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regulator FGF21 exacerbating high fat diet-induced
nonalcoholic fatty liver disease
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Contributed by Michael Karin, October 13, 2020 (sent for review August 13, 2020; reviewed by Christopher A. Bradfield and Bhagavatula Moorthy)

Triclosan (TCS), employed as an antiseptic and disinfectant, comes
into direct contact with humans through a plethora of consumer
products and its rising environmental release. We have demon-
strated that TCS promotes liver tumorigenesis in mice, yet the
biological and molecular mechanisms by which TCS exerts its
toxicity, especially in early stages of liver disease, are largely
unexplored. When mice were fed a high-fat diet (HFD), we found
that fatty liver and dyslipidemia are prominent early signs of liver
abnormality induced by TCS. The presumably protective HFD-
induced hepatic expression of the metabolic regulator fibroblast
growth factor 21 (FGF21) was blunted by TCS. TCS-altered Fgf21
expression aligned with aberrant expression of genes encoding
metabolic enzymes manifested as profound systemic metabolic
changes that disturb homeostasis of amino acids, fatty acids, and
glucose. Using a type 1 diabetic animal model, TCS potentiates and
accelerates the development of steatohepatitis and fibrosis, ac-
companied by increased levels of hepatic lipid droplets and oxida-
tive stress. Analysis of fecal samples revealed that HFD-fed mice
exhibited a reduction in fecal species richness, and that TCS further
diminished microbial diversity and shifted the bacterial community
toward lower Bacteriodetes and higher Firmicutes, resembling
changes in microbiota composition in nonalcoholic steatohepatitis
(NASH) patients. Using reverse-genetic approaches, we demon-
strate that, along with HFD, TCS induces hepatic steatosis and
steatohepatitis jointly regulated by the transcription factor ATF4
and the nuclear receptor PPARα, which participate in the transcrip-
tional regulation of the Fgf21 gene. This study provides evidence
linking nutritional imbalance and exposure to TCS with the pro-
gression of NASH.

toxicant-associated steatohepatitis | nonalcoholic steatohepatitis | high-fat
diet | diabetes

Nonalcoholic fatty liver disease (NAFLD) has become the
most common chronic liver condition and is the hepatic

manifestation of metabolic syndrome, characterized by excessive
lipid accumulation in hepatocytes. NAFLD is a precursor of a
more severe form of metabolic liver inflammation, namely
nonalcoholic steatohepatitis (NASH), and is associated with a
twofold to threefold increased risk of developing type 2 diabetes
(1). Along with hypernutrition as a prerequisite for steatosis and
NASH, obesity, diabetes, and genetics play significant roles, al-
though the precise mechanisms are unclear. Toxicant-associated
steatohepatitis (TASH), caused by environmental and industrial
chemicals, like NASH, is also characterized by hepatic steatosis
accompanied by inflammatory infiltration and fibrosis in some
cases (2). The rising prevalence of NASH and TASH associated
with an epidemic of advanced liver disease mirrors increases in
obesity and environmental toxicant exposure in modern life.
Many preclinical models have been used to study the patho-
physiology of fatty liver disease; among which, mice, especially
MUP-uPA mice (3) fed a high-fat diet (HFD) exhibiting hepatic

steatosis, have become a useful experimental animal model for
research on NAFLD, NASH, and TASH (4).
The environmental contaminant triclosan (TCS) is a ubiqui-

tous antimicrobial present in a myriad of consumer products as
well as various environmental compartments. Ecotoxicology
studies have showed that TCS is one of the most commonly
encountered contaminants in solid and water compartments and
has been detected in levels from nanograms to several micro-
grams per liter in sediments, sewage treatment plants, rivers, and
lakes (5–7). In fact, TCS is listed among the seven most fre-
quently detected compounds in streams across the United States,
imposing a significant impact on aquatic ecosystems including
waters that are used as sources of drinking water (8). Our pre-
vious study has shown that TCS can function as a liver tumor
promoter stimulating liver tumorigenesis, due to, at least in part,
the enhancement of liver oxidative stress and fibrosis (9, 10).
Recent environmental toxicology studies suggest that exposure
to TCS is associated with dysregulation of genes involved in lipid
metabolism in toad tadpoles (11), and that it increased the level
of lipids in the adult daphnids and induced lipid dislocation in
newborn daphnids (12), providing a link of TCS to dyslipidemia.

Significance

While exploring triclosan-induced hepatoxicity, this study dis-
covered that exposure to triclosan, in combination with a high-
fat diet, causes nutritional imbalance, resulting in the patho-
genesis of hepatic steatosis. The underlying mechanism
through which triclosan imposes an impact on critical metabolic
networks was delineated. The significance of this study lies in
the fact that the ubiquitous presence of the environmental
contaminant triclosan in conjunction with the prevalence of
high consumption of dietary fat, which constitutes a good
recipe for the development of fatty liver disease, are common
factors encountered in everyday life. The finding that triclosan
exacerbates high-fat diet-induced metabolic disorders by dis-
rupting regulation of FGF21 expression provides a basis for a
therapeutic approach in treating nonalcoholic fatty liver
disease and steatohepatitis.
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The initiation of the study was the observation that TCS in-
duces hepatic steatosis (fatty liver), an early sign of NAFLD/
NASH or TASH, and that TCS blunts a HFD-induced expres-
sion of fibroblast growth factor 21 (FGF21) in the mouse liver.
FGF21 is a liver-secreted cytokine critical for regulating hepatic
metabolic processes including fat oxidation, gluconeogenesis,
and metabolic gene expression (13). Ample experimental evi-
dence indicated that FGF21 acts as a humoral signal that links
nutrient sensing to metabolic and health outcomes. For example,
chronic administration of FGF21 reverses hepatic steatosis and
improves insulin sensitivity in obese mice (14). Interestingly,
FGF21 is dysregulated in patients with NAFLD (15). Studying
Fgf21 regulation indicated that it is a target gene for the
transcription-activating factor 4 (ATF4), a basic leucine zipper
(bZIP) transcription factor that is preferentially translated in
response to phosphorylation of eukaryotic translation initiation
factor 2A (eIF2A), which reacts to a range of environmental,
nutrient, and physiological stresses in addition to stresses
afflicting the endoplasmic reticulum (ER), together referred to
as the integrated stress response (ISR) (16, 17). Increased ATF4
protein synthesis, triggered by the ISR, enhances activation of its
target genes, including Fgf21, tribbles homolog 3 (Trib3), and
asparagine synthetase (Asns), which can collectively alleviate the
ISR (18–20). Such results suggest that FGF21 induction by HFD
activates a protective feedback response.
In parallel with regulation by ATF4, gene expression and

circulating concentrations of FGF21 are also controlled by per-
oxisome proliferator-activated receptor α (PPARα), a nuclear
receptor that serves as a key transcriptional regulator of nu-
merous genes involved in lipid homeostasis. Mice lacking
PPARα in the liver exhibited higher levels of free fatty acids in
the blood and hepatic triglyceride accumulation (21). Synthetic
PPARα agonists, such as fibrates, decrease circulating lipid levels
and are commonly used to treat hyperlipidemia and other dys-
lipidemic states (22). Coincidentally, our experimental data
showed that TCS is able to activate PPARα and induce its
target gene Cyp4a14 in the liver, most likely through an indirect
mechanism (9).
In this study, we explored the impact of TCS together with

HFD, demonstrating that TCS led to critical metabolic changes

involving ATF4 and PPARα that impact transcriptional regula-
tion of Fgf21, providing evidence for an underlying mechanism
that links TCS to the development of NAFLD, NASH, and
TASH. Under these conditions, TCS serves as a toxicant that
promotes toxicant-associated fatty liver disease (TAFLD), which
can progress to TASH (2, 23).

Materials and Methods
Animals and Diet. Male C57BL/6 mice (4 wk old) were fed with a chow diet or
HFD (consisting of 59% fat, 15% protein, and 26% carbohydrates based on
caloric content; Bio-Serv) containing 0.2% dimethyl sulfoxide (DMSO) as the
control groups. As counterpart groups, the same age mice were fed with a
diet (chow or HFD) containing 0.35 mM TCS dissolved in 0.2% DMSO (n = 6
to 8/group). After 4- to 4.5-mo TCS treatment, mice were killed, and their
livers removed to be subject to analysis of gene expression and histological
and immunochemical parameters. ATF4 liver conditional knockout Atf4ΔHep

and control Atf4F/F mice were a generous gift from Dr. Christopher Adams
(University of Iowa, Iowa City, IA). The Pparα-null (Pparα −/−) mouse line was
purchased from The Jackson Laboratory. NASH animal model: To induce
mild islet inflammation and islet destruction, 2-d-old male neonates were
subcutaneously administered a single injection of 200 μg of streptozotocin
(STZ) and were fed with an HFD after being weaned at 4 wk (24). Mice were
housed at the University of California San Diego (UCSD) Animal Care Facility;
all animal use protocols, mouse handling, and experimental procedures
were approved by the UCSD Animal Care and Use Committee; and these
protocols were conducted in accordance with federal regulations.

Histological Examination, Oil Red O Staining, and Sirius Red Staining. To
evaluate the severity of histological changes, livers were fixed in a 10%
formalin phosphate buffer, and paraffin liver sections were prepared and
stained with hematoxylin and eosin (H&E) at the Histology Core (UCSD). To
visualize lipid droplets, cryosectioning ofmouse liver tissuewas prepared, and
frozen sections were stained with Oil Red O (Sigma-Aldrich) as previously
described (25). Hepatic collagen content was analyzed by Sirius Red staining
(saturated picric acid containing 0.1% Sirius Red [Sigma-Aldrich]) of paraffin-
embedded liver sections to assess the degree of fibrosis (9).

FGF21 Measurement by Enzyme-Linked Immunosorbent Assay, Serum Cholesterol
Measurement, Alanine Aminotransferase Assay, and Determination of Serum
Triglycerides. FGF21 levels in serum were measured by using the Mouse/Rat
FGF21 Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Sys-
tem). Serum cholesterol levels were measured with the Cholesterol Fluoro-
metric Assay kit (Cayman Chemical). Serum alanine aminotransferase (ALT)

Fig. 1. TCS in combination with the high-fat diet (HFD) significantly blunted HFD-induced Fgf21, activated hepatic amino acid response (AAR), caused
dyslipidemia, and altered triglycerides biosynthesis. Mice were fed with a chow diet, a chow diet containing TCS, an HFD, or an HFD containing TCS for 4 to 4.5
mo. (A and B) Hepatic FGF21 mRNA levels were measured by real-time PCR, and serum FGF21 levels were evaluated by the ELISA. (C) Mice were fed with an
HFD containing either vehicle (DMSO) or TCS. Expression of hepatic genes involved in the AAR (Trib3, Asns) and genes associated with amino acid metabolism
(Bckdk, Hpd) were evaluated by real-time PCR. (D) TCS increased lipid droplet accumulation in both a chow diet and HFD. (E) Under an HFD, TCS altered
expression of genes associated with fatty acid uptake and lipogenesis. (F) TCS elevated serum triglyceride levels. (G) Under an HFD, TCS-treated mice had
higher amounts of abdominal white adipose tissue.
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activity was determined by the Infinity ALT kit (Thermo Fisher Scientific), and
the Enzyme Linearity Test Set (Microgenics) was used for ALT standards. Serum
triglyceride (TG) levels were assessed with Pointe Scientific Triglycerides Liquid
Reagents (Thermo Fisher Scientific).

Glucose Tolerance Test. Mice were transferred to clean cages and were fasted
for 6 h with access to drinking water. Small drops of blood were obtained
from tail cuts and assessed for baseline glucose levels using a One-touch Ultra
2 glucometer (Lifescan; Johnson and Johnson). Blood was drawn and glucose
levels were measured at the indicated time points after intraperitoneal in-
jection of a 20% glucose solution (2 g/kg body weight).

Statistical Analysis. GraphPad Prism software (version 5) was used to analyze
the data, which are presented as mean ± SD. Differences between two
groups were compared using the two-tailed unpaired Student t test. Dif-
ferences among multiple groups were compared using one-way analysis of
variance. P values <0.05 were considered statistically significant, and statis-
tically significant differences are indicated with *P < 0.05, **P < 0.005, and
***P < 0.0005.

Descriptions for reverse transcription (RT) and real-time PCR, protein
immunoblotting, isolation of primary hepatocytes, and 16S rRNA sequence
processing are in SI Appendix.

Results
Effect of TCS on HFD-Induced FGF21 Levels and ISR Signaling. Recent
findings have indicated a possible link between FGF21 and
NAFLD (14, 15). In line with these findings, we found that mice
fed an HFD for 18 wk exhibited significantly elevated FGF21
hepatic mRNA and circulating FGF21 levels compared with
chow-fed mice (Fig. 1 A and B). As a critical target for the ISR, it
is likely that FGF21 induction following HFD feeding represents
an adaptive response that acts protectively to prevent hepatic
lipid accumulation, counteract obesity, and improve insulin
sensitivity (16, 17). Note that in combination with the HFD, TCS
cotreatment greatly blunted the HFD-induced increase in
FGF21, affecting both its mRNA and circulating levels (Fig. 1 A
and B). Like Fgf21, activating transcription factor 3 (Atf3), Aft5,
and C/EBP homologous protein (Chop) are target genes of ISR,
and TCS also exerted similar effects by counteracting the in-
duction of these genes by an HFD (SI Appendix, Fig. S1). These
data indicate that chronic exposure of TCS disrupts HFD-
mediated FGF21 regulation and ISR signaling.

Metabolic Effects of TCS. FGF21 signaling has emerged as an
important regulator of several key metabolic processes (20, 26).
The dysregulation of Fgf21 expression by TCS during an HFD
prompted us to explore the impact of TCS cotreatment on genes
associated with energy metabolism, particularly homeostasis of
amino acids, fatty acids, and glucose.
Amino acid metabolism. Activation of ISR has been linked to var-
ious forms of cellular stress, including amino acid imbalance
(27). It is known that ISR can be potentially activated upon
conditions deprived of one or more essential amino acids, which
in turn enhances essential amino acid biosynthesis (28), a re-
sponse known as the amino acid response (AAR), which is ob-
served during protein restriction. We found that under HFD,
TCS cotreatment mimics amino acid deficiency and activates the
AAR as TCS induced expression of the AAR markers Asns and
Trib3 (Fig. 1C). Expression of hepatic genes associated with
amino acid metabolism, including branched chain ketoacid de-
hydrogenase kinase (Bckdk) and 4-hydroxyphenylpyruvic acid
dioxygenase (Hpd), was altered by TCS. These results imply that
TCS exposure aggravates protein deficiency during the HFD.

Hepatic lipid droplet accumulation. The presence of lipid droplets
in the liver is considered an early sign of liver pathogenesis (29).
Histological studies using Oil Red O staining indicated that TCS
promoted accumulation of lipid droplets, which appeared as
early as 10 wk following TCS treatment in mice fed either normal
chow or HFD (Fig. 1D).

Alteration of genes associated with lipid metabolism. Examination of
the hepatic gene expression profile indicated that mice fed HFD
together with TCS exhibited dysregulation of lipid metabolic
genes. Increased expression of genes associated with fatty acid
uptake, including fatty acid binding protein 1 (Fabp1), Fabp3,
Fabp4, and fatty acid translocase Cd36, was observed. A recent
study has reported that HFD suppresses de novo lipogenesis
(30), and our results showed that TCS cotreatment exacerbated
the reduction in lipogenesis. Compared with the HFD-only
group, genes associated with lipogenesis were down-regulated
by TCS, including sterol regulatory element binding protein 1C
(Serbp1c), acetyl-coA carboxylase 1 (Acc1), fatty-acid synthase
(Fasn), and peroxisome proliferator-activated receptor γ (Pparγ)
(Fig. 1E). With increased uptake of fatty acids and lower lipo-
genesis, the TCS group mice appeared to have much greater
rates of TG synthesis, compared with mice given HFD only
(Fig. 1F). The significant impact of TCS on hepatic lipid metab-
olism and systemic TG accompanied by lower FGF21 is generally
consistent with previous studies demonstrating that FGF21 sig-
naling impacts a variety of metabolic processes including lipo-
genesis and TG synthesis (14, 31).

Alteration of bile acid metabolism and cholesterol. HFD in combi-
nation with TCS suppressed expression of Lxrα and Cyp7b1 (SI
Appendix, Fig. S2A), both of which have been indicated in
maintaining cholesterol homeostasis (32–34). Furthermore, we
found that TCS has a cholesterol-lowering effect when mice were
fed either normal chow or HFD (SI Appendix, Fig. S2B).

Alteration in fat content in adipose tissue. Adipose tissue is a target
organ of FGF21 action. Despite having a slightly lower food
intake and lower body weight, TCS-treated mice exhibited more
than a 50% increase in fat content of abdominal adipose tissue,
indicating that TCS may promote fat uptake and allocate lipids
to adipose tissue (Fig. 1G). Overall, these results indicate that
fatty acid uptake and lipogenesis as well as TG and cholesterol
levels were impacted by TCS exposure.
Insulin tolerance. The fact that FGF21 plays a role in attenuating
hyperglycemia and that insulin sensitivity is one of the major risk
factors for NAFLD (35), led us to postulate that TCS may in-
fluence glucose tolerance. Although it was not statistically sig-
nificant, lower FGF21 was correlated with higher blood glucose
(hyperglycemia) in the TCS group than those in the normal chow
or HFD-alone groups (SI Appendix, Fig. S3A). Increasing evi-
dence suggests that stearoyl-CoA desaturase (SCD), the rate-
limiting enzyme of monounsaturated fatty acid biosynthesis, is
an important factor in the pathogenesis of lipid-induced insulin
resistance. The results of real-time PCR showed that together
with HFD TCS induced both SCD1 and SCD2 mRNAs (SI
Appendix, Fig. S3B). These results are in line with the previous
findings that mice with a targeted disruption of Scd1 have im-
proved glucose tolerance compared to wild-type mice (36).

TCS Facilitates the Development of NASH. By administering a single
dose of STZ to 2-d-old neonatal mice to damage insulin-
secreting beta cells in the pancreas (24) and placing these ani-
mals on HFD, we established a model in which mice robustly
developed steatosis at 7 to 8 wk of age followed by steatohepa-
titis at 10 to 12 wk. When STZ-injected mice underwent a 10-wk
TCS treatment, they exhibited elevated ALT, increased accu-
mulation of lipid droplets, and worsening of histological mani-
festations (Fig. 2 A–C), indicating that TCS potentiates liver
pathogenesis and accelerates the development of NASH. To
examine the underlying pathological changes at the gene ex-
pression level, we used real-time PCR analysis, which indicated
that TCS-treated mice exhibited elevated levels of oxidative stress,
hepatic fibrosis, and inflammatory responses. This was evidenced
by higher expression of oxidative stress responsive genes (Ho-1,
Gsta1, and Gsta2), fibrogenic genes (Collagen 1a1 and Timp1),
and proinflammatory cytokines (Tnfα and Il-8) (Fig. 2D). The
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worsening of hepatic fibrosis in TCS-treated mice was also illus-
trated by collagen deposition detected by Sirius Red staining
(Fig. 2E). These results demonstrate that TCS promotes inflam-
matory responses and accelerates development of steatohepatitis
in the type I diabetic animal model.

Microbial Basis for TCS-Induced NAFLD. Depending on its concen-
tration, TCS is either bactericidal or bacteriostatic, targeting the
final step of bacterial fatty acid synthesis (37). Accordingly, we
postulated that TCS may alter the gut microbial community,
further impacting TASH development. To assess how TCS in-
fluences microbiota composition, we collected fecal samples of
14-wk-old mice in STZ-injected mice fed either HFD alone or
HFD containing TCS, followed by DNA isolation, 16S ribosomal
RNA sequencing, and microbial community diversity analysis.
The results showed that HFD led to decreased bacterial diver-
sity, and TCS further reduced the species diversity of gut mi-
crobial communities (Fig. 2F). These results are consistent with
those of a clinical study that included healthy controls, obese
subjects without known liver diseases, and patients with biopsy-
proven NASH: Fecal species richness was diminished in obese
subjects and NASH patients compared to controls (38). Fol-
lowing taxonomic classifications and gene annotations, we fur-
ther uncovered that both Bacteroidetes and Firmicutes are
significantly altered by the HFD as the HFD group had de-
creased fecal Bacteroidetes and increased Firmicutes, and the
changes are synergistically enlarged when mice were treated with

TCS along with an HFD (Fig. 2G). These results are in line with
previous findings in animals and resemble what was observed
clinically, that NASH patients had decreased fecal Bacteroidetes
and increased Firmicutes (39). These data suggest a microbial
basis for the etiology of TCS-mediated TASH.

ATF4 Controls Fgf21 Expression in Response to ISR Triggered by TCS.
Our findings indicate the involvement of FGF21 in TCS-induced
nutritional stress and liver pathogenesis. We further explored the
underlying mechanism that dictates TCS-mediated FGF21 dys-
regulation and found that hyperinduction of ATF4 protein ex-
pression occurred when mice (n = 4) were cotreated with TCS
together with HFD. The induction of ATF4 at the translational
level was accompanied by an elevated phosphorylation of eIF2A
(Fig. 3A). It is well established that the phosphorylation of
eIF2A induces ATF4 translational expression in response to a
range of environmental and physiological stresses, and this reg-
ulatory scheme has been referred to as the ISR (17). As a me-
diator of the nutrient-sensing response pathway, ATF4 has a
direct impact on glucose, amino acid, and fatty acid metabolism,
via target genes, including Fgf21, Trib3, and Asns (18). In vitro
experiments with primary hepatocytes isolated from either con-
trol (Atf4F/F) or liver-specific ATF4 knockout (Atf4ΔHep) mice
revealed that, following 72-h TCS treatment, lipid droplet ac-
cumulation only appeared in the control mice but not in ATF4-
deficient hepatocytes (SI Appendix, Fig. S4). Next, control and
Atf4ΔHep mice underwent a 4-mo HFD with or without TCS

Fig. 2. TCS impaired liver function, exasperated steatohepatitis, and impacted microbiota composition in the study using the type I diabetic animal model.
Male neonatal mice were administered with streptozotocin (STZ) followed by high-fat diet (HFD) feeding, containing either vehicle (ctrl) or TCS, for ∼10 wk
after they were weaned. (A) Serum ALT levels. (B) Hepatic lipid droplets detected by Oil Red O staining. (C) Histological analysis with H&E staining. (D)
Expression of genes, including (i) Ho-1, Gsta1, Gsta2, (ii) Tnfα, Il-8, and (iii) Collagen 1a1, Timp1, was quantitated using real-time PCR. (E) Representative Sirius
red staining of liver sections shows collagen deposition, indicating fibrosis progression in the TCS-treated mice compared with control mice. (F and G) STZ-
injected male mice (14 wk old) were subjected to a chow diet containing vehicle (Ctrl) or TCS, or a high-fat diet containing vehicle (HFD) or TCS (HFD + TCS). (F)
Microbial diversity analysis revealed that an HFD led to decreases in bacterial diversity, and TCS further significantly reduced the species diversity in the gut
microbial community. (G) The HFD group had decreased fecal Bacteroidetes and increased Firmicutes, and the changes were synergistically enlarged when
mice were fed an HFD containing TCS.
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treatment; Oil Red O staining of mouse liver tissue showed that
the size of lipid droplets significantly reduced in the Atf4ΔHep

mice (Fig. 3B). Moreover, the increase in abdominal fat content
induced by TCS was diminished in the Atf4ΔHep mice (Fig. 3C).
These results indicate that TCS-induced lipid uptake in hepa-
tocytes and adipose tissue is ATF4 dependent.
As we further examined the gene expression profile in Atf4ΔHep

mice, real-time PCR results showed that TCS-induced dysregu-
lation of Fgf21 was blocked in the Atf4ΔHep mice (Fig. 3D),
confirming the role of ATF4 in controlling Fgf21 gene expression

in response to ISR triggered by TCS. Similarly, the induction of
genes associated with amino acid metabolism by TCS, including
Asna, Trib3, Hpd, and Bckdk, was absent in the Atf4ΔHep mice
(Fig. 3E), indicating that AAR prompted by TCS requires ATF4.
Furthermore, regulation of Cd36 and Cyp7b1 and induction of
the oxidative stress gene Gsta1 by TCS also appear to be ATF4
dependent (Fig. 3F). These data indicate that liver-derived ATF4
has a direct impact on Fgf21 transcriptional regulation by TCS and
is attributed to TCS-induced metabolic effects, particularly on
lipid and amino acid metabolism.

Fig. 3. ATF4 is highly induced in TCS-treated mice and is required for TCS-induced dyslipidemia. (A). Mice (n = 4) were subjected to a high-fat diet (HFD)
containing either vehicle (Ctrl) or TCS. Hyperactivation of ATF4 at the protein level (Left) and phosphorylation of eukaryotic translation initiation factor 2A
(eIF2A) (Right) by TCS detected by Western blotting. (B–E) Atf4F/Fand Atf4ΔHep mice were fed an HFD containing either vehicle or TCS. (B) Oil Red O staining
shows that lipid droplets were significantly reduced in the liver slide obtained from Atf4ΔHep mice. (C) The abdominal fat content in the control Atf4F/F or
Atf4ΔHep mice, with two representatives of each group shown in the pictures. (D) Fgf21 gene expression was determined by real-time PCR. (E and F) Real-time
PCR analysis of genes impacted by TCS.

Fig. 4. Induction of Cyp4a14 by TCS is PPARα dependent. (A) Mice (Pparαwt or Pparα−/−) were subjected to a chow diet containing vehicle (Ctrl) or TCS, or a
high-fat diet (HFD) containing vehicle (Ctrl) or TCS. TCS-induced Cyp4a14 expression was diminished in Ppaα knockout mice (Left). Ffg21 expression regulated
by an HFD and HFD/TCS is PPARα dependent (Right). (B) Mice (Pparαwt or Pparα−/−) were subjected to a HFD-containing vehicle (Ctrl) or TCS. PPARα-dependent
gene regulation was detected by real-time PCR.
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Involvement of PPARα in TCS-Altered Lipid Metabolism. Hepatic
CYP4A14 is a homolog of human CYP4A hydroxylase that
catalyzes omega-hydroxylation of medium-chain fatty acids and
arachidonic acid in mice. Induction of Cyp4a14 through PPARα
has been linked to the pathogenesis of lipid dysregulation and
NAFLD (40–42). Notably, hepatic Cyp4a14 was pronouncedly
induced when mice were exposed to TCS, especially in combi-
nation with HFD (Fig. 4A). To further delineate the role of
PPARα in TCS-induced dyslipidemia, we fed control and Pparα-
deficient (Pparα−/−) mice HFD with or without TCS. The gene
expression profile showed that PPARα not only plays a critical
role in TCS-induced Cyp4a14; equally importantly, PPARα is
required for the transcriptional regulation of Fgf21 by both HFD
and TCS (Fig. 4A). Compared with HFD-fed control mice in
which Fasn was down-regulated by TCS, this effect was abolished
in Pparα−/− mice (Fig. 4B). Similarly, expression of genes in-
volved in hepatic lipogenesis, including Fabp1, Fabp3, and
Fabp4, was induced by TCS in control mice and became resistant
to TCS in Pparα-deficient mice (Fig. 4B). We further demon-
strated that PPARα is involved in TCS-induced SCD1 and SCD2
mRNA expression, supporting the notion that TCS promotes in-
sulin resistance, potentially through PPARα-regulated Scd gene
expression (Fig. 4B). These results suggest that in addition to the
ATF4-mediated ISR signaling pathway, PPARα-dependent
regulation influencing Cyp4a14 expression and lipid metabo-
lism also contributes to the development and progression
of TAFLD.

Discussion
Environmental exposures to a host of chemicals have been linked
to the development of TAFLD, a pathological condition cover-
ing a spectrum of liver injuries that resembles NAFLD, which
together affect staggering numbers of individuals globally. The
premise of this study was the discovery of TCS, similar to an
HFD, being an inducer for fatty liver disease and that combining
TCS exposure with HFD would accelerate progression to NASH.
This study illustrates critical metabolic networks, entailing ATF4
and PPARα signaling, that are susceptible to TCS in conjunction
with HFD and contribute to the pathogenesis of steatosis and
steatohepatitis.
FGF21 has emerged as a novel therapeutic agent for the

treatment of metabolic syndrome; studies have indicated that
FGF21 exerts beneficial effects on glucose, lipid, and energy
metabolism in mice and humans. Induction of FGF21 following
HFD in mice is associated with the adaptive response to nutri-
tion imbalance as chronic administration of FGF21 reverses
hepatic steatosis and improves insulin sensitivity in obese mice
(14). In clinical studies, FGF21 analogs have also been demon-
strated to elicit similar effects that improve dyslipidemia and
insulin insensitivity in obese patients with type 2 diabetes (43,
44). Interestingly, FGF21 mRNA is increased sixfold in patients
with NAFLD, whereas patients with NASH had lower FGF21
compared to NAFLD. Lower hepatic FGF21 expression in
NASH compared to NAFLD may reflect more advanced hepatic
injury (15); this phenomenon also occurred in TCS-treated mice
as we have observed lower FGF21 in these mice compared with
control mice treated with an HFD alone. When we explored the
molecular mechanism underlying TCS-induced NASH, our re-
sults showed that TCS-treated mice with dysregulated FGF21
exhibited a distinct metabolic signature associated with energy
imbalance. FGF21 dysregulation by TCS was associated with
aberrant expression of genes encoding metabolic enzymes, mani-
festing as imbalance of amino acid metabolism, dyslipidemia, and
insulin resistance.
eIF2A-dependent activation of ATF4 is an important media-

tor of the unfolded protein response and acts as a switch to up-
regulate the transcription of a specific set of stress response
genes when overall translation is depressed (16, 17). ATF4 plays

a key role in regulating energy homeostasis, partially through
controlling expression of the Fgf21 gene to allow adaptation to
metabolic stress (19, 20). Studies have found that ATF4-deficient
mice resist diet-induced obesity, hyperlipidemia, and hep-
atosteatosis (45). In line with the previous finding that ATF4 has
direct functions in amino acid and fatty acid metabolism, TCS-
induced hepatic ATF4 translation was accompanied by hepatic
lipid droplet accumulation, changes in expression of genes as-
sociated with lipid and amino acid metabolism, increased serum
TG, and higher fat content in adipose tissue, together eliciting
the ISR. Translational induction of ATF4 along with abnormal
metabolic profiles following TCS treatment is consistent with the
notion that preferential translation of ATF4 functions as a
hallmark of ISR (16). In contrast, primary hepatocytes of the
liver-specific Atf4 knockout mouse failed to exhibit TCS-induced
lipid droplet accumulation, suggesting that ATF4 is required for
the formation of hepatic lipid droplets during the early stage of
fatty liver disease. Using liver-specific knockout mice, we further
demonstrated that TCS-mediated alterations of genes associated
with the metabolism of amino acids (i.e., Asns, Trib3, Hpd, and
Bckdk), fatty acids, and bile acids (i.e., Cd36 and Cyp7b1) as well
as oxidative stress (i.e., Gsta1) were ATF4 dependent. Notedly,
in the absence of hepatic ATF4, Fgf21 gene expression levels
were drastically decreased following HFD compared with those
of control mice, implying that Fgf21 induction by the HFD is
severely impaired in Atf4ΔHep mice; under such a condition in
which Fgf21 expression is severely suppressed, adding TCS to the
HFD did not affect Fgf21 expression.
In addition to its key role in regulating β-oxidation, PPARα

has been shown to positively regulate the expression of genes
controlling fatty acid uptake and biosynthesis, including Cyp4a14
and Fgf21 (40, 42, 46). Although TCS did not directly activate
PPARα based on the results of the luciferase reporter assay (9),
the in vivo study described here showed that Cyp4a14 was
abundantly induced in the liver by TCS, especially in HFD-fed
mice. By contrast, induction of Cyp4a14 was completely abol-
ished in Pparα knockout mice, indicating that TCS may activate
PPARα through an indirect mechanism. Regardless of Fgf21
regulation by TCS, TCS-mediated Cyp4a14 gene induction
through PPARα could contribute to changes in lipid metabolism
based on the fact that 1) the hepatic CYP4A expression was up-
regulated in the livers of patients and three murine models of
NAFLD; 2) overexpression of Cyp4a14 in the livers of C57BL/6
mice resulted in a fatty liver phenotype; and 3) inhibition of
CYP4A attenuated, whereas induction of CYP4A promoted,
hepatic ER stress, and apoptosis in diabetic mice (40–42). It is
possible that elevated liver fat stimulated by TCS—presumably
through dysregulation of the ATF4/FGF21 axis—acts as a nat-
ural endogenous agonist to activate PPARα, which in turn
stimulates induction of Cyp4a14, as evidenced by lower FGF21
and higher Cyp4a14 expression observed in TCS-treated mice
under the HFD, and both regulations are completely abolished
in PPARα-deficient mice. It will be of importance to delineate
the individual role of FGF21 and CYP4A14 in TCS-induced
dyslipidemia. Nevertheless, this study connects TCS-induced
PPARα activation with the regulation of genes involving fatty
acid metabolism and insulin resistance, potentially linking
CYP4A14 and/or FGF21 to downstream genes associated with
metabolic disorder. These data support the concept that the
activation of the PPARα-dependent peroxisomal β-oxidation
pathway by TCS provides an alternative mechanism underlying
the development of hepatic steatosis.
Similar to regulation by ATF4, induction of FGF21 by HFD

was severely diminished in Pparα knockout mice, suggesting that
the metabolic transition initiated by the HFD involves a signal
transduction pathway controlled by both ATF4 and PPARα.
When the second phase of the metabolic transition caused by
TCS exposure occurs, in contrast to the fluctuation of Fgf21
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levels observed in HFD-fed control mice, no significant variation
of Fgf21 levels was observed in either Atf4ΔHep- or Pparα-
deficient mice when mice were exposed to HFD plus TCS.
These results may imply that TCS-mediated FGF21 dysregula-
tion may not take place in Atf4- or Pparα-knockout mice and that
hepatic dyslipidemia would have improved in the absence of
either of these two proteins. However, the overall systemic im-
pact of TCS toxicity through respective individual signaling
pathways needs further investigation.
In the context of HFD-induced NAFLD, TCS-mediated sig-

naling disrupts conventional FGF21 regulation controlled by
ATF4 and FGF21 in response to high fat consumption. TCS acts
as an FGF21 antagonist, which is opposite to other known
metabolic factors—including protein restriction, energy restric-
tion, and ketogenic diet—that positively affect FGF21. It is of
particular interest to delineate FGF21 downstream signaling,
ultimately impacting TCS-mediated alterations in macronutrient
metabolism. It is also important to find out whether the gene
expression and circulating concentrations of FGF21 are regu-
lated divergently by ATF4 and PPARα, or cooperatively con-
trolled by an overlapping downstream signaling pathway.
Furthermore, some of the results derived from this study deserve
further investigation: 1) Although the role of FGF21 in biosyn-
thesis and/or metabolism of TG, cholesterol, and bile acids is
well established, the direct link of its involvement in TCS-
mediated metabolic changes is necessary to be confirmed by
experimental models such as FGF21 deficiency mice. 2) Given
that TCS has a cholesterol-lowering effect when mice are treated
with either a chow diet or HFD (SI Appendix, Fig. S2A), it is
worth exploring the regulatory pathway controlling TCS’s
cholesterol-lowering ability. 3) TCS promotes fat intake in the
liver and abdominal adipose tissue. Increased intraabdominal/
visceral fat, belonging to white adipose tissue, is associated with a
high risk of metabolic disease (47). While the distribution of
white adipose tissue greatly affects metabolic risk, it would be
important to also evaluate the effect of TCS on the composition
of brown adipose tissue, which is crucial for thermogenesis and
energy balance, in the interscapular area.
Using a type 1 diabetic animal model, we further explored how

TCS affects the pathophysiology of steatohepatitis. When STZ-
induced diabetic mice were fed HFD, TCS exposure accelerated
the development of NASH as evidenced by increased collagen
deposition, increased proinflammatory responses, and elevated
oxidative stress. These data support the notion that, like HFD,
TCS can be one of the major contributors to the pathogenesis
of steatohepatitis. Furthermore, we provide evidence that TCS
along with HFD induced dysbiosis of gut microbiota and

diminished the bacterial diversity, with a higher Firmicutes/
Bacteroidetes ratio. Intestinal microbiota imbalance has been
documented in obese individuals or those with NASH and
metabolic syndrome. A decrease of total bacterial diversity/
richness as well as a reduced proportion of Bacteroidetes and
increased Firmicutes have been indicated as a main feature of
metabolic syndrome-related intestinal dysbiosis in humans (39,
48). In nutritional models of obesity in mice using the HFD, an
increased Firmicutes/Bacteroidetes ratio is also a common
outcome (49), and our data indicate that TCS exacerbates a
state of microbial imbalance. Considering elevated inflamma-
tory responses induced by TCS, one potential underlying
mechanism linking TCS to the pathway of the gut–liver axis is
that TCS may play a role in compromising the intestinal barrier
function, leading to the increase of gut-derived toxins in sys-
temic circulation constituting metabolic endotoxemia, which in
turn contributes to the manifestation of a chronic inflammation
state as we observed in TCS-treated mice. This hypothesis
would be worth further exploring.
In this study, mice received ∼15 mg/kg TCS daily, based on a

diet of 3 g of daily chow at the concentration of 100 ppm. When
blood samples were analyzed by global metabolomic analysis, the
results revealed that the TCS concentrations in mice were
comparable to what have been identified in human blood sam-
ples (50). This study provides a mechanistic basis for how TCS
affects metabolic networks in mice, and how to translate our
findings to human health still needs further exploration.
In summary, this study illustrates critical metabolic networks—

entailing ATF4- and PPARα-directed regulatory schemes—that
are susceptible to the combination of TCS and an HFD, which
ultimately impact FGF21 levels. Through these metabolic path-
ways, TCS creates a pathological condition manifesting as profound
metabolic changes affecting all aspects of energy balance, including
amino acid, lipid, and glucose metabolism, contributing to the
pathogenesis of NAFLD.

Data Availability. All study data are included in the article and
SI Appendix.
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