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mRNA levels of PPARα in rat primary hepatocytes were 
knocked down by lentivirus-mediated RNAi. Furthermore, 
targeted protein levels of CTE1 and MTE1 were down-
regulated, while those of HADHA, ALDH2 and CPS1 were 
up-regulated. After PFDoA exposure, however, the targeted 
protein levels of CTE1 and ALDH2 increased compared 
with those of the knockdown untreated group. The reactive 
oxygen species (ROS) content in rat hepatocytes assayed 
by flow cytometry significantly increased in the PPARα 
knockdown groups, consistent with the PPARα antagonist 
GW6471- and agonist WY14643-treated groups. These 
results strongly suggested that PPARα played an important 
role in suppressing ROS content in hepatocytes following 
PFDoA exposure.
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Abbreviations
CTE1  Cytosolic acyl-CoA thioesterase 1, also known 

as Acot1 (acyl-CoA thioesterase 1)
MTE1  Mitochondrial acyl-CoA thioesterase 1, also 

known as Acot2 (acyl-CoA thioesterase 2)
HADHA  Hydroxyacyl-coenzyme A dehydrogenase/3-

ketoacyl-coenzyme A thiolase/enoyl-coenzyme 
A hydratase (trifunctional protein), alpha 
subunit

ALDH2  Aldehyde dehydrogenase 2 family 
(mitochondrial)

ECH1  Enoyl CoA hydratase 1, peroxisomal
CPS1  Carbamoyl-phosphate synthetase 1
SOD  Superoxide dismutase
GPx  Glutathione peroxidase
TBARS  Thiobarbituric acid-reactive substances

Abstract Perfluorododecanoic acid (PFDoA) is a ubiqui-
tous environmental pollutant known to cause hepatocellu-
lar hypertrophy; however, the mechanisms of hepatotoxic-
ity remain poorly understood. In this study, male rats were 
exposed to 0, 0.05, 0.2 and 0.5 mg/kg/day of PFDoA for 
110 days. After two-dimensional differential gel electro-
phoresis and MALDI-TOF/TOF analysis, 73 differentially 
expressed proteins involved in lipid metabolism, inflamma-
tion, stress response and other functions were successfully 
identified. Among them, six significantly changed proteins 
(CTE1, MTE1, HADHA, ECH1, ALDH2 and CPS1) were 
found to be regulated by peroxisome proliferator-activated 
receptor alpha (PPARα). The anti-oxidant enzyme activity 
assays of superoxide dismutase and glutathione peroxidase 
and the content of thiobarbituric acid-reactive substances in 
the liver implied that PFDoA caused oxidative stress. The 
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Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) 
are synthetic chemicals with high-energy carbon–fluorine 
bonds, which contribute to their high stability and low 
surface tension. Their unique properties have led to their 
broad application in various industrial and consumer prod-
ucts (Giesy and Kannan 2001). PFASs are highly persistent 
and difficult to biodegrade and therefore accumulate in the 
environment to levels that can be harmful to living systems 
(Dinglasan et al. 2004; Naile et al. 2010). Biomonitoring 
studies have revealed a global distribution of PFASs in 
environmental media, food, drinking water, wildlife and 
humans (Houde et al. 2011, 2006). Recent research noted 
that PFASs have become the highest exposed exogenous 
chemical in humans, exceeding that of more well-known 
environmental contaminants such as p,p′-dichlorodipheny
ldichloroethylene and polychlorinated biphenyls (Thing-
holm et al. 2008). Perfluorooctanoic acid (PFOA, C8), per-
fluorooctansulfonate (PFOS, C8), perfluorononanoic acid 
(PFNA, C9) and perfluorododecanoic acid (PFDoA, C12) 
are the most commonly detected and studied PFASs of dif-
ferent carbon lengths (Calafat et al. 2007; Fujii et al. 2012; 
Senthilkumar et al. 2007).

The primary bioaccumulation and target organ of PFASs 
is the liver, where they can cause increased liver-to-body 
weight ratio and hepatocellular hypertrophy (Hundley et al. 
2006; Seacat et al. 2003). Studies have shown that expo-
sure to PFASs can also induce lower serum glucose levels, 
lower cholesterol levels and higher β-oxidation of fatty 
acids as well as induce adenoma in hepatocytes (Lau et al. 
2007; Seacat et al. 2003; Shipley et al. 2004). However, the 
mode of action related to PFAS toxicity in rodents is not 
fully understood. Peroxisome proliferator-activated recep-
tors (PPARs) are ligand-activated transcription factors, 
including three different PPAR subtypes (PPARα, PPAR 
β/δ and PPARγ) (Evans et al. 2004; Kersten et al. 2000). 
PPARα is highly expressed in the liver, and once activated 
can regulate the transcription of genes involved in a num-
ber of biological processes, including lipid metabolism, 
inflammation and cell growth. PPARγ is mainly expressed 
in the liver and white fat tissue (WAT) and is an activator 
of adipogenesis (Rosen et al. 1999). Recent studies showed 
that endogenous compounds, such as fatty acids and their 
eicosanoid derivatives, and synthetic agonists, such as 
PFASs, can be a kind of ligand to activate PPARs (DeWitt 
et al. 2009). Due to the structural resemblance of perfluoro-
carboxylic acids (PFCAs) to natural fatty acids, PFCAs can 
activate PPARα and are thought to be responsible for hepa-
tomegaly, hepatic tumor induction and developmental tox-
icity in laboratory animals (Shipley et al. 2004; Takacs and 
Abbott 2007). However, PFCAs have also been found to 
induce hepatomegaly and neonatal toxicity in PPARα-null 

mice (Abbott et al. 2009; Takacs and Abbott 2007). These 
findings suggest that some toxic effect induced by PFCAs 
may be associated with a PPARα-independent mode of 
action; however, the detailed mechanisms still need to be 
investigated.

Many toxicological studies have analyzed the liver tox-
icity of eight-carbon PFCAs (e.g., PFOA). In most wildlife 
tissues, however, long-chain PFCAs dominate the over-
all PFCA profile (Martin et al. 2004) due to their greater 
bioaccumulation factors (Lin et al. 2014; Martin et al. 
2003). Despite this, limited studies have been conducted on 
longer-chain PFCAs. Several studies showed that PFDoA 
was a greater accumulator than PFOA in water, sediment 
and liver samples of selected species (Lam et al. 2014). In 
earthworms from industrially impacted soil, for example, 
the highest PFDoA concentrations reached 737 ng/g ww 
(Rich et al. 2015). In addition, longer carbon chain PFCAs 
was found to be more toxic than shorter carbon chain 
compounds (Kudo et al. 2001, 2006; Ohmori et al. 2003). 
Increased cell toxicity with increasing PFAS carbon chain 
length was also confirmed in different cells (Gorrochategui 
et al. 2014; Kleszczynski et al. 2007; Liu et al. 2008). How-
ever, few studies have focused on the toxic mechanism of 
long-chain PFCAs.

Proteomic technologies have been successfully used in 
the toxicology field and provide insight into the mecha-
nisms of toxic compounds (Wetmore and Merrick 2004). 
Two-dimensional differential gel electrophoresis (2-D 
DIGE) efficiently and accurately separates proteins in 
complex mixtures and quantifies differential expression in 
treated and control samples (Alban et al. 2003). This tech-
nology is useful as a broad-based screening tool to analyze 
environmental stress responses in organisms.

To better understand the underlying hepatotoxicity 
mechanism of PFDoA, we performed 2-D DIGE followed 
by mass spectrometric analyses of rat liver both with and 
without chronic PFDoA exposure. Furthermore, based on 
proteomics discovery, we used lentivirus-mediated RNAi to 
knockdown PPARα expression in rat primary hepatocytes 
in vitro to elucidate its role in the mechanism of hepatotox-
icity caused by PFDoA exposure.

Methods

Chemicals and standards

PFDoA (CAS No. 307-55-1, 95 % purity) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). 13C2-PFDoA 
(≥95 % purity) was purchased from Wellington Labora-
tories (Ontario, Canada). Tetra-n-butylammonium hydro-
gen sulfate (TBA), methyl-tert-butyl ether (MTBE), 
sodium carbonate, methanol, ammonium acetate (97 %), 
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ammonium solution (25 %) and acetic acid (99.9 %) were 
obtained from Wako Pure Chemical Industries (Osaka, 
Japan).

Animal treatments

Forty male Sprague–Dawley rats (200 ± 10 g) were 
obtained from the Vital River Laboratories (Beijing, 
China). The animals were maintained in a SPF grade 
facility on a 12-h light/12-h dark cycle and were allowed 
ad libitum access to a standard diet and pure water. The 
ambient temperature in the animal room was 23 ± 1 °C, 
and the relative humidity was 60 ± 5 %. After 1 week of 
adaptation, the rats were randomly separated into four 
groups of ten animals each. PFDoA was dissolved in 0.2 % 
Tween-20. The treatment rats were given doses of 0.05, 0.2 
and 0.5 mg PFDoA/kg body weight/day by oral gavage 
for 110 days. The control animals were also treated with 
vehicle (0.2 % Tween-20), accordingly. At the end of the 
experiment, six rats from each group were weighed and 
killed by decapitation; the other four rats from each group 
were used for another study. The liver was rapidly sampled, 
weighed, rinsed with PBS and divided into small aliquots, 
flash frozen in liquid nitrogen and stored at −80 °C until 
further analysis. All procedures were performed in accord-
ance with the Ethics Committee of the Institute of Zoology, 
Chinese Academy of Sciences.

PFDoA extraction and concentration quantification 
in liver

Extraction of PFDoA from liver samples was carried out 
using an ion pairing method described elsewhere (Hansen 
et al. 2001), and the final ion pairing extract was then sub-
jected to a further cleanup process using a SPE-Oasis®-
WAX method (Taniyasu et al. 2005). The PFDoA concen-
tration in liver was analyzed using high-performance liquid 
chromatography with tandem mass spectrometry (HPLC–
MS/MS). Detailed information is given in the Supporting 
Information (SI).

Protein preparation and CyDye labeling

Total protein was extracted from the liver using sample 
lysis buffer [7 M urea, 2 M Thiourea, 30 mM Tris, 4 % 
(w/v) CHAPS, 1 mM PMSF and 1 % protease inhibitor 
cocktail (Sigma-Aldrich, St. Louis, MO, USA)]. Cellular 
debris was removed by centrifugation at 4 °C for 20 min 
at 12,000g. Protein concentration was determined using 
the 2-D Quant protein assay kit (GE Healthcare, Uppsala, 
Sweden).

Three groups (0, 0.2 and 0.5 mg/kg/day PFDoA) were 
chosen for DIGE analysis based on previously observed 

changes in gene expression in the liver and clinical chem-
istry parameters (Ding et al. 2009). Equal amounts of pro-
tein sample from two randomly selected rats in the same 
treatment group were pooled and further purified using the 
2-D Clean-Up kit (GE Healthcare) for subsequent DIGE 
analysis. Each group yielded three pooled protein samples, 
and the pH values of the desalted samples were adjusted to 
8.5 with 100 mM sodium hydroxide before labeling. The 
internal standard (IS) was comprised of a pool of an equal 
amount of all experimental samples. A total of 50 µg of 
protein from the controls and all treated groups was labeled 
with 400 pmol of either Cy3, Cy5 or Cy2 (Cy2 was used to 
label the IS) according to the manufacturer’s recommended 
protocols (GE Healthcare). The labeled mixtures were 
combined according to Table S1 (in the SI) and were then 
adjusted to 450 μl with rehydration buffer (7 M urea, 2 M 
thiourea, 2 % CHAPS, 0.5 % IPG buffer 4–7 and a trace of 
bromophenol blue) prior to isoelectric focusing (IEF) and 
subsequent SDS-PAGE.

2‑D DIGE and MALDI‑TOF/TOF analysis

The labeled mixtures were loaded onto Immobiline dry 
strips (24 cm, linear pH gradient from 4 to 7, GE Health-
care). The IPG strips were rehydrated overnight at 40 V for 
5 h followed by 100 V for 6 h, and IEF was then conducted 
for a total of 78 kVh on a Multiphor II system (GE Health-
care). After completion of the IEF program, the strips were 
equilibrated and then applied to 12.5 % polyacrylamide 
gels using Ettan™ Dalt six equipment (GE Healthcare). 
All electrophoresis procedures were performed in the dark 
and run in duplicate. Gels were scanned using a Typhoon™ 
Trio Series Variable Mode Imager (GE Healthcare) at 
100 μm resolution, followed by silver staining. The result-
ing gel images were analyzed using DeCyder software 
6.5 (GE Healthcare). BVA revealed differences between 
PFDoA-treated groups and the control group across all 
gels. Student’s t test was used to statistically analyze the 
data, with p < 0.05 considered statistically significant.

Protein spots with significantly altered expression lev-
els between the control and treated groups were manually 
excised from silver-stained gels for digestion and identi-
fication by an ABI 4700 MALDI-TOF/TOF Proteomics 
Analyzer (Applied Biosystems, Framingham, MA, USA) 
according to our previous studies (Zhang et al. 2011, 2012). 
Detail methods and parameters were given in the SI.

Bioinformatics analysis

Gene functional categorization and pathway analysis were 
performed with DAVID Bioinformatics Resources 2008 
(http://david.abcc.ncifcrf.gov/), which provides a gene 
module level annotation of proteins rather than the specific 

http://david.abcc.ncifcrf.gov/
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function of every protein. The annotated proteins are clus-
tered according to the biological process branch of the GO 
annotation using. An analysis of diseases associated with 
proteins differentially expressed in the liver compared with 
the control rat liver was performed using Pathway-Studio™ 
(v5.0) software (Ariadne Genomics, Inc., Rockville, MD, 
USA). This text-mining software uses a database assembled 
from scientific abstracts and a manually curated dictionary of 
synonyms to recognize biological terms (Nikitin et al. 2003).

Anti‑oxidant enzyme activity assay

One gram of liver tissue was homogenized in 0.9 ml of cold 
physiological saline solution. After centrifugation (2000g, 
20 min at 4 °C), the supernatant was collected for further 
analysis. The activities of superoxide dismutase (SOD), 
glutathione peroxidase (GPx) and catalase (CAT) were 
measured using relevant kits (Nanjing Jiancheng Bioengi-
neering Institute, China) according to the manufacturer’s 
instructions. Lipid peroxidation content in terms of thiobar-
bituric acid-reactive substances (TBARS) formation was 
measured using a TBARS kit (Cayman Chemical Com-
pany, USA) according to the manufacturer’s instructions.

Isolation and culture of rat primary hepatocytes

Rats were anesthetized by intraperitoneal injection of 
sodium pentobarbital (45 mg/kg). Primary hepatocytes 
were isolated by the two-step in situ collagenase perfu-
sion technique, as described previously (Seglen 1976; 
Shen et al. 2012). The viability of hepatocytes was more 
than 95 % as assessed by trypan blue dye. Afterward, rat 
primary hepatocytes were plated onto six-well plates at a 
density of 1 × 106 cells/well and cultured in Williams E 
medium containing 10 % fetal bovine serum and primary 
hepatocyte maintenance supplements (1 kit per 500 ml 
medium, Gibco, Life Technology, USA) at 37 °C in a 
humidified atmosphere of 95 % air and 5 % CO2.

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT) assay

The effect of PFDoA on the viability of hepatocytes was 
evaluated by MTT proliferation assay. Exponentially grow-
ing cells were seeded into a 96-well plate at a density of 
1.0 × 104 cells/well in triplicate. After incubation for 24 h, 
cells were treated with increasing concentrations of PFDoA 
(1–100 μM in ethanol) for 20 h. Then, 20 μl of 5 mg/ml 
MTT was added to each well, followed by incubation for 
an additional 4 h. The formazan grains formed by viable 
cells were solubilized with dimethylsulfoxide (DMSO), 
and the color intensity was measured at 490 nm using a 
Gen5 Microplate reader (BioTek® Instruments, Inc., USA).

Lentiviral RNAi plasmid construction

To knockdown PPARα gene expressions, four miRNA 
RNAi sequences targeting PPARα (Table S2 in the SI) 
were cloned into pcDNA™6.2-GW/EmGFPmiR vector 
using a BLOCK-iT™ Pol II miR RNAi Expression Vector 
Kit with EmGFP (Invitrogen Life Technology, USA) and 
co-transfected into HEK293 cells with the corresponding 
overexpression plasmid. The best RNAi vectors were sub-
cloned into pLenti6.3/V5-DEST vectors (Invitrogen Life 
Technology) by the GateWay recombination method. The 
constructed lentiviral RNAi plasmids were transfected into 
Escherichia coli Stbl3 cells (Invitrogen Life Technology), 
and the plasmids were extracted by a PureLink® HiPure 
Plasmid Filter Maxiprep Kit (Invitrogen Life Technology).

Preparation of lentivirus

Recombinant lentiviruses were prepared by co-transfecting 
293FT cells with lentivirus expression plasmid with the 
ViraPower™ lentiviral expression system (Invitrogen Life 
Technology) using Lipofectamine 2000. Infectious lentivi-
ruses were harvested at 48 and 72 h post-transfection and 
then filtered through 0.22 μm PVDF filters. The viruses 
were concentrated by ultracentrifugation. Viral titer was 
estimated by infecting 8 × 103 293FT cells with tenfold 
serial dilutions of virus stock with 4 μg/ml polybrene in 
a 96-well plate. The percentage of green fluorescent pro-
tein (GFP) positive cells was determined by counting cells 
at 20× magnification and used to calculate the number of 
transducing units per milliliter of viral supernatant (TU/
ml). GFP expression in infected cells was observed using 
an inverted fluorescence microscope (Nikon Eclipse Ti-S, 
Japan), and images were captured using Nis-elements F 
package software (Nikon, Japan). The virus titers were at 
the range of 108 TU/ml.

Hepatocyte transduction and PFDoA exposure

Rat primary hepatocytes were plated at a density of 1 × 106 
cells/well in six-well plates at 37 °C in a humidified atmos-
phere of 95 % air and 5 % CO2. After overnight incubation, 
hepatocytes were incubated with lentivirus at a multiplicity of 
infection (MOI) of 30 without polybrene. For pseudo-trans-
duction control (mock infections), hepatocytes were incu-
bated with lentivirus with a scramble sequence at an MOI of 
30. After 12-h incubation, media containing lentivirus were 
removed and replaced by new Williams E media containing 
10 % fetal bovine serum and primary hepatocyte maintenance 
supplements. At 96 h post-transduction, transduction effi-
ciency was examined under an inverted fluorescence micro-
scope (Nikon Eclipse Ti-S, Japan). If transduction succeeded, 
PFDoA was added to the culture media at 75 μM, and control 
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and vehicle (ethanol) control were included, accordingly. 
Hepatocytes were rinsed with DPBS after 24 h of PFDoA 
exposure and harvested for subsequent real-time PCR and 
western blot assays. Total mRNA was extracted using Trizol 
(Ambion Life Technology, NY, USA) according to the manu-
facturer’s instructions. Real-time PCRs were performed to 
investigate the knockdown efficiency of peroxisome prolifer-
ator-activated receptor alpha (PPARα).

Western blot analysis

Total proteins were extracted with RIPA (Thermo Scien-
tific, USA) containing 1 mM PMSF (Sigma-Aldrich, USA) 
and 1 % phosphatase inhibitor (F. Hoffmann-La Roche 
Ltd, Switzerland). The protein concentration was deter-
mined using a BCA kit (Pierce, Thermo Scientific, USA). 
Approximately 40 μg of total protein was loaded on 10 % 
sodium dodecyl sulfate (SDS)-polyacrylamide gels and 
then transferred to polyvinylidene fluoride (PVDF) mem-
branes (Amersham Biosciences, Piscataway, NJ, USA). 
The blotted membranes were blocked for 1 h in TBS con-
taining 0.1 % Tween-20 (TBST) and 5 % BSA (Amresco, 
USA) and then incubated with primary antibodies dis-
solved by TBST overnight at 4 °C. The primary antibodies 
included rabbit monoclonal antibodies to rat cytosolic or 
mitochondrial acyl-CoA thioesterase 1 (CTE1/MTE1, from 
Dr. Yamada, Tokyo University of Pharmacy and Life Sci-
ences, Japan); rabbit monoclonal antibodies to rat PPARα; 
hydroxyl acyl-coenzyme A dehydrogenase/3-ketoacyl-
coenzyme A thiolase/enoyl-coenzyme A hydratase (tri-
functional protein), alpha subunit (HADHA); enoyl CoA 
hydratase 1, peroxisomal (ECH1) and carbamoyl-phos-
phate synthetase 1 (CPS1) (Abcam, UK); mouse mono-
clonal antibodies to rat aldehyde dehydrogenase 2 family 
(ALDH2), human isovaleryl coenzyme A dehydrogenase 
(IVD, Proteintech Group, Chicago, IL, USA), rat malate 
dehydrogenase 1 (MDH1, AVIVA, Beijing, China), rat 
dihydrolipoamide S-acetyltransferase (DLAT, AVIVA, Bei-
jing, China), rat glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, CST, USA) and rat hypoxanthine–guanine 
phosphoribosyltransferase (Hprt, Santa Cruz, USA). After 
washing with TBST, the membranes were then incubated 
with horseradish peroxidase-conjugated anti-rabbit IgG as 
the secondary antibody for 1 h at room temperature. The 
immunoreactive bands were detected with an ECL reagent 
(Tiangen, China) on an Image Quant LAS 4000 instrument 
(GE Healthcare, USA).

Reactive oxygen species (ROS) measured by flow 
cytometry

Rat hepatocytes were pre-treated with either PPARα antag-
onist (GW6471, 10 μM) or PPARα agonist (WY14643, 

100 μM) for 24 h, respectively, then exposed to 0 or 75 μM 
PFDoA. The ROS content was assayed by ROS-sensitive 
dye H2DCFDA (Molecular Probes, Life Technologies, 
USA). For the PPARα knockdown experiment, rat hepat-
ocytes were infected by lentiviruses (Lenti-miPPARα and 
Lenti-NC) and exposed to 0 or 75 μM PFDoA. The ROS 
content was assayed by ROS-sensitive dye dihydroethidium 
(DHE) (Sigma-Aldrich, St. Louis, MO, USA). ROS content 
was measured by flow cytometry (BD FACSCalibur, Bec-
ton-Dickinson, San Jose, CA, USA). Totally, 10,000 cells 
were counted for each sample, and only double positive 
cells (GFP transduced by lentivirus and red color stained 
by DHE probe) were selected for ROS measurement.

Statistical analysis

For quantitative real-time PCR data and western blot analy-
ses, statistical significance was determined using one-way 
analysis of variance (ANOVA) followed by Duncan’s mul-
tiple range test (SPSS for Windows 17.0 Software, Inc., 
Chicago, IL, USA). Data are presented as means with 
standard errors (mean ± SE). A p value of <0.05 was con-
sidered statistically significant.

Results

PFDoA concentration in liver

After PFDoA exposure, PFDoA bioaccumulation in the rat 
liver increased in an obvious dose-related manner. The liver 
PFDoA concentration in the 0.5 mg/kg PFDoA/day group 
was 151.7 μg/g wet, a 583.3-fold increase compared with 
that of the control and a 4.79-fold increase compared with 
that of the 0.05 mg/kg PFDoA/day group (Fig. S1 in the 
SI).

2‑D DIGE analysis for liver proteins

We used 2-D DIGE to explore the effect of PFDoA on the 
global pattern of protein expression in the rat liver. A rep-
resentative example of the 2-D DIGE gel images with three 
channels is shown in Fig. S2 in the SI, demonstrating effec-
tive separation of proteins. Through spot detection with the 
DIA module of the DeCyder software, the number of spots 
on each 2-D DIGE gel was above 1600. Among these pro-
teins, 143 and 275 spots were significantly altered (as deter-
mined by BVA module analysis) in the 0.2 and 0.5 mg/kg/
day PFDoA groups, respectively, compared with the con-
trol rats (p < 0.05). A total of 80 proteins were significantly 
altered in both treatments. In total, 159 and 179 proteins 
were up- and down-regulated, respectively, compared with 
those in the control (Fig. S3 in the SI). After MALDI-TOF/
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TOF analysis and a MASCOT database search, 73 proteins, 
including 53 up-regulated and 21 down-regulated proteins, 
were identified (Fig. S3 in the SI), Interestingly, 70 of these 
proteins changed significantly in their expression levels in 
the 0.5 mg/kg/day PFDoA group, with three identified pro-
teins significantly changed in 0.2 mg/kg/day PFDoA group 
only (p < 0.05, Table S3 in the SI). In addition, some spots 
were identified as the same protein by TOF/TOF; for exam-
ple, spots 410, 417 and 429 were all identified as Hsp60, 
which was verified by western blot analysis (Fig. S3, in the 
SI). This overlap might be due to differences in post-trans-
lational modifications, which can change the isoelectric 
point (PI) of a protein.

To further study the action mechanism of PFDoA on 
the rat liver, we classified the 73 identified proteins by GO 
analysis according their biological processes or functions 
(Table S3, in the SI). Most proteins were involved in lipid 

metabolism, amino acid metabolism, tricarboxylic acid 
(TCA) cycle and pyruvate metabolism, gluconeogenesis 
and glycolysis, stress response, cytoskeleton-related pro-
teins and other functions.

In addition, we analyzed the disease network regulated 
by the PFDoA altered proteins using Pathway Studio soft-
ware. Results showed that 18 altered proteins were related 
to hepatoma, adenocarcinoma, liver cancer or adenoma 
(Fig. S4, in the SI), and 21 altered proteins were related 
to inflammation (Fig. 1a). For example, adenosine kinase 
(ADK) peroxiredoxin 2 (Prdx2) and Prdx4, two proteins 
of the anti-oxidative function Prdx family, were recently 
found to have functions in inflammation, cancer and innate 
immunity (Ishii et al. 2012; Yamada et al. 2012).

The interaction relationship results showed that six pro-
teins (MTE1, HADHA, CET1, ALDH2, ECH1 and CPS1) 
were regulated by PPARα and seven proteins (GPD1, 

Fig. 1  Analysis of regulatory 
network of all differentially 
expressed proteins identified in 
the rat liver. Pathway analysis 
was performed using Pathway 
Studio (v 7.0) software. a 
Network of proteins related to 
inflammation. b Analysis of 
regulatory network of PPARα 
and PPARγ downstream pro-
teins, which were differentially 
expressed in the rat liver
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DDAH1, ALDH9A1, IL6, HPX, KRT8 and PHB) were 
regulated by PPARγ either directly or indirectly (Fig. 1b). 
Serum albumin was regulated by both PPARα and PPARγ.

Most proteins involved in stress response were heat-
shock proteins (HSPs), including heat-shock 70kD protein 
5 (HSPA5), heat-shock protein 1 (HSPD1), heat-shock 
protein 8 (HSPA8) and 75kD glucose-regulated protein 
(HSPA9A), the protein expression levels of which were all 
induced by PFDoA, as well as tumor necrosis factor type 
1 receptor-associated protein (TRAP) was also induced by 
PFDoA. The expression levels of peroxiredoxin 2 (PRX2), 
peroxiredoxin 4 (PRX4) and thioredoxin domain contain-
ing 7 (PDIA6), which play critical roles in the elimination 
of ROS, were down-regulated in the PFDoA groups.

To verify the authenticity of the 2-D DIGE proteomic 
results, we analyzed several selected proteins involved in 
lipid metabolism, oxidation stress and other biological pro-
cesses by western blot analysis. IVD was involved in amino 
acid metabolism, and DLAT and MDH1 were important 
enzymes in the TCA cycle and glucose metabolism. The 
protein levels of the above proteins increased or decreased 
in similar patterns to those observed in the DIGE results 
(p < 0.05, Fig. S5A, B in the SI), indicating that the 2-D 
DIGE results were reliable.

Activities of anti‑oxidative enzymes and activation 
of PPARα in rat liver after chronic PFDoA exposure

Since the proteomic results implied that PFDoA exposure 
might cause inflammation and oxidative stress in the liver, 
we further assayed the activities of anti-oxidative enzymes 
in the liver. The activity of SOD was increased significantly 
in the 0.5 mg/kg/day group (p < 0.05), while the activity of 
GPx was decreased significantly (p < 0.01) and the content 
of TBARS was significantly increased (p < 0.01) (Fig. 2). 
These results implied that chronic PFDoA exposure caused 
oxidative stress in the rat liver.

To further explore the role of PPARα in oxidative 
stress induced by PFDoA, we first measured the transcrip-
tional expression of PPARα and its key target genes. The 

mRNA levels of PPARα and target genes such as Cte1, 
Mte1, Hadha, Ech1 and Cyp4a1 all increased significantly 
in a dose-dependent manner (Fig. 3a). We then measured 
the protein levels of PPARα and its key target genes (see 
Fig. 1b) using western blot analysis (Fig. 3b). The pro-
tein levels of PPARα’s target genes, including CTE1/
MTE1, HADHA and ECH1, in rat livers increased in a 
dose-dependent manner after PFDoA exposure, though 
a decrease was observed in the protein levels of CPS1 
and ALDH2 (Fig. 3c). Interestingly, the protein levels of 
PPARα increased in the livers of rats dosed with 0.5 mg/kg/
day of PFDoA (Fig. 3c).

Content of ROS and activation of PPARα in rat 
primary hepatocytes exposed to PFDoA

To determine whether the activation of PPARα affected 
ROS production in rat liver exposed to PFDoA, PPARα 
antagonist (GW6471) and PPARα agonist (WY14643) 
were used to treat rat primary hepatocytes. Cells were 
incubated with 10 μM GW6471 for 24 h, after which the 
media were removed and the cells were washed three times 
with PBS and then treated with PFDoA for 24 h. The ROS 
content significantly increased in both the PFDoA- and 
GW6471-treated groups compared with that of the control 
group. When hepatocytes were incubated with GW6471, 
then treated with 75 μM PFDoA, the ROS content was 
greater than that in cells treated only with PFDoA (Fig. 4a, 
b). The mRNA levels of PPARα did not significantly 
change among the treated groups (PFDoA, GW6471, 
GW6471 plus PFDoA); however, the mRNA levels of 
its downstream genes, such as Cte1, Mte1 and Cyp4a1, 
increased in the hepatocytes treated with PFDoA only and 
decreased in the hepatocytes treated with GW6471 only 
compared with those of the control group (Fig. 4c). The 
mRNA levels of these genes increased in the hepatocytes 
treated with GW6471 plus PFDoA compared with those of 
GW6471 only group (Fig. 4c). Conversely, the ROS con-
tent in the rat primary liver treated with WY14643 only 
decreased compared with that of both the control group 
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the 0.5 mg/kg/day PFDoA group; GPx significantly decreased and 
content of thiobarbituric acid-reactive substances (TBARS), which 
correlated with lipid peroxidation, significantly increased in the 
0.5 mg/kg/day PFDoA group
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and PFDoA-treated group (Fig. 4d, e). The mRNA levels 
of PPARα’s downstream genes (Cte1, Mte1 and Cyp4a1) 
were significantly increased in the WY14643-treated 
groups compared with those of the control and PFDoA-
treated group, although the mRNA levels of PPARα were 
induced only by PFDoA. The mRNA levels of Cte1, Mte1 
and Cyp4a1 in the WY14643 plus PFDoA-treated groups 
were significantly decreased compared with those of the 
WY14643-treated only group and increased compared with 
those of the PFDoA-treated group (Fig. 4f). These results 
suggest that activation of PPARα may play a protection role 
in regulating ROS production in rat hepatocytes exposed to 
PFDoA.

Increased ROS content in PPARα knocked‑down rat 
primary hepatocytes exposed to PFDoA

To further explore the function of PPARα in livers exposed 
to PFDoA, we conducted lentivirus-mediated RNAi of 
PPARα in rat primary hepatocytes. We first constructed 
PPARα-RFP reporter plasmids by fusing rat PPARα cDNA 
for identification of efficient PPARα (i) sequences (Table 
S2 in the SI). The qRT-PCR results showed that PPARα 
(i)-4 was the most effective RNAi vector (Fig. 5a).

The selected RNAi vectors were subcloned into 
pLenti6.3/V5-DEST vectors by GateWay recombination 
(Fig. 5b). The lentiviruses containing Lenti-miPPARα 
RNAi vectors were packaged by co-transfection with 

ViraPower™ lentiviral expression systems into 293FT cells 
(Fig. 5c). MOI was assayed by infection of rat primary 
hepatocytes with a serial dilution of lentivirus stock. The 
result showed that MOI 30 was suitable for the successful 
transduction of rat primary hepatocytes (Fig. 5d).

Rat primary hepatocytes were successfully infected 
with mock (negative control, Lenti-NC) and Lenti-
miPPARα lentiviruses, showing bright green fluorescence 
without morphological abnormalities under a fluorescent 
microscope (Fig. 6a). The qRT-PCR results showed that 
the RNAi efficiency was 82 and 83 % with vehicle and 
PFDoA, respectively (Fig. 6b). Next, we examined the 
mRNA expression levels of PPARα target genes in rat pri-
mary hepatocytes exposed to PFDoA in vitro. Ninety-six 
hours after lentivirus infection, the transcriptional levels 
of Cte1, Mte1, Hadha, Ech1 and Cps1 were significantly 
down-regulated in PPARα knocked-down rat hepatocytes 
compared with those of the control group. Treatment of 
rat primary hepatocytes 96 h post-lentivirus infection with 
PFDoA for 24 h yielded similar trends (Fig. 6c), while the 
mRNA expression levels of Aldh2 did not show significant 
change.

The protein level of PPARα was markedly reduced in 
the rat primary hepatocytes infected with Lenti-miPPARα 
lentivirus for 8 days compared with the mock group, as 
were the protein levels of CTE1 and MTE1. After infec-
tion with Lenti-miPPARα lentivirus for 8 days, followed by 
treatment with PFDoA for 24 h, the protein levels of CTE1 

Fig. 3  a Transcriptional levels 
of PPARα and its target genes 
(Cte1, Mte1, Ech1, Hadha 
and Cyp4a1) in rat liver after 
PFDoA treatment. Each bar 
represents the mean ± SE of 
six samples per treatment. 
*p < 0.05; **p < 0.01 (con-
trol group vs PFDoA-treated 
groups). b Protein levels of 
PPARα, CTE1 + MTE1, 
HADHA, ALDH2, ECH1 and 
CPS1 in rat livers after PFDoA 
treatment. Protein intensi-
ties were normalized to the 
corresponding GAPDH level. 
c Results from densitometry 
analysis of the western blots 
in b. Each bar represents the 
mean ± SE of six samples per 
treatment. *p < 0.05; **p < 0.01 
(control group vs PFDoA-
treated groups)
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and MTE1 in rat hepatocytes increased compared with 
those of the Lenti-miPPARα vehicle group but decreased 
compared with those of the PFDoA-treated mock group 
(Fig. 7a, b). However, after infection with Lenti-miPPARα 
lentivirus for 8 days, the protein levels of HADHA, ECH1 
and CPS1 were significantly increased compared with 
those of the mock group, while ALDH2 exhibited no sig-
nificant change. After PPARα knockdown for 8 days, fol-
lowed by treatment with PFDoA for 24 h, the protein lev-
els of ECH1 and CPS1 decreased compared with those of 
the PFDoA-untreated Lenti-miPPARα group. However, 
ALDH2 significantly increased in rat hepatocytes. These 
results implied that CTE1 and MTE1 were positively reg-
ulated by PPARα, and HADHA, CPS1 and ECH1 were 
negatively regulated by PPARα. These findings are consist-
ent with the pathway analysis of the regulatory network of 
the PPARα downstream proteins (Figs. 1b, 3), except for 
ECH1 and HADHA, which may be regulated by other fac-
tors. The detailed mechanism needs further exploration.

We further investigated the content of ROS in PPARα 
knocked-down rat primary hepatocytes. Due to the green 

color of GFP transduced by lentivirus, DHE was used 
for ROS measurement. The content of ROS was mark-
edly increased in the rat primary hepatocytes infected 
with Lenti-miPPARα lentivirus for 8 days compared with 
the mock (Lenti-NC) group. After infection with Lenti-
miPPARα lentivirus for 8 days followed by treatment with 
PFDoA for 24 h, the content of ROS in rat hepatocytes did 
not increase compared with that of the Lenti-miPPARα 
vehicle group but still increased when compared with 
that of the PFDoA-treated mock group (Fig. 8a–c). These 
results were similar to those of the GW6471-treated groups.

We next measured the transcriptional levels of genes 
involved in ROS scavenging in rat primary hepatocytes. 
Results showed that the transcriptional levels of Sod2 
and Gpx4 were markedly increased, while the levels of 
Cat decreased in the rat primary hepatocytes infected 
with Lenti-miPPARα lentivirus for 8 days compared with 
the mock (Lenti-NC) group. After infection with Lenti-
miPPARα lentivirus for 8 days, followed by treatment with 
PFDoA for 24 h, the transcriptional levels of these genes 
in rat hepatocytes did not increase compared with those 
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pre-treated with PPARα agonist WY14643 measured by flow cytom-
etry using molecular probe H2DCFA. e Mean fluorescence intensity 
of DCF measured by flow cytometry. f qRT-PCR analysis of mRNA 
expression levels in rat primary hepatocytes treated with WY14643 
and PFDoA. Mean ± SEM; n = 3 (*p < 0.05; **p < 0.01)
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of the Lenti-miPPARα vehicle group but change trends of 
these genes were similar to those of the PFDoA-treated 
mock group (Fig. 8d). These results were consistent with 
the ROS increase in rat primary hepatocytes when PPARα 
was knocked down.

Discussion

In the present study, 70 identified proteins were signifi-
cantly altered in the 0.5 mg/kg/day PFDoA group. Among 
which, 28 were significantly altered in both the 0.2 and 

0.5 mg/kg/day PFDoA groups with a similar changing 
trend, and the fold changes in the higher-dose group were 
higher than those in the lower-dose group. This suggests 
that the effect of PFDoA on the liver was dose dependent. 
Western blot analysis validated the reliability of the DIGE 
results and showed that the altered proteins could provide 
comprehensive information on the translational levels of 
hepatotoxicity in male rats after subchronic exposure of 
PFDoA.

PFOA is known to activate PPARα and is considered a 
critical step in the mode of action by which PFOA induces 
hepatotoxicity in rodents, including liver enlargement, 
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liver cancer and tumors and fatty acid metabolism disor-
ders (Elcombe et al. 2012; Lau et al. 2007). In our previous 
studies, PFDoA was also found to activate the mRNA lev-
els of PPARs and its target genes associated with fatty acid 
homeostasis, which might contribute to the hepatic steato-
sis observed (Ding et al. 2009; Zhang et al. 2008). In this 
study, four up-regulated proteins (CTE1, MTE1, HADHA 
and ECH1) were related to lipid metabolism, with all pre-
viously reported to be target genes of PPARα (Desvergne 
and Wahli 1999; Mandard et al. 2004). Additionally, two 
down-regulated proteins (CPS1 and ALDH2) involved in 
amino acid and glucose metabolism, respectively, were 
found to be related to PPARα by Pathway Studio analysis. 
Interestingly, both the mRNA and protein levels of CTE1 
and MTE1 were increased greatly following PFDoA expo-
sure compared with those of other genes. Thus, we suc-
cessfully transferred the miPPARα plasmid into rat primary 

hepatocytes by lentivirus infection to knock down both 
the mRNA and protein expression of PPARα and deter-
mine whether PFDoA induced CTE1 and MTE1, or other 
proteins, based on PPARα activation. Hunt et al. (2000) 
reported that CTE1 and MTE1 were induced at the mRNA 
level in fasting PPARα-null mice, but the increase in CTE1 
was mainly independent of PPARα in the liver. A recent 
study evaluated the gene profile alterations of hepatocytes 
in PPAR knockout or wild-type mice given oral daily doses 
of PFOA and WY-14643 for 7 days (Rosen et al. 2008a, 
b, 2010). The induction of CTE1, MTE1 and HADHA 
observed only in the wild-type mice showed a completely 
PPARα-dependent pathway. However, ECH1 and CPS1 
were regulated not only in wild-type mice treated by PFOA 
but also knockout mice to a lesser extent, suggesting that 
these two genes might be partially regulated by PPARα. 
This was consistent with our study, which showed that the 
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regulations of CTE1, MTE1, HADHA, ECH1 and CPS1 
mRNA levels in rat liver exposed to PFDoA were related to 
PPARα. In addition, other transcription factors such as acti-
vated/androstane receptor (CAR) and pregnane X receptor 
(PXR) might be involved in the effect of PFDoA (Bjork 
et al. 2011; Ren et al. 2009). For protein levels, only CTE1 
and MTE1 levels decreased obviously in PPARα knocked-
down hepatocytes after PFDoA exposure compared with 
those in wild-type primary hepatocytes, although no obvi-
ous activation of PPARα by PFDoA was observed. These 
results suggest that CTE1 and MTE1 were more sensitive 
to PFASs and had a potential to use as a biological indica-
tor of PFASs.

Furthermore, 16 of the differentially expressed proteins 
after PFDoA treatment were related to stress response, 
including HSPs, PRXs and PDIA6. Heat-shock proteins, 
originally identified as heat-inducible gene products, are 
a family of highly conserved proteins that respond to a 
wide variety of stresses, including oxidative stress. Under 
oxidative stress, hepatic cells can produce high levels 
of stress response proteins, including HSPs, which pro-
tect against free radical insult (Liu et al. 2015; Ogi et al. 
1999). In this study, protein levels of HSPs (except spot 

281) were all induced in the high PFDoA dose group, 
indicating that a certain degree of oxidative stress might 
occur in rat liver exposed to PFDoA. Multiple studies have 
demonstrated that PFAS exposure can induce excessive 
ROS in various cells (Eriksen et al. 2010; Liu et al. 2007; 
Reistad et al. 2013; Yang et al. 2014). In our study, ROS 
content increased in rat primary hepatocytes exposed to 
PFDoA. Additionally, significantly increased SOD activ-
ity and TBARS production in the 0.5 mg/kg/day PFDoA 
group reflected ROS production by PFDoA in vivo. It has 
been reported that peroxisome proliferation could be of 
sufficient magnitude to lead to oxidative damage in mac-
romolecules, with PPARα activation as a causal first step 
(Yeldandi et al. 2000). In livers with peroxisome prolifera-
tion, fatty acyl-CoA oxidase (ACOX) and CYP4A1, two 
well-known PPARα target genes and important enzymes 
of fatty acid oxidation, have been considered the major 
sources of H2O2 contributing to sustained intracellular oxi-
dative damage in the livers of rats and mice (Nemali et al. 
1989). Our previous study also showed that the mRNA 
levels of ACOX and CYP4A1 were significantly induced 
after subchronic and subacute PFDoA exposure (Ding et al. 
2009; Zhang et al. 2008). In addition, the activities of CAT 

Fig. 7  Western blot analysis 
of CTE1 + MTE1, HADHA, 
ALDH2, ECH1 and CPS1 
protein levels in PPARα 
knocked-down rat primary 
hepatocytes after 75 μM 
PFDoA exposure for 24 h. a 
Effect of PPARα knockdown on 
its downstream proteins in rat 
primary hepatocytes. Cells were 
harvested 8 day post-lentivirus 
infection, respectively. b Protein 
intensities normalized to the 
corresponding GAPDH level. 
Densitometry analysis was 
performed using Quantity One 
software. Each bar represents 
the mean ± SE of three samples 
per treatment. Mean ± SEM; 
n = 3 (*p < 0.05; **p < 0.01; 
mock vehicle group vs Lenti-
miPPARα vehicle groups), 
(#p < 0.05; ##p < 0.01; mock 
PFDoA group vs Lenti-
miPPARα PFDoA groups), 
($p < 0.05; $$p < 0.01; mock 
vehicle group vs mock PFDoA 
groups; &p < 0.05; &&p < 0.01; 
Lenti-miPPARα vehicle groups 
vs Lenti-miPPARα PFDoA 
groups)
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and GPx, two H2O2-degrading enzymes, were markedly 
reduced in rat livers in the 0.5 mg/kg/day PFDoA group, 
which further led to excess oxidative stress. Taken together, 
we speculated that activation of PPARα might be the initial 
cause of oxidative stress induced by PFDoA in the rat liver.

The in vitro experiments further verified the relationship 
of PPARα with oxidative stress in rat primary hepatocytes 
induced by PFDoA. Interestingly, the PPARα antagonist 
GW6471, as well as Lenti-miPPARα transfection, attenu-
ated the induction of mRNA levels in PPARα target genes 
(CTE1, MTE1 and CYP4A1) in both the control and 
PFDoA-exposed hepatocytes, which was associated with 
increased ROS accumulation. Furthermore, ROS content 
in rat hepatocytes was significantly decreased when pre-
treated with PPARα agonist WY14643 in both the control 
and PFDoA-treated groups, and the corresponding PPARα 
targeted genes were all up-regulated. The induction of GPx 
and SOD2 levels might be a response to ROS accumulation 
in primary hepatocytes. These results implied that PPARα 
could inhibit ROS accumulation in rat hepatocytes exposed 
to PFDoA. An increasing body of evidence suggests that 

activation of PPARα could protect the liver against chem-
ical-induced stress or damage (Anderson et al. 2002; Chen 
et al. 2000; Mehendale 2000), consistent with our in vitro 
studies. Minata et al. (2010) reported that PFOA elevated 
the levels of 8-hydroxydeoxyguanosine, an indicator of 
oxidative DNA damage, in the liver of PPARα-null mice, 
but did not increase 8-hydroxydeoxyguanosine levels in the 
livers of wild-type mice. However, the levels of ALT and 
AST in PPARα-null mice were lower than that in wild-type 
mice after exposure to 12.5 and 25 µmol/kg PFOA, but 
were increased more than twofold that of wild-type mice 
exposed to 50 µmol/kg PFOA (Minata et al. 2010). Thus, 
PPARα played an important role not only in induction 
of oxidative stress but also in protection against the liver 
injury. A balance might exist between the double func-
tions of PPARα; however, other pathways involved in ROS 
generation and the detailed mechanism of PPARα protec-
tion against oxidative damage induced by PFDoA remains 
unclear and needs further study.

In summary, 73 differentially expressed proteins were 
identified in the rat liver after PFDoA exposure and were 

Fig. 8  Suppression of PPARα 
increased ROS in rat primary 
hepatocytes exposed to PFDoA. 
a Fluorescent images of 
lentivirus infected rat hepato-
cytes stained with DHE. Scale 
bar 500 μm. b ROS content 
of rat hepatocytes infected 
with lentiviruses measured 
by flow cytometry using 
molecular probe DHE. c Mean 
fluorescence intensity of DHE 
measured by flow cytometry. d 
Quantitative RT-PCR analysis 
of mRNA expression levels in 
rat primary hepatocytes infected 
with lentiviruses and exposed 
to PFDoA. Mean ± SEM; 
n = 3 (*p < 0.05; **p < 0.01; 
mock vehicle group vs Lenti-
miPPARα vehicle groups), 
(#p < 0.05; ##p < 0.01; mock 
PFDoA group vs Lenti-
miPPARα PFDoA groups), 
($p < 0.05; $$p < 0.01; mock 
vehicle group vs mock PFDoA 
groups)
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related to lipid metabolism, stress response and inflamma-
tion. In addition, PFDoA exposure led to oxidative stress 
in the rat liver, including ROS accumulation, induction 
of SOD activity, inhibition of GPx activity and increased 
lipid peroxidation. PPARα might play an important role 
in the protection against ROS accumulation in the rat liver 
induced by PFDoA.
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