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� Vitamin C reduces signs of PFOA-
induced liver damage.

� Protective role of vitamin C is
associated with signaling networks
control, suppressing linoleic acid
metabolism.

� Vitamin C reduces thiodiglycolic acid,
and elevating glutathione in the liver.

� The findings demonstrate the utility
of vitamin C for preventing PFOA-
induced hepatotoxicity.
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Introduction: Perfluorooctanoic acid (PFOA) is a compound used as an industrial surfactant in chemical
processes worldwide. Population and cross-sectional studies have demonstrated positive correlations
between PFOA levels and human health problems.
Objectives: Many studies have focused on the hepatotoxicity and liver problems caused by PFOA, with
little attention to remediation of these problems. As an antioxidant, vitamin C is frequently utilized as
a supplement for hepatic detoxification.
Methods: In this study, we use a mouse model to study the possible role of vitamin C in reducing PFOA-
induced liver damage. Based on comparative transcriptomic and metabolomic analysis, we elucidate the
mechanisms underlying the protective effect of vitamin C.
Results: Our results show that vitamin C supplementation reduces signs of PFOA-induced liver damage
including total cholesterol and triglyceride levels increase, liver damage markers aspartate, transaminase,
and alanine aminotransferase elevation, and liver enlargement. Further, we show that the protective role
of vitamin C is associated with signaling networks control, suppressing linoleic acid metabolism, reducing
thiodiglycolic acid, and elevating glutathione in the liver.
Conclusion: The findings in this study demonstrate, for the first time, the utility of vitamin C for prevent-
ing PFOA-induced hepatotoxicity.
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Introduction mental Animal Co., Ltd. (Changsha, China). The mice were acclima-
Perfluorooctanoic acid (PFOA), a common component of indus-
trial and consumer products including food-containing and food-
associated materials is frequently detected in humans [1]. Several
population studies reveal its presence in human serum [2,3], with
cross-sectional studies linking it to human health problems such as
metabolic, liver, coronary, immune system, and bone diseases [4-
8]. As a detoxification venue, the liver is a reported PFOA target
and a major site for PFOA accumulation [9]. Many studies have
demonstrated the hepatotoxic effect of PFOA and its association
to liver diseases like the non-alcoholic fatty liver disease (NAFLD)
[10,11]. These harmful effects of PFOA to liver are mainly attribu-
ted to elevated hepatic triglyceride and altered hepatic lipid oxida-
tion, causing liver steatosis [12].

Vitamin C, also known as ascorbic acid, is an essential micronu-
trient for humans, vital for the functioning of body systems includ-
ing collagen formation, iron absorption, and immune system
maintenance. More importantly, it is an antioxidant, with numer-
ous studies on mammals demonstrating its protective role in the
liver. For example, in a study involving rats, vitamin C was reported
to prevent NAFLD [13]. Similar results were obtained from guinea
pigs; a high dose of vitamin C improved non-alcoholic steatohep-
atitis symptoms [14]. In addition, vitamin C supplementation
was suggested to provide a protective effect on toxicant-induced
hepatotoxicity [15]. Moreover, a study on mice showed that vita-
min C retarded triptolide-induced acute hepatotoxicity through
oxidative stress mitigation [16]. A similar protective effect of vita-
min C was reported for fipronil-induced oxidative stress in mouse
liver [16]. Furthermore, vitamin C exhibited protective effects on
arsenic-induced hepatic anomalies and dexmedetomidine-
induced liver injury in rats [18,19].

In this study, we used amousemodel and integrative omics anal-
ysis including the transcriptomics and metabolomics to investigate
the utility of vitamin C for relieving hepatotoxic effects of PFOA.
Our results show that vitamin C consumption protects the liver from
PFOA-induced triglyceride and total cholesterol elevation. In addi-
tion, vitamin C compensates for PFOA- mediated-reduction of
high-density lipoprotein in mouse liver. More importantly, vitamin
C attenuates PFOA-induced liver enlargement and liver damage.
These data highlight a protective effect of vitamin C on PFOA-
induced hepatotoxicity. Based on the transcriptomic and metabolo-
mic analysis, followed by systematic bioinformatics analysis,we elu-
cidate metabolic alterations caused by PFOA and the underlying
mechanisms of the protective role of vitamin C. We show that PFOA
can interfere with the synthesis of primary bile acids, steroid hor-
mones, and unsaturated fatty acids by inducing the acyl-coenzyme
A gene family in the liver.More importantly,wediscovered that vita-
min C also retards linoleic acid metabolism and reduces thiodigly-
colic acid, while elevating glutathione levels, thereby explaining its
protective effect on PFOA-induced hepatotoxicity.
Materials and methods

Animal maintenance and treatment

This animal study was conducted following the guidelines and
regulations of the Animal Center Laboratory in Guilin Medical
University (Approval No. GLMC201503003). The ICR mice
(7-weeks of age) were purchased from Hunan Slark Jingda Experi-
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tized for a week before the 7 days exposure experiments. The mice
were randomly divided into 3 groups (n = 8), with a PFOA group fed
with 10 mg/kg PFOA per day as previously described [20], a
PFOA + vitamin C group fed with 10 mg/kg of PFOA per day and
treated with 100 mg/kg of vitamin C as previously reported [21],
and a control group fed with DMSO. The mice were allowed free
access to food and filtered water, and after feeding for 7 days, they
were dissected and their liver tissues collected, snap-frozen with
liquid nitrogen, and stored at �80 �C [22,23].

Biochemical assay of serum samples

The blood levels of enzymes involved in liver functioning (ala-
nine aminotransferase and aspartate aminotransferase), lipids
(triglyceride, total cholesterol, low density lipoprotein, and high-
density lipoprotein), and hepatic lipase for the samples were mea-
sured using commercially available kits (Nanjing Jiancheng Bio-
engineering Institute, China; Shanghai Elisa Biotech, China), as
previously described [24,25].

RNA isolation and transcriptomic analysis

The RNA samples were extracted from the liver tissues using
the TRIzol reagent according to the manufacturer’s instruction.
The quality of each sample was assessed by an Agilent 2100 Bioan-
alyzer system, and samples (n = 3 from each treatment group) with
an RNA Integrity Number (RIN) > 8 were subjected to the transcrip-
tome library construction as previously described [26]. Briefly,
poly-T oligo-attached magnetic beads were used to enrich the
mRNA (poly(A)-mRNA). The purified mRNA samples were frag-
mented and submitted to the cDNA library construction using Illu-
mina mRNA Seq sample preparation kits. The library was
sequenced on an Illumina Hiseq 4000 sequencer with 150 bp
paired-end sequencing following the manufacturer’s instructions.
After sequencing, the adaptor sequence and sequencing primer
were trimmed, and the low-quality reads (q quality scores lower
than 20) were eliminated. The clean sequence reads were mapped
to the UCSC (http://genome.ucsc.edu/) reference genome of Mus
musculus using the HISAT package. The StringTie and edgeR were
used for determining the expression levels of all genes. Genes with
a log2 (fold change) > 1 and a statistical significance (p value < 0.05)
were defined as differentially expressed genes (DEGs). The DEGs
were then exposed to the Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analyses, and the
Ingenuity Pathways Analysis (IPA), to evaluate system-wide effects
of PFOA in the liver and the protection potential of vitamin C.

Metabolomic analysis by ultra-performance liquid chromatography-
high-resolution tandem mass spectrometry

Metabolites were extracted from the collected liver tissue sam-
ples as previously described [8]. Initially, the samples were
extracted using 120 lL of prechilled 50% methanol, vortexed for
1 min, and incubated at room temperature for 10 min. After cen-
trifugation at 4000 g for 20 min, the supernatants were analyzed
by LC-MS following the manufacturer’s instructions. First, chro-
matographic separations were performed using an ultra-
performance liquid chromatography (UPLC) system (SCIEX, UK)
with an ACQUITY UPLC T3 column (100 mm � 2.1 mm, 1.8 mm,
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Waters, UK) involving reversed-phase separation. A TripleTOF
5600+ high-resolution tandem mass spectrometer (SCIEX, UK)
was used to detect metabolites eluting from the column in the pos-
itive and negative ion modes (PIM and NIM). The MS data were
acquired in the IDA mode with TOF mass ranging from 60 to
1200 Da. The acquired MS data were analyzed using the XCMS soft-
ware, as previously described [8], with each ion identified based on
the retention time (RT) and m/z data. An online KEGG and a human
metabolome database (HMDB) were employed for annotating the
metabolites by molecular mass-to-charge (m/z) matching of the
samples. If the mass difference between the measured sample
result and the database value was < 10 ppm, the metabolite was
annotated, followed by confirming the metabolite’s molecular for-
mula through isotopic distribution measurements. The peak inten-
sities were further processed by metaX, with features that were
detected in < 50% of QC samples or 80% of biological samples
removed, while the remaining peaks with missing values were
input with the k-nearest neighbor algorithm to enhance data qual-
ity. The Student’s t-test was performed for the samples to assess
metabolite concentrations differences between the treatment and
control groups. The p-value was adjusted for multiple tests using
an FDR (Benjamini–Hochberg), and a supervised PLS-DA was con-
ducted with metaX to discriminate variables between the groups.
A p-value < 0.05 and a log2 (fold change) > 1 were set as the thresh-
olds for significant differential change of the metabolites. The VIP
value was then calculated, with a cut-off value of 1.0 used for
selecting important features. The deregulated metabolites were
further assessed using the web-based analytical tool
MetaboAnalyst [27].

Results and discussion

Liver protection from PFOA-induced damage by vitamin C
supplementation

Although PFOA is banned in many countries, its detection in
human population is still common due to its high persistence in
the environment. The association between PFOA levels and human
diseases, especially liver steatosis is reported by many studies
[5,28]. Therefore, identifying a supplement for reducing the hepa-
totoxicity of PFOA can be helpful for the public. Vitamin C, for
example, is an antioxidant commonly for boosting liver function
Table 1
Liver Parameters Affected by PFOA Hepatotoxicity for the Control, PFOA Treatment,
and PFOA + VC Treatment Sample Groups.

Parameters Control PFOA VC + PFOA

Body mass (g) 45.65 ± 2.06 44.83 ± 2.16 43.23 ± 3.72
Liver mass (g) 1.56 ± 0.12 3.71 ± 0.18a 2.35 ± 0.24b

Liver index (%) (liver/body
weight � 100%)

3.67 ± 0.21 8.9 ± 0.4a 5.73 ± 0.4b

Fasting blood glucose
(mmol/L)

4.7 ± 0.5 6.4 ± 1.2 4.8 ± 0.8

Total cholesterol (mmol/L) 3.11 ± 0.15 6.6 ± 0.14a 3.25 ± 0.26b

Triglyceride (mmol/L) 0.68 ± 0.06 1.07 ± 0.25a 0.74 ± 0.05b

Alanine aminotransferase
(U/L)

8.71 ± 0.76 17.26 ± 1.18a 11.48 ± 0.45b

Aspartate aminotransferase
(U/L)

12.67 ± 1.93 29.28 ± 1.52a 19.02 ± 1.38b

Low density lipoprotein
(mmol/L)

0.22 ± 0.03 0.35 ± 0.05 0.15 ± 0.05b

High density lipoprotein
(mmol/L)

7.99 ± 0.86 3.24 ± 0.72a 4.94 ± 0.24b

Hepatic lipase (lg/mL) 126.16 ± 15.82 129.85 ± 21.9 161.93 ± 6.97b

Note: Paired Student’s t test (GraphPad Prism 3.02); aP＜0.05 vs control; bP＜0.05 vs
PFOA.
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[29,30]. In this study, we sought to evaluate the possible protective
role of vitamin C on PFOA-induced hepatotoxicity using a mouse
model. In the experimental setting, we used a relative high dose
of PFOA (10 mg/kg PFOA per day) to make sure the induction of
hepatotoxicity in our mouse model as the previous studies [31–
34]. Our data for measured lipids parameters related to liver dis-
eases show that PFOA increases the total cholesterol and triglyc-
eride levels, while reducing high-density lipoproteins in the liver
(Table 1).

These results are concordant with previous reports, with a
cross-sectional study of a middle-aged Danish population high-
lighting a positive correlation between plasma PFOA levels and
total cholesterol [35]. In addition, a study on mice demonstrated
that PFOA consumption altered the expression of hepatic sterol
genes, causing hypercholesterolemia [36]. Further, PFOA treatment
also induced cholesterol and triglyceride in liver. PFOA-induced
triglyceride has been reported to interfere with mitochondrial
beta-oxidation, causing liver steatosis [11,12]. In our study, liver
damage is highlighted by two indicators, aspartate transaminase
(AST) and alanine aminotransferase (ALT) (Table 1) [37]. Moreover,
liver mass and liver index increases were observed in the PFOA
treatment group compared to the control group (Table 1). Interest-
ingly, vitamin C supplementation could attenuate all these indica-
tor inductions in the liver caused by PFOA treatment (Table 1).
Although many studies have demonstrated the positive effects of
vitamin C on chemical-induced hepatotoxicity and liver injury
[17–19], our study is the first to suggest a protective role of this
vitamin in PFOA-induced liver damage. Therefore, to better under-
stand the mechanisms underlying this protective role of vitamin C,
integrative omics analyses including comparative transcriptomic
and metabolomic analyses for determining the profile changes of
genes and metabolites, respectively, was conducted.
PFOA hepatoxicity by alteration of fatty acids and lipids metabolism

From the transcriptomic analysis, we obtained at least 31 mil-
lion quality-trimmed clean reads per sample, producing 61.05 Gb
of quality-trimmed bases in total (Supplementary Table 1), with
a mapping rate of over 90% relative to the mouse reference genome
(Supplementary Table 1). By comparing the gene expression pro-
files of PFOA and the control group, 2426 differentially expressed
genes (DEGs) including 1066 upregulated and 1360 downregulated
are found (Supplementary Fig. 1 and Supplementary Table 2). The
DEGs were then subjected to the GO analysis and IPA to under-
stand the biological functions alterations and hepatotoxicity
caused by the PFOA treatment, respectively. The GO analysis shows
that the PFOA exposure significantly interferes with the metabo-
lism of many fatty acids and lipids (p < 0.05), particularly fatty
acids beta-oxidation, long chain fatty acids transport, and the
acyl-CoA metabolic process (Fig. 1a). Further, the IPA uncovers
the critical biological processes and key toxicological responses
to PFOA exposure. The Tox Functions analysis (IPA-TOX) suggests
that PFOA causes liver and hepatic toxicity through the alteration
of live cell proliferation and apoptosis of hepatocytes (Fig. 1b and
Supplementary Table 3). These changes induce variable levels of
liver inflammation including liver necrosis, hepatic steatosis, and
steatohepatitis (Fig. 1b and Supplementary Table 3), with liver can-
cer and hepatocellular carcinoma as possible outcomes (Fig. 1b and
Supplementary Table 3). Our results support previous reports that
PFOA induces hepatotoxicity, particularly liver steatosis, through
imbalanced fatty acids and lipids homeostasis as well as inducing
b-oxidation [38,39]. However, the detail molecular mechanisms
underlying the hepatoxicity of PFOA remain largely unknown. In
this study, we employ comparative transcriptome, followed by



Fig. 1. Plots showing the effect of PFOA on biological processes and functions of mouse liver through interference of gene expression. This comparative transcriptomic
analysis demonstrates differential gene expression caused by PFOA (Control vs PFOA group). (a) DEGs evaluated by the Gene Ontology (GO) enrichment analysis. The rich
factor plot exhibits the PFOA-altered biological processes (p < 0.05). (b) IPA-Tox of Ingenuity Pathway Analysis (IPA) data demonstrating the hepatotoxicity from PFOA
(p < 0.05).
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GO analysis and IPA in identifying key genes and delineating
molecular mechanisms for PFOA-induced liver diseases. We
observed that the acyl-coenzyme A-related gene family including
acyl-CoA oxidase and acyl-CoA thioesterase were identified in
PFOA-treated liver. This gene family is closely associated to hepatic
oxidative stress, with our data demonstrating acyl-CoA oxidase
induction such as ACOX1 and ACOX2. A liver cancer study showed
that peroxisomal ACOX1 inhibition prevents oxidative damage
[40]. The other acyl-CoA oxidase, ACOX2, is involved in bile acid
production, a process that is associated with oxidative stress and
triglyceride levels regulation [41]. In fact, overexpression of ACOX2
is reported to cause oxidative stress and death in HepG2 cells [42].
Beside the acyl-CoA oxidase, our results also demonstrate that
PFOA treatment caused alterations in many acyl-CoA thioesterases
(ACOTs) including ACOT1, ACOT2, ACOT3, ACOT4, ACOT6, ACOT8,
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ACOT9, and ACOT13 in mouse liver. These ACOTs play important
cellular roles in fatty acids metabolism through the hydrolysis of
acyl-CoA ester molecules, yielding coenzyme A and non-
esterified fatty acid [43]. Most ACOTs are found in the mitochon-
drial matrix and are responsible for mitigating b-oxidation over-
load [44]. The ACOT2 is prominent in highly oxidative tissues
such as the liver, and mitochondrial ACOT2 is reported to enhance
fatty acid oxidation within those tissues [45]. Thus, identifying
these candidates may provide biomarkers for PFOA-induced hepa-
totoxicity risk assessment.

Liver protection by vitamin C against PFOA-induced hepatotoxicity

Our in vivo mice data show that vitamin C supplementation
relieves PFOA-induced hepatotoxicity; thus, we compare the gene



Fig. 1 (continued)

R. Li, C. Guo, X. Lin et al. Journal of Advanced Research 35 (2022) 279–294
profiles of the vitamin C + PFOA and PFOA groups to further under-
stand the mechanisms underlying this protective role of vitamin C.
We found 306 DEGs including 185 upregulated and 121 downreg-
ulated (Supplementary Fig. 2 and Supplementary Table 4), with
the GO analysis revealing oxidation–reduction as the principal
biological process (Fig. 2a). More importantly, the vitamin C sup-
283
plementation exhibits an inverse relationship to the PFOA level,
reflecting negative regulation of lipid biosynthesis that can protect
the liver against hepatotoxicity (Fig. 2a). Vitamin C is used as a
supplement in our daily life [46], with its anti-oxidative and
inflammatory properties exploited for treating liver diseases such
as the alcoholic liver disease and liver cancer [47,48]. So, our



Fig. 2. Diagrams showing vitamin C relieves FOA-induced hepatotoxicity by controlling gene expression. The comparative transcriptomic analysis reveals differential gene
expression induced by vitamin C (PFOA vs vitamin C + PFOA group). (a) The DEGs were assessed by the Gene Ontology (GO) enrichment analysis. The rich factor plot shows
that the vitamin C-relieved PFOA-altered biological processes (p < 0.05). (b) Data from gene network analysis using IPA, demonstrating cell signaling involved in the
protective action of vitamin C.
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study, for the first time, provides data indicating vitamin C supple-
mentation can protect the liver against environmental pollutants
toxicity. Focusing on genes showing reversed expression under
vitamin C supplementation, we found 87 genes that are upregu-
lated by PFOA but downregulated by vitamin C or vice versa
(Table 2). These genes were then processed to understand the liver
protection mechanisms using IPA. Our results show that vitamin C
controls the gene function expression at different cellular levels
including the extracellular space, plasma membrane, cytoplasm,
and nucleus (Fig. 2b). In the cellular matrix, vitamin C alters the
SERPING1, TSKU, MUC6, and COL11A2 expression (Fig. 2b). The
SERPING1, also called C1 inhibitor, interacts with some infection
agents to influence inflammation suppression [49]. It is also
reported to overcome many diseases including sepsis and bacterial
infections [50]. The TSKU is a newly identified target of the perox-
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isome proliferator-activated receptor alpha (PPARa), playing an
important role in lipids metabolism [51]. More importantly,
PPARa activation is a major hepatocarcinogenic action of the PFOA
[52]. Conversely, the MUC6, belonging to the mucin family, a large
family of O-glycoproteins with high carbohydrate content [53], is
critical in maintaining cellular functions, especially through
epithelial surfaces. Its aberrant expression influences tumor
growth and oxidative stress-induced apoptosis for many cancer
types [54,55]. In addition, vitamin C induces COL11A2 expression,
causing activation of the scavenger receptor SCARF1 (Fig. 2b). The
SCARF1 is responsible for recognizing and engulfing apoptotic cells
via the complement component. A SCARF1-deficient mice study
demonstrated that losing SCARF1 impairs apoptotic cells uptake
[56]. So, vitamin C induced SCARF1 likely promotes unwanted
cells removal in the liver. Beside SCARF1, vitamin C supplementa-



Fig. 2 (continued)

Table 2
Data summarizing the effect of Vitamin C on PFOA-induced gene expression.

Gene symbol Gene name PFOA/Ctrl (up/down) VC + PFOA/PFOA (up/down) change

Ankrd11 ankyrin repeat domain 11 down up down-up
Ankrd23 ankyrin repeat domain 23 down up down-up
Arap3 ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 3 down up down-up
Arhgap45 Rho GTPase activating protein 45 down up down-up
B3gat2 beta-1,3-glucuronyltransferase 2 (glucuronosyltransferase S) down up down-up
Brwd1 bromodomain and WD repeat domain containing 1 down up down-up
Cbx6 chromobox 6 down up down-up
Ccm2l cerebral cavernous malformation 2-like down up down-up
Cep152 centrosomal protein 152 down up down-up
Cep250 centrosomal protein 250 down up down-up
Chd7 chromodomain helicase DNA binding protein 7 down up down-up
Cldn2 claudin 2 up down up-down
Col11a2 collagen, type XI, alpha 2 down up down-up
Ctsc cathepsin C up down up-down
Cux2 cut-like homeobox 2 down up down-up

(continued on next page)
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Table 2 (continued)

Gene symbol Gene name PFOA/Ctrl (up/down) VC + PFOA/PFOA (up/down) change

Cwc22 CWC22 spliceosome-associated protein down up down-up
Cyp2j9 cytochrome P450, family 2, subfamily j, polypeptide 9 down up down-up
Dnajc12 DnaJ heat shock protein family (Hsp40) member C12 up down up-down
Doc2g double C2, gamma down up down-up
Eno3 enolase 3, beta muscle down up down-up
Fnbp4 formin binding protein 4 down up down-up
Gabbr1 gamma-aminobutyric acid (GABA) B receptor, 1 down up down-up
Gk glycerol kinase up down up-down
Golgb1 golgi autoantigen, golgin subfamily b, macrogolgin 1 down up down-up
Gstp2 glutathione S-transferase, pi 2 down up down-up
Gtf2ird2 GTF2I repeat domain containing 2 down up down-up
Hspd1-ps3 heat shock protein 1 (chaperonin), pseudogene 3 up down up-down
Ifi47 interferon gamma inducible protein 47 up down up-down
Ifngr2 interferon gamma receptor 2 up down up-down
Insl6 insulin-like 6 up down up-down
Itm2c integral membrane protein 2C up down up-down
Kcnq1ot1 KCNQ1 overlapping transcript 1 down up down-up
Kdm2a lysine (K)-specific demethylase 2A down up down-up
Kmt2a lysine (K)-specific methyltransferase 2A down up down-up
Lrch3 leucine-rich repeats and calponin homology (CH) domain containing 3 down up down-up
Macf1 microtubule-actin crosslinking factor 1 down up down-up
Malat1 metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA) down up down-up
Mapk8ip3 mitogen-activated protein kinase 8 interacting protein 3 down up down-up
Mdn1 midasin AAA ATPase 1 down up down-up
Mfsd2b major facilitator superfamily domain containing 2B down up down-up
Mir99ahg Mir99a and Mirlet7c-1 host gene (non-protein coding) down up down-up
Morc2a microrchidia 2A down up down-up
Mprip myosin phosphatase Rho interacting protein down up down-up
mt-Rnr1 mitochondrially encoded 12S rRNA down up down-up
mt-Rnr2 mitochondrially encoded 16S rRNA down up down-up
mt-Ti mitochondrially encoded tRNA isoleucine down up down-up
Muc6 mucin 6, gastric down up down-up
Mup18 major urinary protein 18 up down up-down
Nbeal2 neurobeachin-like 2 down up down-up
Ncoa3 nuclear receptor coactivator 3 down up down-up
Ncoa4 nuclear receptor coactivator 4 up down up-down
Oaz1-ps ornithine decarboxylase antizyme 1, pseudogene up down up-down
Ovgp1 oviductal glycoprotein 1 down up down-up
Pakap paralemmin A kinase anchor protein down up down-up
Pan2 PAN2 poly(A) specific ribonuclease subunit down up down-up
Paxbp1 PAX3 and PAX7 binding protein 1 down up down-up
Pde4c phosphodiesterase 4C, cAMP specific down up down-up
Pgam1-ps2 phosphoglycerate mutase 1, pseudogene 2 up down up-down
Pgk1-rs7 phosphoglycerate kinase-1, related sequence-7 up down up-down
Ptdss1 phosphatidylserine synthase 1 up down up-down
Rapgef4os2 Rap guanine nucleotide exchange factor (GEF) 4, opposite strand 2 down up down-up
Rbm5 RNA binding motif protein 5 down up down-up
Rmrp RNA component of mitochondrial RNAase P down up down-up
Rn7s1 7S RNA 1 down up down-up
Rn7s2 7S RNA 2 down up down-up
Rn7sk RNA, 7SK, nuclear down up down-up
Rpl28-ps3 ribosomal protein L28, pseudogene 3 up down up-down
Rpl31-ps9 ribosomal protein L31, pseudogene 9 up down up-down
Safb2 scaffold attachment factor B2 down up down-up
Scarf1 scavenger receptor class F, member 1 down up down-up
Sept2 septin 2 up down up-down
Serpina3f serine (or cysteine) peptidase inhibitor, clade A, member 3F up down up-down
Serping1 serine (or cysteine) peptidase inhibitor, clade G, member 1 up down up-down
Setd4 SET domain containing 4 down up down-up
Sfswap splicing factor SWAP down up down-up
Simc1 SUMO-interacting motifs containing 1 down up down-up
Slc25a51 solute carrier family 25, member 51 down up down-up
Taf1a TATA-box binding protein associated factor, RNA polymerase I, A down up down-up
Tnrc6a trinucleotide repeat containing 6a down up down-up
Tpd52 tumor protein D52 up down up-down
Trub2 TruB pseudouridine (psi) synthase family member 2 up down up-down
Tsku tsukushi, small leucine rich proteoglycan down up down-up
Txnrd1 thioredoxin reductase 1 up down up-down
Ugt3a1 UDP glycosyltransferases 3 family, polypeptide A1 up down up-down
Ushbp1 USH1 protein network component harmonin binding protein 1 down up down-up
Zcchc7 zinc finger, CCHC domain containing 7 down up down-up
Zranb1 zinc finger, RAN-binding domain containing 1 down up down-up

R. Li, C. Guo, X. Lin et al. Journal of Advanced Research 35 (2022) 279–294

286



Fig. 3. Diagrams demonstrating PFOA altered biological functions of the liver through metabolites interference. The altered metabolites are evaluated by the Gene Ontology
(GO) enrichment analysis and MetaboAnalyst online tool. (a) Rich factor plot showing the ratio of changed metabolites to the number of metabolites annotated in the altered
biological processes (p < 0.05). (b) Pathway analysis data for metabolic pathways altered by the PFOA hepatotoxicity. (c) Illustration of PFOA alteration of the metabolites
involved in steroid hormone biosynthesis. (d) Display of PFOA alteration of the metabolites connected with biosynthesis of unsaturated fatty acid. (e) Evidence of PFOA
alteration of the metabolites involved in primary bile acid biosynthesis. (f) Diagram showing PFOA also affected the metabolites involved in the citrate cycle (TCA cycle). The
red circles represent the metabolites upregulation, while blue circles denote downregulation.
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tion reduces the expression of the cell–cell adhesion molecules
CLDN2 and cytokine receptor (IFNGR2), which are associated with
liver diseases (Fig. 2b). The CLDN2 belongs to the claudin protein
family [57], and a knockout (Cldn2(-/-)) mice study suggested that
its depletion limits bile formation and secretion, which are essen-
tial functions of the hepatobiliary system [58]. In addition, CLDN2
is associated with oxidative stress in type 1 diabetic nephropathy
[59]. Conversely, IFNGR2 encodes the non-ligand-binding beta
chain of the gamma interferon receptor [60], and a clinical study
highlighted its strong link to fibrosis progression in patients with
chronic hepatitis C virus [61]. Our data also suggest that vitamin C
relieves PFOA-induced hepatic steatosis. Therefore, vitamin C may
play this role through the reduction of IFNGR2. Overall, our tran-
scriptomic analysis demonstrates that vitamin C protects the liver
from PFOA toxicity through the modulation of a series of cell sig-
naling pathways.

Classification of metabolites identified in mice livers
Since the liver is an important organ for toxicants metabolism,

we measured changes in liver metabolites through metabolomic
analysis to elucidate mechanisms underlying the protective role
of vitamin C. MetaX analysis enabled metabolites identification
based on the retention time (RT) and m/z data; the untargeted
metabolomic analysis yielded 9451 features in the PIM and 8122
features in the NIM. The features were evaluated through an HMDB
288
search. In single-stage mass spectrometry (MS1) analysis, we iden-
tified 5091 metabolites in the PIM (Supplementary Table 5) and
3326 metabolites in the NIM (Supplementary Table 6) in the liver
tissue samples. Based on the identified metabolites classification,
the most abundant metabolites in the samples are lipid molecules,
phenylpropanoids, and polyketides (Supplementary Fig. 3).

Perfluorooctanoic acid-altered liver metabolism
Comparative metabolomic analysis is then used to determine

the hepatic toxicological effects of PFOA. In the MS1 analysis, we
compare the metabolites levels in the PFOA treatment with those
of the control group; we found 741 upregulated and 736 downreg-
ulated metabolites in the PIM (Supplementary Fig. 4 and Supple-
mentary Table 7) and 759 upregulated and 643 downregulated
metabolites in the NIM (Supplementary Figure 5 and Supplemen-
tary Table 8). The deregulated metabolites are then examined by
the KEGG pathway analysis and MetaboAnalyst online tool for
understanding the harmful effects of PFOA. Our results reveal that
the PFOA treatment alters many biological processes and the
biosynthesis of essential products in the liver (Fig. 3a and b). Many
of these processes such as steroid hormones (Fig. 3c) and unsatu-
rated fatty acids (Fig. 3d) biosynthesis are affected by liver disor-
ders. Additionally, the PFOA treatment interrupted primary bile
acid biosynthesis (Fig. 3e) and energy production through the
TCA cycle (Fig. 3f). Bile acids are steroid acids that are synthesized
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and conjugated with taurine or glycine in mammalian and other
vertebrate livers. A major function of bile acid is facilitating biliary
cholesterol secretion, which is essential for liver protection from
cholesterol toxicity [62]. The bile acid metabolism alteration by
PFOA probably explains the elevated observed liver cholesterol
(Table 1). Steroid hormones derived from cholesterol are synthe-
sized mainly in endocrine glands including the gonads, with circu-
lating steroids extensively metabolized in the liver before
conversion and catabolism to active forms [63]. Glucocorticoids,
a kind of steroid hormones, are responsible for diverse metabolic
functions and driving the NAFLD [64]. In addition, unsaturated
fatty acids levels are closely associated with hepatic steatosis
[65]. Therefore, the bile acids, steroid hormones, and unsaturated
fatty acids alterations by PFOA treatment likely contributed to
the observed liver damage.
Protective effect of vitamin C on PFOA-induced liver damage
We attempted to elucidate the protective effect of vitamin C on

PFOA-induced hepatic toxicity by conducting a subtractive meta-
bolomic analysis. By comparing the metabolic profiles of the PFOA
group samples and the PFOA + vitamin C group using the MS1 anal-
ysis, we identified 132 (36 upregulated and 96 downregulated)
289
(Supplementary Table 9) and 90 (19 upregulated and 71 downreg-
ulated) (Supplementary Table 10) metabolites that changed
between the groups under the PIM (Supplementary Figure 6) and
the NIM (Supplementary Figure 7), respectively. The deregulated
metabolites were then subjected to the KEGG pathway analysis.
Our results show that vitamin C supplementation reduces the
levels of many metabolites including 9-OxoODE and 13-OxoODE,
that are involved in linoleic acid metabolism (Table 3 and Fig. 4).
Dietary conjugated linoleic acid is reported to induce severe hep-
atic steatosis in mice [66]. More importantly, 9(S)-HODE and 13
(S)-HODE, the precursors of 9-OxoODE and 13-OxoODE, respec-
tively, were elevated under oxidative stress and contributed to a
hepatic proinflammatory response, thereby exacerbating liver
injury [67]. Therefore, the linoleic acid metabolites reduction by
vitamin C supplementation can retard PFOA-induced hepatic
inflammatory response and hepatotoxicity. Additionally, vitamin
C supplementation can cause downregulation of thiodiglycolic acid
(TDGA) by the cytochrome P450 system (Table 3). An epidemiolog-
ical study conducted in Taiwan demonstrated that urinary TDGA is
associated with an increased risk of non-alcoholic fatty liver dis-
ease in children [68]. Furthermore, urinary TDGA levels are also
linked with hepatotoxicity susceptibility [69]. Therefore, the TDGA
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levels reduction further supports our finding that vitamin C pro-
vides protection against PFOA-induced liver damage. Lastly, our
data highlight glutathione upregulation under vitamin C treatment
(Table 3). Glutathione is an antioxidant that can also be elevated in
red blood cells by vitamin C [70] A similar protective effect was
reported in a study on rat, in which combining vitamins E and C
decreased ethanol-induced hepatic glutathione peroxidase activity
and hepatic fibrosis [71]. For the limitation of this study, we used a
relative high dose of PFOA (10 mg/kg PFOA per day), which is much
higher than the environmentally relevant concentrations. Although
the dose is similar to many previous PFOA studies in mouse [31–
34], dose-dependent study would further secure the finding of
our work.

In conclusion, this study identified PFOA-responsive genes and
metabolites as biomarkers for risk assessment. Also, our results
provided novel detail mechanism underlying the protective role
vitamin C supplementation on PFOA-induced hepatotoxicity. The
hepatic protective effect of vitamin C against PFOA was through
the mediation of linoleic acid metabolism, thiodiglycolic acid sup-
pression, and glutathione induction.
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Fig. 4. Evidence of vitamin C relief of PFOA-induced hepatotoxicity via changes of metabolites in the liver. The comparative metabolomic analysis used for determining the
metabolites changes involved in the vitamin C protection on PFOA-induced hepatotoxicity (PFOA vs vitamin C + PFOA group). GO analysis highlighting reduced linoleic acid
metabolism involvement in the vitamin C-relief of PFOA-induced hepatotoxicity.
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Table 3
Summary of Metabolic Pathways for Vitamin C Associated with PFOA-Induced Toxicity.

Pathway number of metabolites p-value metabolites

Metabolism of xenobiotics by cytochrome P450 4 0.0035 Thiodiacetic acid, (1R)-Hydroxy-(2R)-N-acetyl-L-cysteinyl-1,2-
dihydronaphthalene, (1R)-N-Acetyl-L-cysteinyl-(2R)-hydroxy-
1,2-dihydronaphthalene, (1S)-Hydroxy-(2S)-N-acetyl-L-cysteinyl-
1,2-dihydronaphthalene

ABC transporters 4 0.037 Glutathione, Raffinose, Maltotriose, Isomaltotriose
Inflammatory mediator regulation of TRP channels 2 0.025 1,8-Cineole, Phorbol
Linoleic acid metabolism 2 0.0087 13-OxoODE, 9-OxoODE
Renal cell carcinoma 1 0.014 (S)-Malate
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