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Perﬂuorooctanoic acid (PFOA) is a perﬂuorinated compound that is widely distributed, is persistent in the environment, and has a low-level chronic exposure eﬀect on human health. The aim of this study was to investigate
the peroxisome proliferator activated receptors γ (PPARγ) and the sterol regulatory element-binding protein 2
(SREBP2) signaling pathways in regulating the lipid damage response to PFOA in the livers of amphibians. Male
and female frogs (Rana nigromaculata) were exposed to 0, 0.01, 0.1, 0.5 and 1 mg/L PFOA. After treatment, we
evaluated the pathological changes in the liver by Oil Red O, staining and examined the total cholesterol (TCHO) and triglyceride (TG) contents. The mRNA expression levels of PPARγ, Fatty acid synthase (FAS), AcetylCoA carboxylase (ACC), Glycerol-3-phosphate acyltransferase (GPAT), SREBP2 and 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) were measured by quantitative real-time polymerase chain reaction (qRT-PCR). The administration
of PFOA caused marked lipid accumulation damage in the amphibian livers. The T-CHO contents were elevated
signiﬁcantly after PFOA treatment; these results show a dose-dependent manner in both sexes. The TG content
showed a signiﬁcant increase in male livers, while it was elevated signiﬁcantly in female livers. The RT-PCR
results showed that the mRNA expression levels of PPARγ, ACC, FAS, GPAT, SREBP2 and HMG-CoA were signiﬁcantly dose-dependently increased in the PFOA-treated groups compared with those of the control group. Our
results demonstrated that PFOA-induced lipid accumulation also aﬀected the expression levels of genes FAS,
ACC, GPAT and HMG-CoA in the PPARγ and SREBP2 signaling pathways in the liver. These ﬁnding will provide a
scientiﬁc theoretical basis for the protection of Rana nigromaculata against PFOA eﬀects.

1. Introduction
Amphibians, as indicators of environmental and ecological safety,
are threatened. The attenuation of amphibian populations is an environmental problem that has been attracting interest since the ﬁrst
report by Wake in Science on the worldwide amphibian decline (Palen
and Schindler, 2010; Wake, 1991). Moreover, the rate of amphibian
declines will continue to rise and accelerate in the future (Stuart et al.,
2004). A growing body of evidence has shown that environmental
pollutants are in some way responsible for amphibian declines (Hayes
et al., 2010). Persistent organic pollutants (POPs) are a matter of

concern. POPs are capable of migrating in various environmental media
and accumulate in wildlife; these pollutants are highly toxic, even at
low ecologically relevant concentrations (El-Shahawi et al., 2010).
Many studies have reported the toxic eﬀects of POPs on amphibians
(Ankley et al., 2004; Mikkelsen and Jenssen, 2006). Among POPs,
polyﬂuoroalkyl chemicals (PFCs) received great attention (Renner,
2001).
PFCs are used commonly in commercial applications, such as surfactants and insecticides (Lee et al., 2013). PFCs are persistent in the
environment and are resistant to degradation. PFCs are widely distributed in waters and have emerged as global environmental pollutants

Abbreviations: PFOA, perﬂuorooctanoic acid; PPARγ, peroxisome proliferator activated receptors γ; SREBP2, sterol regulatory element-binding protein 2; T-CHO,
total cholesterol; TG, triglyceride; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; GPAT, glycerol-3-phosphate acyltransferase; HMG-CoA, 3-hydroxy-3methylglutaryl CoA; qRT-PCR, quantitative real-time polymerase chain reaction; POPs, persistent organic pollutants; PFCs, polyﬂuoroalkyl chemicals; LPO, lipid
peroxidation; H2O2, hydrogen peroxide
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2.2. Animals and treatment conditions

(Yamashita et al., 2008). Perﬂuorooctanoic acid (PFOA) is one of the
predominant PFCs found among environmental media and accumulates
in biota, such as birds (Kannan et al., 2002), rats (Cui et al., 2009), and
ﬁsh (Peng et al., 2010), and in human serum (Holzer et al., 2008). PFCs
pose a potential environmental risk, especially to aquatic organisms
(Peng et al., 2010). Given their highly permeable skins, amphibians are
highly sensitive to environmental pollutants (Quaranta et al., 2009).
The hepatotoxicity of PFCs has been observed extensively in mammals
and ﬁsh (Liu et al., 2007; Wang et al., 2015). However, the eﬀects of
PFCs in amphibian livers are poorly understood.
Toxicological eﬀect studies on the hepatotoxicity of PFCs have extended from mammalian systems to lower vertebrates, such as ﬁsh (Du
et al., 2009). In rats, toxicological experiments and toxicokinetics
suggest that PFCs mainly accumulate in the liver (Cui et al., 2009; Kudo
et al., 2007). Similar eﬀects have yet to be revealed in Chinese sturgeons, in which concentrations of perﬂuorinated acids in the liver are
10–100 times greater than in other organs (Peng et al., 2010). Through
accumulation in organisms, PFCs pose a potential environmental risk.
Rats were administered with PFOA or PFOS solutions by gavage for 28
days, and histopathological observation showed serious liver damage,
including hepatocytic hypertrophy, cytoplasmic vacuolation, fatty degeneration and focal hemorrhage (Cui et al., 2009). PFOA induced reactive oxygen species generation and increased lipid peroxidation
(LPO) levels in the primary hepatocytes of freshwater tilapia (Oreochromis niloticus) (Liu et al., 2007). Numerous studies show that PFCs
can activate hepatic peroxisome proliferator-activated receptors
(PPARs), which are lipid metabolism regulators; this metabolism can be
described by the physiological processes of lipogenesis, lipid oxidation,
and lipid secretion (Luebker et al., 2002; Yang and Li, 2007; H. Zhang
et al., 2013; L. Zhang et al., 2013). Perﬂuorododecanoic acid (PFDoA)
exposure diminished the absolute weight of livers, increased the LPO
levels, signiﬁcantly decreased serum triglyceride (TG) concentrations,
and induced the hepatotoxicity of lipid homeostasis disruption in rat
livers (Zhang et al., 2008). For Atlantic salmon hepatocytes, perﬂuorooctane sulfonamide evokes deleterious eﬀects on cellular lipid
homeostasis and, consequently induced signiﬁcant changes in the fatty
acid (FA) composition (Wagbo et al., 2012). Exposure to PFOS aﬀected
the growth, survival and hepatotoxicity in zebraﬁsh and rats (Du et al.,
2009; Cui et al., 2009). However, a pathologic assessment of PFOA
exposure in amphibian livers has yet to be conducted, and the underlying mechanism of PFOA-induced liver injury remain unknown.
Here, our study focused on PFOA-induced liver damage, and we
hypothesized that PFOA-induced liver injury may be associated with
PPARγ and SREBP2 signaling pathway-associated genes. In our previous study, Rana nigromaculata were used to assess microcystin-LR
toxic eﬀects on the reproductive system (Jia et al., 2014; H. Zhang
et al., 2013; L. Zhang et al., 2013). However, we have little knowledge
about the eﬀects of PFOA exposure on the expression of PPARγ and
SREBP2 in the liver tissues of amphibians. Therefore, this study selected
Rana nigromaculata as a model to identify the underlying mechanisms
related to liver damage associated with PFOA exposure.

Healthy adult frogs (Rana nigromaculata) were captured from the
suburbs of Zhejiang ChangXing Creative Ecological Agriculture
Development Co., LTD (Huzhou, Zhejiang, China). The frogs were fed
Eisenia fetida twice a day. Two-hundred healthy frogs (100 male, 100
female) adapted to the condition for 1 week and were randomly divided
into ﬁve groups (n = 20 per group). They were exposed to 0, 0.01, 0.1,
0.5 and 1 mg/L of PFOA solution to a depth of 3 cm for 14 days. The
doses were based on a previously report about PFOA exposure and were
equivalent to 0.2-, 5-, 10- and 20-fold the concentration found in R.
nigromaculata (Loos et al., 2008). The day after the last treatment, all
frogs were treated with pithing, and then the livers were quickly harvested. At the end of the experiment, the samples were immediately
ﬁxed for subsequent experiments. The study protocol was approved by
the local government and all animals were handled in accordance with
the guidelines set by the Experimentation Ethics Review Committee.
Animal treatment conditions were described in detail in the
Supplemental material (S1).
2.3. Oil Red O staining
Liver tissues were sectioned, frozen, and then ﬁxed in neutral formalin for 15 min. The frozen sections were then stained with Oil Red O
and restained with hematoxylin for 1 min. Finally, the sections were
mounted with glycerogelatin and photographed under a microscope.
2.4. T-CHO content measurement
Cholesterol, which was produced from cholesterol esterase cleavage, was converted to cholesteric enone and hydrogen peroxide
(H2O2) by cholesterol oxidase. H2O2 reacted with 3,5-DHBS and 4aminoantipyrine and produced red quinone compounds, which were
used to measure the optical density in a spectrophotometer at 510 nm.
The color depth of the produced quinone compounds is directly proportional to the content of T-CHO. The T-CHO content was measured in
accordance with the instructions provided by the commercial detection
kits.
2.5. TG content measurement
In the presence of lipoprotein lipase, TGs were hydrolyzed to glycerol and FAs. Glycerol with glycerol kinase was phosphorylated to
glycerol-3-phosphate, which was involved in a redox reaction where
H2O2 was produced. Finally, red quinone compounds were generated in
a reaction of H2O2, 4-chlorophenol and 4-aminoantipyrine and were
analyzed by peroxidase. The color depth of the produced quinone
compounds is directly proportional to the TG content, which was determined by using commercial detection kits in a spectrophotometer at
510 nm.
2.6. Quantitative RT-PCR

2. Materials and methods
A TRIzol® Plus RNA Puriﬁcation Kit was used for total RNA extraction from the frog livers. Total RNA was isolated according to the
manufacturer's instructions and was detected using an ultraviolet
spectrophotometer. The reverse transcription experiment was completed by PCR gene ampliﬁcation (Bio-Rad, USA). A quantitative PCR
primer was designed using the Primer Premier 6.0 and Beacon designer
7.8 software, followed by gene synthesis (Table 1). The expression levels of the target genes were calculated using the 2-△△Ct method,
where Ct represents the threshold cycle. Glyceraldehyde-3-phosphate
dehydrogenase was used as an internal control. Each group was analyzed in triplicate. The RT-PCR program was reported by our previous
studies (Jia et al., 2014; Tang et al., 2016), and more detailed steps are
available in the Supplementary materials (S2).

2.1. Chemicals
PFOA was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Total cholesterol (T-CHO) and TG enzyme-linked immunosorbent assay
(ELISA) kits were purchased from Nanjing Jiancheng Bioengineering
Inc. (Nanjing, Jiangsu, China). The TRIzol® Plus RNA Puriﬁcation Kit
(CAS: 12183-555) and the SuperScript™ III First-Strand Synthesis
SuperMix for quantitative real-time polymerase chain reaction (RTPCR) (CAS: 11752-050) were purchased from Invitrogen. The RNaseFree DNase Set (CAS: 79254) was purchased from Qiagen. The Power
SYBR® Green PCR Master Mix (CAS: 4367659) was purchased from
Applied Biosystems.
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Table 1
Primer sequences for Real-time PCR.
Gene

Accession no.

Primer sequence (5′ to 3′)

Product Size (bp)

PPAR-γ

M84163.1

SREBP-2

NM_001092085.1

Fas

XM_012967541.1

ACC

NM_001137614.1

GPAT

NM_001079096.1

HMG-CoA

M29258.1

GAPDH

NM_001016468.2

F: 5′-GCCTCTGGGTTCCACTATGGC-3′
106
R: 5′-GGCAATTCAGGTCGCACCTTTCA-3′
F: 5′ –GACGGTTACCCCTCACGTCCA-3′
102
R: 5′- GGGCTGCCATCTGCCTTCAC-3′
F: 5′-GGAGAAGCCTTTAGCCGAGACC-3'
84
R: 5′-GATGCGATTGGCAAACATAGCAC-3′
F: 5′-GAAAGAGCAATCCGTTTCGTGG-3′ 103
R: 5′-GTCCTCCTGGGACTGGCACAT-3′
F: 5′-GACGTCCGTAAGAGCATGTTTTG-3′ 141
R: 5′-CTTCACTTTGTTGGTGGATTTGG-3′
F: 5′-CTGGGAGGTCATCGTTGGGACT-3′ 113
R: 5′-CTTCAAACTTGGGGCAAGCATAA-3′
F: 5′-CACTGAAAATGAATGGCTGGGATG-3′129
R: 5′-CCTCTGCTGGATAACTAAAGTGGTCT-3′

However, in male frogs exposed to all of the PFOA treatment groups for
14 days, larger fat droplets in hepatocytes were observed than in female
frogs (Fig. 1 G-J).

2.7. Statistical analysis
All data in this study were analyzed using one-way analysis of
variance (ANOVA) with the appropriate post hoc test (Dunnet's multiple comparison test). Statistical tests were conducted using SPSS 11.0.
Statistical analysis was performed using GraphPad Prism software (San
Diego, CA, USA). Values were expressed as the means ± standard deviation (SD). *P < 0.05, **P < 0.01 and #P < 0.05, ##P < 0.01
indicated signiﬁcant diﬀerences.

3.2. Indicator T-CHO and TG contents
As shown in Fig. 2 A, the T-CHO level was signiﬁcantly increased by
43.7% compared with that of the control at 0.01 mg/L PFOA-exposure
in the male frog group. A signiﬁcant increase in the T-CHO levels occurred with higher-PFOA-concentration exposure, and the T-CHO level
reached its maximum (2.18-fold that of the control liver) at 1 mg/L
PFOA exposure. In addition, after exposure to 0.1, 0.5, and 1 mg/L
PFOA, female frogs showed signiﬁcantly higher T-CHO levels than the
corresponding control groups (P < 0.05). Compared with the corresponding male frog groups, female frogs showed a signiﬁcant decrease
in theT-CHO levels in the 0.01 and 0.1 mg/L PFOA-treated groups
(P < 0.01) (Fig. 2 A). T-CHO levels showed a concentration-dependent increase in both male and female frog groups.
The TG levels of liver tissues from male frogs are shown in Fig. 2 B.
The TG levels showed a signiﬁcant increase in the 0.1, 0.5, and 1 mg/L
PFOA-treated groups compared with those of the control group (P <
0.05). In addition, compared with the corresponding male frog groups,
the female frogs showed a signiﬁcant increase in liver TG levels in the
0.01, 0.1, 0.5, and 1 mg/L PFOA-treated groups (P < 0.05).

3. Results
3.1. Apparent change in lipid accumulation in livers
In this study, lipid accumulation was detected to measure the lipid
balance in the livers of R. nigromaculata exposed to PFOA. Oil Red O
staining was used to investigate the eﬀects of PFOA-induced lipid accumulation in frog livers (Fig. 1). In this ﬁgure, A-J show the lipid levels
in the livers of female and male frogs. Fig. 1 A shows the normal liver
lipid level in the control female frogs. In frogs exposed to 0.01 mg/L
PFOA for 14 days, granulated fat accumulation in hepatocytes was
observed (Fig. 1 B). Fat particles were increased after exposure to
0.01 mg/L PFOA for 14 days (Fig. 1 C). Fat particles were more intense
in Fig. 1 D. Moreover, fat particles aggregated into larger fat droplets
after exposure to 1 mg/L PFOA for 14 days (Fig. 1 E). There was a
normal liver lipid level in the control male frog (Fig. 1 F). The lipid
levels observed in male hepatocytes of male frogs after exposure to
varying concentrations of PFOA were similar to those in female frogs.

3.3. Eﬀect of PFOA on TG synthesis
PPARγ-relative mRNA levels in both the male and female frogs

Fig. 1. Histopathological changes in the livers of rats following PFOA treatment through Oil Red O staining. 200× magniﬁcation. (A) Normal female frog liver
section; (B, C, D and E) PFOA (0.01, 0.1, 0.5 and 1 mg/kg/day) treatments led to granulated fat accumulation in hepatocytes in a dose-dependent manner (arrows).
(F) Normal male frog liver section; (G, H, I and J) PFOA (0.01, 0.1, 0.5 and 1 mg/kg/day) treatments led to fat particles aggregating into larger fat droplets (arrows).
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Fig. 2. Eﬀect of PFOA treatment on T-CHO (A) and TG (B) levels in the livers of male and female frogs (R. nigromaculata). Data were shown as the means ± standard
deviation. *P < 0.05, **P < 0.01 compared to the corresponding control group; #P < 0.05, ##P < 0.01 compared to the corresponding female frog group.

Fig. 3. The relative mRNA expression levels of PPARγ (A), FAS (B), ACC (C), and GPAT (D) in the livers of male and female frogs (R. nigromaculata). Data were shown
as the means ± standard deviation. *P < 0.05, **P < 0.01 compared to the corresponding control group; #P < 0.05, ##P < 0.01 compared to the corresponding female frog group.

group (P < 0.05).
The mRNA levels of GPAT in the livers of male and female frogs
exposed to 0.01, 0.1, 0.5 and 1 mg/L PFOA are shown in Fig. 3 D.
Compared with those of the corresponding control group, there was a
signiﬁcant increase in the mRNA levels of the 0.1, 0.5 and 1 mg/L
PFOA-treated groups for both female and male frogs (P < 0.05).
However, the mRNA levels of GPAT increased more signiﬁcantly in the
0.5 and 1 mg/L PFOA-treated female groups than in the corresponding
male groups (P < 0.01).

exposed to 0.1, 0.5, and 1 mg/L PFOA signiﬁcantly increased compared
with those in the corresponding control group (P < 0.05) (Fig. 3 A).
PPARγ expression levels increased in a dose-dependent manner, and
PPARγ-relative mRNA reached maximum levels in the highest dose
group. However, no notable diﬀerences between the sexes were found.
FAS mRNA expression was signiﬁcantly increased in the 0.01, 0.1,
0.5, and 1 mg/L PFOA-treated male groups and in the 0.1, 0.5, and
1 mg/L PFOA-treated female groups compared with the corresponding
control groups (P < 0.01) (Fig. 3 B). In addition, the 0.5 mg/L PFOAtreated male groups showed signiﬁcantly less hepatic FAS mRNA expressions than the corresponding female groups (P < 0.05) (Fig. 3 B).
Data in Fig. 3 C showed the relative expression of ACC in the liver
after 14 days of exposure to 0, 0.01, 0.1, 0.5, and 1 mg/L PFOA. The
relative mRNA levels of ACC continuously signiﬁcantly increased from
0.1 to 1 mg/L PFOA in both female and male frogs compared with those
of the corresponding control (P < 0.05). Furthermore, the mRNA levels of ACC showed a signiﬁcant decrease in the 0.5 and 1 mg/L PFOA
male frog groups compared with those of the corresponding female

3.4. Eﬀect of PFOA on cholesterol synthesis
The mRNA expression levels of SREBP2 in the livers of male and
female frogs are shown in Fig. 4 A. Compared with those of the corresponding control groups, the levels of mRNA encoding SREBP2 were
signiﬁcantly increased in the 0.01, 0.1, 0.5, and 1 mg/L PFOA-treated
female groups (P < 0.01). They all showed concentration-dependent
induction. Furthermore, the 0.1, 0.5, and 1 mg/L PFOA-treated female
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Fig. 4. The relative mRNA expression levels of SREBP2 (A) and HMG-CoA (B) in the livers of male and female frogs (R. nigromaculata). Data were shown as the
means ± standard deviation. *P < 0.05, **P < 0.01 compared to the corresponding control group; #P < 0.05, ##P < 0.01 compared to the corresponding
female frog group.

days by gavage caused a notable increase in rat liver T-CHO levels
(Zhang et al., 2008). A review of the toxicology of perﬂuorooctanoate
conﬁrmed that the PFOA-induced T-CHO accumulation (Kennedy et al.,
2004).
In addition, TG levels in male and female frog livers signiﬁcantly
increased with PFOA exposure, which is consistent with the ﬁndings of
Zhang's research (Zhang et al., 2012). PFOA exposure can also reduce
the hepatic secretion of TGs into blood, thereby worsening TG accumulation in the liver (Kudo and Kawashima, 1997). Male rats were
administered 0, 1, and 5 mg PFDoA/kg/day for 14 days and, consequently, showed a signiﬁcant reduction in TG levels in serum and an
increase in TG levels in livers (Zhang et al., 2008). By contrast, TG
levels in male and female frog livers displayed a completely opposite
trend. A signiﬁcant increase in TG levels was found from 0.01 mg/L to
1 mg/L PFOA exposure in both male and female groups compared with
those of the control group. However, the TG level in female frog livers
was higher than that in male frog livers. Females need energy reserves
for spawning; thus, lipid accumulation occurred in the liver before and
during the early stage of the reproductive cycle (Murzina et al., 2012).
Lipids can be stored mainly as TG in the liver and were associated with
oogenesis in the ovary, oogenesis requires energy reserves during the
reproductive period, and more than half of the deposited lipids in the
liver are transported into the gonads (Murzina et al., 2012; Zhang et al.,
2012). Perez et al. (2007) reported that prespawning and mid-spawning
female livers showed an increase in total lipid content, whereas no
change was found in the male livers. Similar to the decrease in the TG
levels of female frog livers exposed to PFOA, a signiﬁcant reduction in
the TG levels was also observed in female zebraﬁsh livers after 0, 0.01,
0.1, and 1 mg/L perﬂuorononanoic acid exposure for 180 days (Zhang
et al., 2012). The TG level in 1 mg/L PFOA-treated female frog livers
was signiﬁcantly increased compared with that of the male controls;
hence, TG accumulation also occurred in female frog livers.
PPARγ primarily controls lipid synthesis (Harmon et al., 2011). The
structured activity experiment showed that PFOA has a high binding
aﬃnity to PPARγ; this ﬁnding suggests the capability of PFOA to activate PPARγ (Zhang et al., 2014). Jia et al. (2012) conducted an in vitro
study about PPARα and PPARγ antagonists signiﬁcantly reducing lipid
accumulation in hepatocytes through rewiring the hepatic transcriptome of lipid metabolic pathways, which mainly included the induction in the PPARα-responsive gene expression and a reduction in the
PPARγ-responsive gene expression. The results of their study are consistent with our results, which show a signiﬁcant increase in the relative
PPARγ expression levels in PFOA-treated frog livers. PPARγ-responsive
genes include lipogenesis-related ACC and FAS, as well as GPAT for TG
synthesis. TGs were synthesized with FA through esteriﬁcation, where
GPAT serves as a regulatory master. GPAT deﬁciency made mice less
sensitive to liver tumorigenesis resulting from non-alcoholic fatty liver
disease, which is induced by excessive fat deposition (Ellis et al., 2012).

groups showed signiﬁcantly higher SREBP2 mRNA expression than the
corresponding male groups in the liver (P < 0.01).
All of the PFOA-treated male groups showed signiﬁcantly increased
HMG-CoA mRNA expressions in the liver compared to the corresponding control groups (P < 0.05) (Fig. 4 B). We also observed a
signiﬁcant increase in the hepatic HMG-CoA mRNA expression in the
0.1, 0.5, and 1 mg/L PFOA-treated female groups compared with that in
the corresponding control groups (P < 0.01). The 0.1 mg/L PFOAtreated male group showed a signiﬁcantly higher HO-1 mRNA expression in the liver than the corresponding female group (P < 0.05)
(Fig. 4 B).
4. Discussion
PFOA is distributed worldwide and has a high potential to accumulate in living organisms. The liver, which is the metabolism site of
exogenous and endogenous substances, is the primary organ where
PFCs mainly accumulate (Cui et al., 2009; Peng et al., 2010). Lipid
metabolic pathways of lipogenesis mainly occur in the liver. Increasing
studies have shown that PFOA induces disruption in lipid metabolic
pathways. After exposure to PFOA, hepatic gene expression levels detected using cDNA microarray showed that in both sexes, the lipid
metabolism-related genes are signiﬁcantly aﬀected (Wei et al., 2008).
Thus, our study investigated whether PFOA had an eﬀect on the histomorphology and the mRNA expression of PPARγ, FAS, ACC, GPAT,
SREBP2, and HMG-CoA in the Rana nigromaculata liver tissue.
Lipid levels in hepatocytes are positively correlated with exposed
PFOA concentrations. Fang et al. (2012) observed numerous lipid decreases and notable lipid accumulation in rat livers after 14 days of oral
exposure to a higher PFNA dose, whereas little diﬀerence was found in
the lower-dose PFNA-treated rat livers compared with control livers.
Lipid accumulation in the liver can further cause histological damages.
A histological analysis showed that vacuolation is associated with lipid
accumulation in the liver (van Dyk et al., 2007). Our study found vacuolation in frog livers after PFOA-treatment. These ﬁndings demonstrated that PFOA leads to the disruption of the lipid metabolic pathway
and more severe damage by liver lipid accumulation.
In addition to the histologically observed lipid level, intuitive indicators were also detected. Lipids are divided into two major categories, i.e., fat and lipoid. Fats, mainly TGs, are a major source of energy for the body, and cholesterol (T-CHO) is a very important part of
the lipoid, which is the basic component of the bioﬁlm. In this study,
the T-CHO content signiﬁcantly increased with PFOA concentration
exposure in males and females and showed a concentration-dependent
increase. Similar results of the T-CHO level increase in the livers of both
sexes were found after the adult male and female zebraﬁsh were exposed to 0, 0.01, 0.1, and 1 mg/L PFNA for 180 days (Zhang et al.,
2012). Moreover, 0, 1, 5, and 10 mg PFDoA/kg/day exposure for 14
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PFOA treatment at 20 mg/kg/day, the upregulation of HMG-CoA reductase was observed in rat livers (Martin et al., 2007). Similarly, levels
of transcriptionally active HMG-CoA reductase were upregulated in frog
livers exposed to PFOA. Therefore, PFOA can cause cholesterol accumulation in frogs through the PPARγ and SREBPs signaling pathways
(Fig. 5); this ﬁnding requires conﬁrmation by systematic experiments in
the future.
5. Conclusion
In conclusion, our results suggest that PFOA exposure can induce
lipid accumulation, as evidenced by increased T-CHO and TG levels,
and can diﬀerentially modulate the associated gene expression levels
(i.e., ACC, FAS, GPAT, and HMG-CoA) of the PPARγ and SREBP-1c
signaling pathways in frog livers, despite the fact that we cannot deﬁne
the exact mechanism of these eﬀects (Fig. 5). Further investigations
may help to clarify the molecular mechanism involved in the PPARγ
signaling pathway-associated genes.
Conﬂict of interest
Fig. 5. The proposed signaling pathway that regulates the lipid accumulation
response related to PFOA-induced PPARγ and SREBP2 gene expressions within
amphibians’ liver. The rightward arrow means activation.
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Hence, in lipid-accumulated frog livers, the mRNA levels of GPAT were
enhanced after 14 days of PFOA exposure in this study. Lipogenesis is a
process of de novo synthesis of FAs. ACC and FAS are the rate-limiting
steps in lipogenesis (Postic and Girard, 2008). Rare minnows were exposed to 3, 10, and 30 mg/L PFOA for 28 days in vivo, and the FAS
mRNA expression levels were reduced, which was in contrast with our
ﬁndings that FAS levels were increased after frogs were treated with
0.01, 0.1, 0.5, and 1 mg/L PFOA for 14 days. This diﬀerence may
contribute to the diﬀerence of PFOA concentrations and exposure times
(Wei et al., 2008). ACC plays a key role in producing malonyl-CoA,
which is a basic process of FA synthesis. Then, FAS converted acetylCoA into FAs, and their increased expressions accelerated de novo
synthesis of FAs (Mao et al., 2006). This ﬁnding is consistent with the
increased levels of ACC and FAS in frog livers exposed to PFOA. Thus, a
sophisticated regulatory mechanism takes eﬀect, and TG accumulation
occurs.
Sterol regulatory element-binding proteins (SREBPs) are transcription factors that compose a subclass of basic helix-loop-helix–leucine
zipper, and a domain exists in the transcriptionally active form of
SREBPs, which were synthesized in the endoplasmic reticulum as
membrane proteins (Sato, 2010). SREBPs are widely accepted as the
key regulators of lipid homeostasis, especially for cholesterol (Horton
et al., 2002). In this study, the relative expression levels of SREBP2 and
its target genes were detected after PFOA-treatment in the livers.
Cholesterol biosynthesis is tightly regulated at the transcriptional
level. SREBPs are key transcription regulators of genes involved in
cholesterol biosynthesis. Two SREBP genes, i.e., SREBP1 and SREBP2,
have been identiﬁed in vertebrates (Passeri et al., 2009). Each performs
its own functions. SREBP2 is the main regulator of cholesterol metabolism and is primarily responsible for cholesterol synthesis. After
treatment, a reduction in the T-CHO content in rat liver was directly
due to a decrease in the mRNA levels of SREBP-2 and its target genes,
i.e., HMG-CoA reductase and LDL receptor (Konig et al., 2007). HMGCoA reductase is the rate-limiting cholesterol synthesis enzyme. As
described, PFOA caused an increase in the TG levels in both livers.
Thus, increased TG levels are accompanied by increased levels of
SREBP2 and HMG-CoA reductase mRNA. Yan et al. (2015) observed a
notable increase in transcriptionally active nuclear SREBP2 by the
PFOA treatments of mice at 20 mg/kg/day doses by gavage for 28 days.
In this study, male and female frogs were exposed to PFOA, and the
SREBP mRNA levels were also signiﬁcantly enhanced. After 3-day
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