate
positive and negative correlations, respectively, and the size of the heatmap square represents the strength of the correlation. The edge width
corresponds to Mantel’s r statistic for the correlations between the liver PFAS levels and BW, LW, HIS, TG, and TC, and the dark blue and yellow
colors corresponds to P < 0.05 and P < 0.01, respectively.

3.1.3. Effects of PFASs on Lipid Metabolism-Related
Physiological Indices in Frogs. Mantel’s correlation analysis
showed that body weight (BW), liver weight (LW),
hepatosomatic index (HSI), triglyceride (TG) content, and
cholesterol (TC) content were positively correlated with each
other (Figure 1C). These physiological indices were positively
correlated with the liver PFAS concentrations, particularly that
of the PFOA, PFOS, and 6:2 Cl-PFESA. In addition,
significant positive correlations were observed between the
liver PFAS levels and BW, LW, and TC; meanwhile, the PFOS
concentrations were significantly positively correlated with TC
(Figure 1C). Imbalances in lipogenesis and lipolysis may lead
to changes in the TG and TC contents, which in turn affect
BW, LW, and HSI.34 The observed positive correlations
indicate that PFASs might disrupt lipid metabolism, leading to
increases in TG content, TC content, BW, LW, and HSI.
Moreover, the significantly higher ∑PFAS concentration and
stronger correlations between PFAS concentration and lipid
metabolism-related indices in males compared to females
suggest that male frogs might be more sensitive to PFASs than
female frogs (Text S13, Figure S5). These results suggest that
PFASs might act as environmental lipid metabolism-disrupting
chemicals in frogs.
3.2. Accumulation of PFASs in Frog Liver. To validate
the field findings, frogs were exposed to PFOA, PFOS, or 6:2
Cl-PFESA in a laboratory study. The initial concentrations
(T0) and the concentrations at 24 h (T24) were measured in
the exposure solution. The T0 values of the three PFASs closely
matched the nominal concentrations, and the concentrations
decreased from 0 to 24 h (Figure S6A). The three PFASs were
not detected in the control group. In the absence of frogs, the
PFAS concentrations in the exposure solution remained
constant over time (Figure S6B). After exposure to 1 and 10
μg/L PFAS, the residual PFAS concentrations in the liver were
13.62 ± 2.47 and 76.60 ± 7.16 ng/g wet weight for PFOA,
152.61 ± 30.77 and 1073.24 ± 63.80 ng/g for PFOS, and
289.40 ± 6.10 and 2042.55 ± 217.47 ng/g for 6:2 Cl-PFESA,
respectively (Figure S7). On the basis of these results, the
reduced concentrations of the three target PFASs in solution
after 24 h of exposure were mainly attributed to PFAS intake
by the frogs. The bioaccumulation capacity of the PFASs
decreased in the order of 6:2 Cl-PFESA > PFOS > PFOA, and
the BAFs of PFOS and 6:2 Cl-PFESA were significantly higher

performed when the data distribution was skewed. All data are
presented as the means plus or minus the standard error of the
mean (SEM). The calculation of the bioaccumulation factor
(BAF) is described in Text S12.

3. RESULTS AND DISCUSSION
3.1. Effects of Accumulated PFASs on Lipid Metabolism in Field-Sampled Frogs. 3.1.1. Concentrations of
PFASs in Water Samples. The mean total concentration of all
PFASs (∑PFAS) in the water samples ranged from 1380.0 to
5374.8 ng/L (Table S5). Seventeen target PFASs were widely
detected, with 11 PFASs found in 100% of the samples (Table
S5). Notably, PFOA was the most abundant PFAS; its
concentration ranged from 911.0 to 4120.6 ng/L, and PFOA
accounted for 70.73% of the total PFASs (Table S5). The
widespread detection and high concentration of PFASs (up to
μg/L) in the water samples indicate that the frog habitat is
seriously polluted by PFASs.
3.1.2. Distribution of PFASs in Frog Tissues. Among all
body tissues, the mean ∑PFAS concentration in the liver
(163.40 ng/g wet weight) was the third highest (Figure 1A).
The ∑PFAS concentration in the liver was significantly
correlated with the concentration of PFASs in water (R =
0.604, P < 0.05), suggesting that water might be an important
source of PFAS accumulation in frogs. Moreover, the
proportion of PFOS was universally higher than that of
PFOA in the whole-body tissues of frogs (Figure S3). Similarly,
in the liver, PFOS and PFOA accounted for 34.34% and 0.47%
of the PFASs, respectively (Figure 1B, Table S6). These PFAS
composition profiles were largely different from those of the
water samples (Table S5). The mean whole-body BAF
(BAFwhole body) values for PFOS (390.45 L/kg) and 6:2 ClPFESA (562.94 L/kg) were significantly higher than those of
other PFASs, particularly that of PFOA (0.04 L/kg; Figure S4),
in agreement with the findings of a previous field study in
frogs.17 PFOA contains a relatively hydrophilic carboxylic acid
group and easily accumulates in terrestrial animals, whereas
PFOS contains a sulfonic acid group and easily accumulates in
aquatic animals.33 The greater bioaccumulation potential of
PFOS and 6:2 Cl-PFESA in frogs compared to PFOA indicates
that the PFAS accumulation pattern of frogs is much closer to
that of aquatic animals than that of terrestrial animals.
C
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Figure 2. Lipid accumulation observation and biochemical indices in the liver (n = 4). (A) Alterations in HSI values. (B) The contents of hepatic
TG. (C) The results of the Oil Red O-stained liver section in the control group, 200× magnification; (D and E) 1 and 10 μg/L PFOA groups; (F
and G) 1 and 10 μg/L PFOS groups; and (H and I) 1 and 10 μg/L 6:2 Cl-PFESA groups. The presented data are the mean ± SEM. Values sharing
different superscript letters represent statistical significance (P < 0.05) between groups.

3.3.2. Increased Lipid Content in the Liver and Serum. TG
and TC are considered important biomarkers of lipid
homeostasis.41 Compared to the control group, the liver TG
content was increased by 1.07 and 1.33 times after exposure to
1 and 10 μg/L PFOA, respectively, by 1.58 and 1.87 times after
exposure to 1 and 10 μg/L PFOS, respectively, and by 1.28
and 1.67 times after exposure to 1 and 10 μg/L 6:2 Cl-PFESA,
respectively (Figure 2B). The liver TG values were higher in
the PFOS and 6:2 Cl-PFESA exposure groups than in the
PFOA exposure groups, in agreement with the liver lipid
droplet and HSI results. PFOS exposure has been shown to be
positively correlated with hepatic steatosis and TG content in
zebrafish42 and mice.43 Similarly, PFOA exposure also induced
hepatic steatosis and increased TG levels in mice44 and frogs.13
In this study, the three PFASs induced TG accumulation, and
the increase in TG content was closely related to lipid droplet
deposition and liver hypertrophy. This finding led us to
speculate that the increase in TG content was a key origin of
PFAS-induced lipid accumulation and hypertrophy of the liver.
Exposure to 10 μg/L PFOA, PFOS, and 6:2 Cl-PFESA
significantly increased the liver TC content by 1.30, 1.26, and
1.37 times, respectively (Figure S11A). Serum lipids are the
main form of lipid transport in animals and reflect changes in
lipid metabolism resulting from various pathological processes.45 The serum TG and TC contents were significantly
increased in all treatment groups compared to the control
(Figures S11B,C). Moreover, the three PFASs also significantly
increased the contents of TG and TC metabolites in the liver,
including free fatty acid (FFA), glycerol, and bile acids
(Figures S11D−F). Correlation analysis revealed that TG and
TC were positively related to their metabolites, and hepatic

than that of PFOA, in agreement with our field results (Figure
S8).
The different bioaccumulation capacities of PFASs might be
related to their different structures. The binding affinity to liver
FA binding protein decreases in the order of 6:2 Cl-PFESA >
PFOS > PFOA, suggesting that additional sorption leads to
higher bioaccumulation in the liver.35 Urinary excretion is
primarily involved in the depuration of PFOA,36 and PFOS has
lower renal clearance than PFOA in organisms,37 likely leading
to the higher accumulation of PFOS than PFOA in frogs.
3.3. Effects of PFASs on Lipid Accumulation in Frog
Liver and Serum. 3.3.1. Formation of Lipid Droplets in
Hypertrophic Liver. PFOA exposure did not significantly affect
HIS compared to the control group (Figure 2A). However,
exposure to 1 and 10 μg/L PFOS and 10 μg/L 6:2 Cl-PFESA
significantly increased HSI, indicating hypertrophy of the liver
was induced (Figure 2A). The liver sections in the control
group showed normal lipid droplet levels (Figure 2C), while
exposure to the three PFASs dose-dependently increased lipid
deposition (Figure 2D−I). Figure S9 shows images of the Oil
Red O-stained liver sections. The quantification of lipid
droplets indicated that lipids were significantly increased in all
exposure groups (Figure S10). In toxicological studies on
rodent and nonhuman primates, PFOA, PFOS, and 6:2 ClPFESA can alter lipid metabolism, increase liver lipid levels,
and induce liver hypertrophy.38−40 Similarly, frogs exposed to
the three PFASs also showed lipid accumulation and liver
hypertrophy. Furthermore, the increase in lipid droplets was
more intense in the groups exposed to PFOS and 6:2 ClPFESA than in the PFOA exposure groups.
D
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Figure 3. Heatmap and clustering analysis of hepatic fatty acid profiles in the control, 10 μg/L PFOA, PFOS, and 6:2 Cl-PFESA treatment groups
(n = 3). The fatty acids are classified into different subclasses: saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and
polyunsaturated fatty acid (PUFA).

metabolism.46 A total of 49 FAs, including 15 saturated fatty
acids (SFAs), 20 monounsaturated fatty acids (MUFAs), and
14 polyunsaturated fatty acids (PUFAs), were detected in the
control group and groups treated with 10 μg/L PFASs. The
PCA scores (Figure S13) and heatmap of relative intensities
(Figure 3) show distinct differences between the control and
the three PFAS exposure groups, suggesting that the PFASs
dramatically affected FAs in the liver. Exposure to the three

lipids were also positively related to serum lipids, indicating
that these lipids were mutually transformed and coaccumulated
in the liver and serum (Figure S12). These results indicate that
PFASs induced fatty liver and hyperlipidemia in frogs,
providing evidence that PFASs contribute to lipid metabolism
disorders.
3.4. Disruption of the FA Profiles in Frog Liver. As
substrates for lipid synthesis, FAs play a vital role in lipid
E
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Figure 4. Interaction of LXRα and PPARα with PFOA, PFOS, and 6:2 Cl-PFESA. (A−C) Western blot bands of hepatic LXRα and PPARα
proteins and their quantitative analysis by AlphaEase FC (n = 3). Molecular docking results of (D) PFOA, (E) PFOS, and (F) 6:2 Cl-PFESA with
frog LXRα and (G) PFOA, (H) PFOS, and (I) 6:2 Cl-PFESA with frog PPARα. (J) HSI values and (K) TG contents in the livers of frogs exposed
to 10 μg/L PFOA, PFOS, and 6:2 Cl-PFESA alone; 1 μM agonists and antagonists of PPARα and LXRα alone; and the three PFASs in
combination with antagonists of PPARα and LXRα (n = 3). The presented data are the mean ± SEM. Different superscript letters represent
statistical significance (P < 0.05) between groups. Asterisks indicate significant differences between the exposure group and the control group: *P <
0.05 and **P < 0.01. Hash signs indicate significant differences between two selected groups: #P < 0.05.

PFASs increased the total SFA content, including an increase
in palmitate (C16:0, PA), the dominant SFA. Meanwhile,
exposure to the three PFASs decreased the total contents of
MUFAs and PUFAs, including decreases in the oleate
(C18:1N9C) and docosahexaenoate (C22:6N3), respectively.
The ∑SFA content was only significantly increased after 6:2
Cl-PFESA exposure, while the ∑MUFA and ∑PUFA contents
were significantly decreased after PFOS exposure (Table S7).
SFA is a basic lipid component that provides a substrate for
lipogenesis.47 Excess SFA in the liver is associated with hepatic
lipid accumulation and other negative metabolic outcomes.48
For instance, PFOA exposure increased the TG content in
mice, which was largely attributed to the increase in SFA
content.49 MUFAs and PUFAs can regulate lipogenesis
through PPAR signaling and feedback mechanisms.50 For
instance, tributyltin exposure decreased the PUFA content in
rotifers, which was likely associated with rotifer-specific
signaling or feedback mechanisms, leading to lipid accumulation.46 These data collectively suggested that exposure to the
three PFASs changed the FA profiles in frog liver and in
particular increased the SFA content and decreased the MUFA
and PUFA contents (Figure 3, Table S7), which might
contribute to lipid accumulation observed in the liver (Figure
2).
3.5. Binding and Activating Characteristics of PFASs
toward LXRα and PPARα. 3.5.1. Aberrance of the
Expressions of LXRα and PPARα Proteins. The three PFASs
significantly upregulated the expression of LXRα protein in a

dose-dependent manner (Figure 4A,B). The activation of
LXRα can upregulate the synthesis of SFA by activating the
DNL pathway.51 The upregulation of LXRα protein expression
after PFAS exposure was one of the key origins of the increase
in SFA content. On the other hand, PFOA and 6:2 Cl-PFESA
dose-dependently decreased the expression of PPARα protein,
which was significantly downregulated after exposure to 1 and
10 μg/L PFOA and 10 μg/L 6:2 Cl-PFESA (Figure 4A,C).
PPARα modulates mitochondrial and peroxisomal β-oxidation,
which plays an important role in FA metabolism.52 The
downregulation of PPARα protein expression after exposure to
PFOA and 6:2 Cl-PFESA inhibited FA metabolism, thereby
blocking the lipolysis process and leading to lipid accumulation. On the basis of these results, we speculate that both
LXRα and PPARα are involved in PFAS-induced lipid
accumulation.
3.5.2. Binding of PFASs to LXRα and PPARα Proteins. The
active binding sites of the three PFASs for frog LXRα and
PPARα proteins are presented in Figure S14. The docking
modes of the three PFASs into the LXRα and PPARα proteins
are illustrated in Figure 4D−I, while the binding energies
(ΔG) and hydrogen bond interactions are listed in Table S8.
The docking results show that the three PFASs bind to similar
binding pockets of the proteins. However, the affinities of
PFOA, PFOS, and 6:2 Cl-PFESA for LXRα and PPARα are
different: −8.0, −8.6, and −8.5 kcal/mol for LXRα,
respectively (Figure 4D−F), and −8.7, − 8.9 and −9.5 kcal/
mol for PPARα, respectively (Figure 4G−I). Hydrogen
F
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Figure 5. Integrative map of lipid metabolism activity in the liver from frogs after 21 days of exposure to PFOA, PFOS, or 6:2 Cl-PFESA (0, 1, 10
μg/L). The values are presented as the mean of four replicates. Red and green colors represent the upregulation and downregulation of biochemical
parameters, gene transcriptions, and enzyme activities, respectively. The magnitude of the changes is proportional to the intensity of the colors.

bonding has been shown to play a major role in the binding of
ligands to target receptors.53 Thus, among the three PFASs,
PFOS had the strongest affinity for LXRα, while 6:2 Cl-PFESA
showed the strongest affinity for PPARα. The affinity of the
ligand to the PPARs protein might determine the activity of
PPARs and PPAR-mediated effects.54 The three PFASs have
similar binding pockets but different binding affinities (PFOS
≈ 6:2 Cl-PFESA > PFOA) for frog LXRα and PPARα, which
was aligned with the effects of the three PFASs on lipid
accumulation in the liver.
After ligand binding to the receptor, the expression of
receptor protein may be affected through complex mechanisms. For instance, 1,25-dihydroxyvitamin D3 upregulated the
expression of vitamin D receptor protein by inducing the
stabilization of the protein.55 In contrast, after the receptor is
activated by ligand, negative feedback processes that attenuate
receptor action can be recruited to downregulate receptor
protein expression.56 In this study, the binding of PFOA,
PFOS, and 6:2 Cl-PFESA toward LXRα and PPARα likely
upregulated expression of LXRα protein (Figure 4A,B) or
downregulated expression of PPARα protein through negative
feedback regulation (Figure 4A,C), but whether the binding
plays a decisive role in the expression of the receptor protein
needs future investigations.
Activated PPARα and LXRα by ligand can bind to the
response elements of target genes, usually as heterodimers with
retinoid X receptors (RXRs), which further regulates the
transcriptional activity.57 Endogenous FAs covalently bind to
PPARγ to induce conformational changes, which leads to the
activation of PPARγ.58 PFASs that are structurally similar to
FAs may bind to and activate PPARs in the same manner as
FAs.59 A recent study also suggested that receptor-bound
PFCAs dictated the activity of human and mouse PPARγ.60 It
led us to speculate that the activation of PPARα and LXRα by

PFASs might be the underlying mechanism of PFAS-induced
lipid metabolism disorders in frogs.
3.5.3. Alleviation of PFAS-Induced Lipid Accumulation by
PPARα and LXRα Antagonists. To confirm that the activation
of PPARα and LXRα is involved in the effects of PFASs on
lipid accumulation, frogs were exposed to 1 μM GW6471, a
PPARα antagonist, and SR9243, an LXRα antagonist, alone
and in combination with 10 μg/L of each of the three PFASs.
Furthermore, WY-14643, a PPARα agonist, and GW3965, an
LXRα agonist, were also introduced as positive controls. WY14643 and GW3965 significantly upregulated the expressions
of the PPARα and LXRα genes, respectively (Figure S15), and
increased HSI value and TG content in the liver (Figure 4J,K).
This coincides with what was also found in the previous studies
in mice.61,62 In addition, coexposure of PFASs with GW6471
and SR9243 significantly alleviated the increase in gene
expression, HSI value, and TG content induced by PFAS
exposure (Figures 4J,K and S15). It has been reported that
GW6471 and SR9243 alleviated high-fat diet-induced TG
increase in mice.63,64 In this study, the antagonists of PPARα
and LXRα blocked PFAS-induced lipid accumulation, which
provided effective evidence that lipid metabolism disorders
induced by PFASs were mediated via the activation of PPARα
and LXRα.
3.6. Alteration in Lipid Metabolism-Related Genes
and Enzymes in Frog Liver. To further understand the
mechanisms of PFAS-induced lipid accumulation, the activities
of enzymes and the expressions of genes involved in lipolysis
(mainly TG hydrolysis and FA metabolism), lipogenesis
(mainly FA, TG, and TC synthesis), lipid transport, and
nuclear signaling (mainly LXRα and PPARα) were integrated
to construct maps of hepatic lipid metabolism (Figures 5, S16,
and S17).
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3.6.1. Upregulation of Lipogenesis-Related Processes.
LXRα and sterol-regulatory element binding protein 1
(SREBP1) mediate lipid homeostasis by orchestrating the
expressions of downstream genes involved in SFA biosynthesis
(acc1, fasn).25 Compared to the control group, the expressions
of the laxα and srebp1 genes were significantly upregulated by
all exposure groups except the 1 μg/L PFOA exposure group
(Figure 5). FASN and ACC are the key enzymes that catalyze
the rate-limiting step in the biosynthesis of SFA.65 The three
PFASs promoted SFA synthesis by upregulating the
expressions of the fasn and acc1 genes (Figure 5). In addition,
the FASN enzyme content was dose-dependently increased by
the three PFASs and significantly increased upon exposure to
10 μg/L PFASs. The ACC enzyme activity was significantly
increased after PFOA exposure (Figure 5). Collectively, the
increased expressions and activities of genes and enzymes
involved in FA biosynthesis (Figure 5) accounted for the
increased SFA content in the liver (Figure 3, Table S7), which
provided substrates for the synthesis of TG and other lipids.
After SFA synthesis by FASN and ACC, the elongation of
very long-chain FAs (Elovl) and fatty acyl desaturases (Fads)
contribute to the formation of FA complexes.66 The three
PFASs enhanced the formation of FA complexes by
upregulating the expressions of the fad9 and elovl6 genes,
which provided additional substrates for the synthesis of other
lipids. Moreover, the expressions of the acsl1, dgat1, dgat2,
gpat4, agpat4, and lpin2 genes, which are responsible for the
synthesis of TG from FAs,67 were upregulated in the exposure
groups (Figure 5), as evidenced by the increase in TG content
in the liver (Figure 2). The expressions of the hmgcr and dhcr7
genes (Figure 5), which are vital for TC biosynthesis,68 were
significantly upregulated by PFAS exposure, leading to an
increase in TC content (Figure S11A). Thus, the increased
expressions of genes related to TG and TC synthesis
accounted for the increases in TG and TC contents. The
excess TG and TC are subsequently stored as lipid droplets,69
explaining the increase in hepatic lipid droplets after PFAS
exposure (Figure 2).
3.6.2. Inhibition of Lipolysis-Related Processes. PPARα
modulates FA β-oxidation by regulating its downstream genes
cpt1 and acox1.70,71 In this study, the three PFASs significantly
upregulated the expressions of the pparα and rxrα genes
(Figure 5). However, the expression of the cpt-1 gene and
activity of the CPT-1 enzyme were dose-dependently
decreased after exposure to the three PFASs, implying that
the PFASs inhibited transmembrane transport of FAs into
mitochondria (Figure 5). The expression of the acox1 gene was
significantly downregulated in a dose-dependent manner after
exposure to the three PFASs, suggesting that peroxisome FA βoxidation was also inhibited (Figure 5). Above all, FA
metabolism was inhibited following PFAS exposure, leading
to the disruption of the FA profiles in the liver (Figure 3, Table
S7).
In addition to FA β-oxidation, TG hydrolysis and TC
metabolism also play key roles in the lipolysis process.72
Hormone-sensitive lipase (HSL), lipase (LPS), and lipoprotein
lipase (LPL) enzymes modulate the hydrolysis of TG into
glycerol and FFAs.73 Exposure to PFASs decreased the
abundance of the HSL enzyme in all exposure groups except
the 10 μg/L 6:2 Cl-PFESA exposure group (Figure 5). In
contrast, the activities of the LPS and LPL enzymes were dosedependently increased in all exposure groups, which might be a
compensatory response to the increase in TG content (Figure
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5). Thus, the decreased abundance of the HSL enzyme
indicates the inhibition of hormone-regulated TG hydrolysis,
while the increased activities of the LPS and LPL enzymes
likely explain the increases in glycerol and FFA in the liver
(Figures S11D,E). The expression of the cyp7a1 gene, a ratelimiting enzyme that catalyzes the metabolism of TC into bile
acids,74 was significantly increased after exposure to the three
PFASs (Figure 5), leading to an increase in bile acids in the
liver (Figure S11F).
3.6.3. Upregulation of Lipid Transport-Related Processes.
In lipid transport processes, APOA1 promotes the efflux of TC
and other lipophilic molecules from cells mediated by
ABCA1.75 The upregulation of the abca1 and apoa1 genes in
the exposure groups indicated that the PFASs caused more
intracellular lipids to be cleared, which might compensate for
lipid accumulation in the liver (Figure 5). Serum lipoproteins
mediate lipid transport between blood and tissue, and the
secretion of low-density lipoprotein cholesterol (LDL-C) and
high-density lipoprotein cholesterol (HDL-C) is thought to
serve as a feedback mechanism to prevent liver lipid
accumulation.76 The increase in the serum LDL-C and
HDL-C contents might be a response to the increase in liver
lipid content (Figures S11H,I).

4. ENVIRONMENTAL IMPLICATIONS
PFASs are widely distributed in the environment and inevitably
appear in locations that are accessible to animals and even
humans.77 By revealing PFAS-impaired lipid metabolism in
frogs, our study fills the gap in knowledge created by the
limited data on the occurrence of PFASs in amphibians and
their adverse effects in the environment. This is the first
comprehensive in situ, in vivo, and in silico study to confirm the
lipid metabolic-disrupting effects of PFASs on frogs through
both field and laboratory studies. The findings demonstrate
that PFASs significantly increase the hepatic and serum lipid
levels and disrupt the hepatic FA profiles. We also provide
insight into the LXRα and PPARα pathways involved in PFASinduced lipid homeostasis disruption. One limitation of our
study is the lack of verification of the link between binding
affinities and agonistic activities of PFASs toward LXRα and
PPARα, which is essential for understanding the molecular
initiating events (MIE) behind PFAS toxicity. Further
investigations on MIE of lipid metabolism-related adverse
outcomes are needed to evaluate environmental health risks of
PFASs.
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