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ABSTRACT
Nonalcoholic fatty liver disease (NAFLD) alters drug response.
We previously reported that NAFLD is associated with reduced
in vivo CYP3A drug-metabolism activity and hepatic CYP3A4
expression in humans as well as mouse and human hepatoma
models of the disease. Here, we investigated the role of the lipid-
and glucose-modulating hormone fibroblast growth factor
21 (FGF21) in the molecular mechanism regulating CYP3A4
expression in NAFLD. In human subjects, mouse and cellular
NAFLD models with lower CYP3A4 expression, circulating
FGF21, or hepatic FGF21 mRNA levels were elevated. Admin-
istration of recombinant FGF21 or transient hepatic overexpres-
sion of FGF21 resulted in reduced liver CYP3A4 luciferase
reporter activity inmice and decreasedCYP3A4mRNAexpression

and activity in cultured Huh7 hepatoma cells. Blocking canon-
ical FGF21 signaling by pharmacological inhibition of MEK1
kinase in Huh7 cells caused de-repression of CYP3A4 mRNA
expression with FGF21 treatment. Mice with high-fat diet–
induced simple hepatic steatosis and lipid-loaded Huh7 cells
had reduced nuclear localization of the pregnane X receptor
(PXR), a key transcriptional regulator of CYP3A4. Furthermore,
decreased nuclear PXR was observed in mouse liver and Huh7
cells after FGF21 treatment or FGF21 overexpression. De-
creased PXR binding to the CYP3A4 proximal promoter was
found in FGF21-treated Huh7 cells. An FGF21-PXR signal-
ing pathway may be involved in decreased hepatic CYP3A4
metabolic activity in NAFLD.

Introduction
Nonalcoholic fatty liver disease (NAFLD) is considered the

liver manifestation of metabolic syndrome, characterized as
triglyceride accumulationwithin hepatocytes in the absence of
significant alcohol consumption (Marchesini et al., 2003).
NAFLD affects approximately one-third of the Western adult
population, with a high prevalence in obesity and type
2 diabetes (Browning et al., 2004). It is a disease spectrum
that includes simple steatosis and nonalcoholic steatohepati-
tis (NASH), a progressive stage involving inflammation and
hepatocyte ballooning.NASH is associatedwith increased risk
for hepatic fibrosis, cirrhosis, and hepatocellular carcinoma
(Angulo, 2002).

Current management strategies for NAFLD, and in partic-
ular NASH, focus on weight reduction and pharmacotherapy
to treat comorbidities such as hypertension, dyslipidemia, and
diabetes. Manymedications used by patients with NAFLD are
eliminated from the body by the intestinal and hepatic enzyme
CYP3A4 (Guengerich, 1999). We reported that in vivo CYP3A
activity in subjects with biopsy-provenNAFLDwas reduced in
both simple steatosis and NASH, and that CYP3A4 mRNA
levels were lower in NASH liver biopsies than in normal liver
(Woolsey et al., 2015). Furthermore, we found similar reduc-
tions in CYP3A4 expression in mouse and cultured human
hepatoma models of the disease (Woolsey et al., 2015).
However, the underlying molecular mechanisms involved
had yet to be determined.
A direct transcriptional regulator of CYP3A4 is the

xenosensing nuclear hormone receptor, pregnane X receptor
(PXR) (Kliewer et al., 1998; Tirona et al., 2003). Exposure to
PXR-activating dietary and xenobiotic ligands induces he-
patic CYP3A4 drug-metabolism activity. Interestingly, PXR is
also involved in energy homeostasis, and consequently, PXR
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signaling has been implicated in hepatic steatosis. Indeed,
studies in transgenic mice have revealed involvement of PXR
in hepatic lipogenesis and fatty acid oxidation (Nakamura
et al., 2007; Zhou et al., 2008; He et al., 2013). Moreover, PXR
was found to promote steatosis in cultured primary human
hepatocytes (Bitter et al., 2015; Li et al., 2015). In addition,
genetic polymorphisms in the PXR gene (NR1I2) are associ-
ated with disease severity in NAFLD (Sookoian et al., 2010).
These findings offer an intriguing link between PXR signaling
in the development of NAFLD and the observed reduction in
CYP3A4 activity.
Fibroblast growth factor 21 (FGF21) is a hormone secreted

largely by the liver that acts as a potent regulator of carbohy-
drate and lipid metabolism (Kharitonenkov et al., 2005). In
NAFLD, both circulating FGF21 and hepatic FGF21 mRNA
levels are elevated as a protective response to metabolic
dysregulation (Li et al., 2010; Yilmaz et al., 2010). Indeed,
pharmacological treatment with FGF21 reduces hepatic stea-
tosis andweight, improves triglyceride and lipoprotein profiles,
and increases insulin sensitivity in rodents and nonhuman
primates (Kharitonenkov et al., 2007; Xu et al., 2009). Such
beneficial metabolic actions are the motivation for the develop-
ment of FGF21 mimetic drugs, which, in phase I studies, had
favorable effects on serum cholesterol and triglycerides in
humans with type 2 diabetes (Gaich et al., 2013; Dong et al.,
2015). Given the diverse metabolic effects and upregulation in
NAFLD, we explored whether FGF21 was a contributor to
reduced CYP3A4 drug metabolism.

In this report, we demonstrate that hepatic CYP3A4mRNA
expression is downregulated by FGF21 through a receptor–
mitogen-activated protein kinase (MAPK) pathway leading
to reduced nuclear PXR localization and CYP3A4 gene
transcription.

Materials and Methods
Human Tissue Samples. Studies were approved by the Human

Subjects Research Ethics Board at the University of Western Ontario,
and all study participants provided written informed consent. The
study protocol conformed to the ethical guidelines of the 1975 Declara-
tion of Helsinki. Liver biopsy samples and fasting plasma were
collected from patients with biopsy-proven NAFLD as reported by
Beaton et al. (2013). NAFLD disease staging into simple steatosis and
NASH was defined using a histologic NAFLD activity score as
described previously (Woolsey et al., 2015). Normal human liver
samples were obtained through the Liver Tissue Cell Distribution
System (Minneapolis, MN; funded by National Institutes of Health
Contract #N01-DK-7-0004/HHSN267200700004C). Livers were con-
sidered normal after histologic assessment for steatosis by Oil Red O
staining. Plasmawas obtained from normal healthy control subjects as
detailed previously (Woolsey et al., 2016). Total RNA of normal human
adult adipose tissue was purchased from Biochain (Newark, CA).

Plasmids. An in vivo, liver-targeted human FGF21 (hFGF21)
expression plasmid was assembled using the pLIVE vector (Mirius
Bio, Madison, WI) similar to that previously reported by Gao et al.
(2014). CYP3A4-XREM-Luc reporter plasmid was prepared as de-
scribed previously (Tirona et al., 2003). An expression plasmid for
human PXR (hPXR) fused to the carboxy terminus of enhanced green

Fig. 1. FGF21 levels in NAFLD models. FGF21
mRNA expression in normal liver tissue (n = 8) and
patients with NAFLD (n = 17) (A), female C57BL/6
mice given anHFD (n = 30) or ND (n = 30) for 4 weeks
(B), or Huh7 cells 24 hours after treatment with (n =
3) andwithout fatty acids (FA) (n = 3) (C). (D) Plasma
FGF21 levels in healthy volunteers (n = 20) and
NAFLD patients (n = 30). (E) Mouse FGF21 plasma
concentrations in female C57BL/6 mice given an
HFD (n = 20) or ND (n = 19) for 4 weeks. All plasma
FGF21 levels were measured using a commercial
ELISA kit, and expression levels were measured by
quantitative PCR. Samples were analyzed in tripli-
cate. Values are presented as themean and standard
error of the mean. ***P , 0.0001; *P , 0.05 (two-
tailed t test).
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fluorescence protein (GFP) was prepared by subcloning the PXR
coding sequence into pEGFP-C1 (BD Biosciences, Palo Alto, CA).

Mouse Studies. Female, 5-week-old C57BL/6 mice (Jackson Lab-
oratory, Bar Harbor, MA) were fed a normal diet (ND) (2018 Teklad
Global 18%protein rodent diet; HarlanLaboratories,Madison,WI) or a
high-fat diet (HFD) (TD.88137 adjusted calories diet 42% from fat;
Harlan Laboratories) for 4 weeks to induce simple steatosis (Woolsey
et al., 2015). Subsequently, PXR-GFP expression plasmid was trans-
fected into the livers of mice by hydrodynamic, tail vein delivery (25 mg
of DNA in 2 ml of saline administered over 10 seconds). Twenty-four
hours post-transfection, livers were extracted for gene expression,
Western blot analysis, and epifluorescence microscopy. Female,
8-week-old C57BL/6 mice fed an ND were transfected with CYP3A4-
XREM-Luc or pGL3 Basic (Promega, Madison, WI) together with a
Renilla luciferase vector (2 mg, pRL-CMV; Promega) by hydrodynamic
injection method. At 2 and 6 hours posthydrodynamic injection, mice
were administered recombinant human FGF21 (0.1 mg/kg total, intra-
peritoneal; R&D Systems, Minneapolis, MN). Livers were extracted
24 hours later and analyzed for dual luciferase activity (Promega).
Female, 8-week-old C57BL/6 mice on an ND were transfected with
the PXR-GFP plasmid in combination with pLIVE-control or pLIVE-
hFGF21 expression plasmid together with CYP3A4-XREM-Luc or
pGL3 Basic plasmids by hydrodynamic injection. Twenty-four hours
postinjection, livers were analyzed by dual luciferase assay and
Western blot. These studies were approved by the University of
Western Ontario Animal Use Subcommittee.

Plasma FGF21 Analysis. hFGF21 was measured by enzyme-
linked immunosorbent assay (ELISA, Human FGF21 Quantikine
ELISA Kit; R&D Systems) in fasting morning plasma samples
collected from healthy normal subjects, NAFLD subjects, and mice
overexpressing hFGF21. Mouse FGF21 plasma levels were measured
by ELISA (Mouse Fgf-21 Quantikine ELISA Kit; R&D Systems) in
mice fed an HFD or ND.

Cell Culture Studies. Cultured Huh7 human hepatoma cells
(Japan Health Sciences Foundation, Tokyo, Japan) were transfected
with PXR-GFP and pLIVE-control or pLIVE-hFGF21 plasmids at 80–
90% confluency using Huh7 GenTet transfection reagent (FroggaBio,
Toronto, Canada). Twenty-four hours thereafter, cells were treatedwith
recombinant human FGF21 (500 ng/ml; R&D Systems) or rifampin
(1mM;Sigma-Aldrich, St. Louis,MO) for 24hours. In someexperiments,
cells were pretreated for 1 hour with the MEK1 inhibitor PD184352
(10 mM; Sigma-Aldrich) prior to FGF21 treatment. Experimental
steatosis was induced by treatment with free fatty acids (600 mM,
oleate:palmitate, 2:1; Sigma-Aldrich) as described previously (Woolsey
et al., 2015). CYP3A4 activity was determined by treating Huh7 cells
with 1 mg/ml midazolam (Thermo Fisher Diagnostix, Mississauga,
Canada) in Krebs-Henseleit bicarbonate buffer supplemented with
12.5 mMHEPES and 5 mM glucose. Cell culture medium was collected
at 3 hours for analysis of 1-OH midazolam concentration by liquid
chromatography–tandem mass spectrometry (Woolsey et al., 2016).

Gene Expression Analysis. RNA from human liver biopsies and
mouse liver as well as Huh7 cells was extracted using TRIzol (Life
Technologies, Carlsbad, CA) and reverse transcribed (MultiScribe;
Applied Biosystems, Carlsbad, CA) with random hexamers. Relative
mRNA expression of all genes was determined by SYBR green–based
quantitative polymerase chain reaction (PCR) with normalization to
18S ribosomal RNA by the Taqman method (Applied Biosystems).
Primer sequences can be found in Suppplemental Table 1.

Western Blot Analysis. Liverhomogenates prepared fromC57BL/6
mice given anHFDorNDor transfectedwith pLIVE-control or pLIVE-
hFGF21 were analyzed by Western blot using anti-phospho-MAPK
[extracellular signal-related kinase 1/2 (Erk1/2), Thr202/Tyr204;
Cell Signaling Technology, Danvers, MA), total anti-p44/42 MAPK
(Erk1/2; Cell Signaling Technology), or anti-FGF21 (R&D Systems).

Epifluorescence Microscopy. Mouse livers transfected with the
PXR-GFP expression plasmid were treated with 10% neutral formalin,

Fig. 2. Effect of FGF21 on CYP3A4 tran-
scription and expression. C57BL/6 mice
transfected with a CYP3A4 firefly lucifer-
ase reporter or promoterless reporter and
pLIVE-control or pLIVE-hFGF21 expres-
sion vectors, together with a Renilla lucif-
erase reporter as transfection control.
Hepatic CYP3A4 luciferase activities in
C57BL/6 mice 24 hours after transfection
with pLIVE-hFGF21 (n = 5) or pLIVE-
control vector (n = 6) (A) andmice 24 hours
after administration of recombinant hu-
man FGF21 (rFGF21; 0.1 mg/kg total, n =
7) or saline (n = 6) (B). CYP3A4 mRNA
expression in Huh7 cells 24 hours after
transfection with pLIVE-control or pLIVE-
hFGF21 (n = 3) (C), and treatment with
or without recombinant human FGF21
(500 ng/ml) or rifampin (1 mM) (n = 4) (D).
(E) CYP3A4 activity in Huh7 cells after
24-hour treatmentwithrFGF21(500ng/ml)
or rifampin (1 mM) as determined by me-
tabolism of midazolam (1 mg/ml) to 1-OH
midazolam (n = 3). Control group 1-OH
midazolam formation ratewas 1.969 ng/h/
mg. **P , 0.001; *P , 0.05 (two-tailed t
test).
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embedded in optimum cutting temperature compound, and cryosec-
tioned. Huh7 cells grown on glass culture slides and transfected with
PXR-GFPwere fixed with ice-cold 70%methanol. Slides were mounted
with VECTASHIELD with 49,69-diamidino-2phenylindole (Vector Lab-
oratories, Burlington, Canada) for epifluorescence microscopy analysis
(Nikon Eclipse).

Chromatin Immunoprecipitation. Chromatin immunoprecipi-
tationwas performed onGFP-PXR transfectedHuh7 cells according to
the manufacturer’s protocol (EZ ChIP; Millipore, Billerica, MA). DNA
was pulled down with anti-GFP (Ab290; Abcam, Cambridge, MA) or
control rabbit IgG (Cell Signaling Technology). SYBR green–based
quantitative PCR (Applied Biosystems) was done with primers de-
tailed in Supplemental Table 1.

Statistical Analyses. Values are expressed as the mean6 S.E.M.
Statistical significance was evaluated using an unpaired two-tailed t
test or one-way analysis of variance with Dunnett’s test. Differences
were considered significant at the P , 0.05 level. Analysis was
performed using Prism Version 5.0 (GraphPad Software, La Jolla, CA).

Results
Circulating and Hepatic FGF21 mRNA Levels Are

Elevated in NAFLD. We previously reported that CYP3A4
mRNA levels were 67% lower in NAFLD (simple steatosis and
NASH) livers than controls (Woolsey et al., 2015). In the same

Fig. 3. FGFR and bKlotho expression in human, mouse, and cellular NAFLDmodels. (A) Gene expression in normal control liver (n = 9), NAFLD liver (n
= 8), and normal adipose tissue (n = 1). (B) Female C57BL/6 mice given an ND (n = 6) and HFD (n = 6) for 4 weeks, and mouse adipose tissue (n = 1) (C)
Control and fatty acid (FA)–treatedHuh7 cells (n= 4). Expression levelsweremeasured in triplicate using quantitative PCR andnormalized by ribosomal
18S expression. Values are presented as the mean and standard error of the mean. ***P , 0.0001; **P , 0.001; *P , 0.05 (two-tailed t test).
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biopsy samples (n 5 17), FGF21 mRNA expression was 268 6
53% greater than in normal control livers (n 5 8, P 5 0.039)
(Fig. 1A). We further examined plasma collected from NAFLD
subjects (n 5 30) and healthy controls (n 5 20) that was
previously used to reveal lower CYP3A activity in NAFLD.
Subjects with NAFLD had 1.7-fold higher plasma FGF21
concentrations in comparison with healthy controls (P 5
0.028) (Fig. 1D). In the earlier report, we also found that
C57BL/6 mice with HFD-induced simple steatosis had reduced
hepatic CYP3A4 luciferase reporter activity compared with
those on an ND (Woolsey et al., 2015). Analysis of livers
collected from these mice revealed a 140 6 15% higher Fgf21
mRNAexpressionwithHFD (n530) comparedwithND (n520,
P 5 0.029). There was a trend toward higher plasma FGF21
levels in HFD mice when compared with those receiving an
ND (n 5 30 and 19, respectively; P 5 0.17) (Fig. 1, B and E).
Furthermore, we previously reported that cultured Huh7 cells
accumulate intracellular lipid droplets after fatty acid load-
ing, and that CYP3A4 expression and activity are reduced in
this cell culture model of NAFLD (Woolsey et al., 2015) (Fig.
3C). In this in vitro model, we find 471 6 60% greater FGF21
mRNA expression in lipid-loaded Huh7 cells than control cells
(P 5 0.0001) (Fig. 1C). These results indicate an association
between FGF21 expression and CYP3A4 activity in NAFLD.
FGF21 Administration and Hepatic FGF21 Over-

expression Reduces CYP3A4 Expression In Vivo and
In Vitro. Weexamined the effect of FGF21 on hepaticCYP3A4
reporter gene activity in C57BL/6 mice. Mice were transfected
with a human FGF21 overexpression plasmid, pLIVE-hFGF21,
driven by a strong hepatocyte-specific a-fetoprotein enhancer
and albumin promoter. Mice acutely overexpressing human
FGF21 (n 5 6) had a significant 126-fold increase in plasma
FGF21 levels in comparison with control mice (n 5 4) (Supple-
mental Fig. 1A). On the basis of potential species-dependent
CYP3A gene regulation, we delivered a human CYP3A4 lucif-
erase reporter plasmid intomouse livers as a surrogatemeasure
of gene transcription. We found that mice overexpressing
human FGF21 (n 5 5) had 90 6 1% lower CYP3A4 reporter
activity (n 5 6, P 5 0.0089) (Fig. 2A). In another experiment,
female C57BL/6 mice were treated with recombinant human
FGF21 (n5 7) or saline (n5 6) after hepatic transfection of the
human CYP3A4 luciferase reporter plasmid. FGF21-treated
mice had 58 6 8.5% lower CYP3A4 transcriptional activity
compared with controls (P 5 0.032) (Fig. 2B).
CYP3A4 is constitutively expressed in Huh7 cells with levels

increasing with continued culture postconfluence (Sivertsson
et al., 2010). We found measureable CYP3A4 expression and
activity in Huh7 cells cultured 3 weeks postconfluence, but at
low levels (Woolsey et al., 2015). By transient transfection of a
functionally active, GFP-tagged PXR expression plasmid, we
found significantly increased CYP3A4 expression and induc-
ibility after treatmentwith thePXR-activating ligand rifampin,
indicating that PXR expression is relatively reduced in Huh7
cells (Supplemental Fig. 2). For this reason, we performed all
subsequent experiments in Huh7 cells with transient PXR
transfection. Huh7 cells were transfected with pLIVE-hFGF21
to overexpress FGF21. In Huh7 cell lysates retrieved 24 hours
after FGF21 transfection, FGF21 was clearly detected by
Western blot, which contrasted with a lack of expression in
control cells (Supplemental Fig. 1B). CYP3A4 mRNA expres-
sion was 46 6 3.6% lower in FGF21-overexpressing cells than
controls (Fig. 2C). Huh7 cells treated with recombinant human

FGF21 had 44 6 8% lower (P , 0.05) CYP3A4 mRNA
expression compared with control cells (Fig. 2D). For compar-
ison,CYP3A4mRNAexpressionwas lower by 5469% (P, 0.05)
after experimental steatosis with fatty acid treatment. CYP3A4
activity, as measured by 1-OH midazolam formation after
treatment with midazolam, was 27 6 8% lower (P , 0.01) in
Huh7 cells treated with recombinant human FGF21. These
findings demonstrate that FGF21 affects the expression and
activity of CYP3A4.
Hepatic FGF21 Receptor Expression in NAFLD.

FGF21 binds to activate cell surface FGF receptor 1c, 2c, or
3c isoforms (FGFR1c, FGFR2c, FGFR3c), which are in
complex with the bKlotho coreceptor (Kurosu et al., 2007),
leading to activation of the MAPK cascade (Kurosu et al.,

Fig. 4. FGF21-MAPK signaling in regulating CYP3A4 expression. (A)
Western blot analysis of hepatic ERK1/2 phosphorylation in C57BL/6 mice
24 hours post-transfection with the pLIVE-control or pLIVE-hFGF21
expression plasmids. Numbers below each lane represent phosphorylated
ERK (pERK)/total ERK ratios after densitometric analysis. (B) ERK1/2
phosphorylation in Huh7 cells before and after 10 minutes after treatment
with recombinant human FGF21 (rFGF21; 500 ng/ml) and after pre-
treatment with MEK inhibitor PD184352 (10 mM). Huh7 cells treated
with pervanadate were used as a positive control. Numbers below each
lane represent pERK/total ERK ratios after densitometric analysis.
(C) CYP3A4 mRNA expression in Huh7 cells 24 hours after treatment
with recombinant human FGF21 (500 ng/ml) and/or PD184352 (10 mM;
n = 4). Values are presented as the mean and standard error of the mean.
**P , 0.001; ***P , 0.0001 (two-tailed t test).
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2007). Using isoform-specific quantitative PCR, we found
that FGFR1c expression was considerably lower in human
and mouse livers compared with adipose tissue, an important
target tissue (Fig. 3, A andB). However,FGFR2c andFGFR3c
expression was greater in human liver than in fat, whereas
these receptors were found at similar levels among mouse
hepatic and adipose tissues (Fig. 3, A and B). bKlotho
expression in human liver was greater than in adipose
tissues; however, the opposite was found in mouse (Fig. 3, A
and B). In NAFLD livers, there was increased FGFR2c
expression but no differences inFGFR1c, FGFR3c, or bKlotho
when compared with control livers (Fig. 3A). FGFR1c and
bKlotho expression was unchanged with experimental stea-
tosis in Huh7 cells; however, there was an increase and
decrease in FGFR2c and FGFR3c, respectively (Fig. 3C). In
mice, HFD-induced simple steatosis did not influence the
expression of FGFRs and bKlotho. These findings show that

components of the FGF21 receptor are present in human
NAFLD liver and experimental models.
Role of Canonical FGF21-MAPK Cascade in Regulat-

ing CYP3A4 Expression. In C57BL/6 mice, hepatic over-
expression of human FGF21 resulted in activation of MAPK
signaling as demonstrated by increased levels of phosphory-
lated ERK in liver (Fig. 4A). Treatment of cultured Huh7 cells
with recombinant human FGF21 caused rapid ERK phos-
phorylation that was dramatically attenuated by pretreating
cells with the MEK1 inhibitor, PD184352 (Fig. 4B). Impor-
tantly, the reduction of CYP3A4 mRNA expression by
recombinant FGF21 treatment inHuh7 cells could be reversed
by pharmacological MEK1 inhibition (Fig. 4C). These results
indicate involvement of canonical MAPK signaling in the
downregulation of CYP3A4 by FGF21 in liver.
Altered Subcellular PXR Localization in NAFLD

and by FGF21. Transcriptional activation of PXR in the

Fig. 5. Subcellular PXR localization in
hepatic steatosis. (A) Immunofluorescence
images of GFP-PXR–transfected C57BL/6
livers ofmice fed anHFDorND for 4weeks
and cultured Huh7 cells treated with or
without fatty acids (FA) for 24 hours. Bar =
10 mm. Fraction of counted cells with nu-
clear, cytosolic, or nuclear and cytosolic local-
ization after transfection with GFP-PXR
in C57BL/6 mice fed an HFD (n = 3) or
ND (n = 3) (B) and (C) Huh7 treated with
(n = 3) our without FA (n = 3). *P , 0.05;
**P , 0.001; ***P , 0.0001 (two-tailed t
test).
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regulation of CYP3A4 expression is thought to correlate with
nuclear localization of the receptor (Pondugula et al., 2009).
We examined the localization of GFP-human PXR (hPXR) in
themouse and cell NAFLDmodels. In C57BL/6mice fed aND,
GFP-hPXR was localized mainly in hepatocyte nuclei (80%),
with fewer cells showing complete cytosolic or combined
nuclear and cytosolic expression (Fig. 5A). HFD-induced
steatosis resulted in a dramatic change in GFP-hPXR

localization, shifting to less nuclear and greater cytosolic
localization (Fig. 5A). Similarly, in cultured Huh7 cells where
GFP-hPXR is largely nuclear in control cells, with experimen-
tal steatosis (fatty acid loading) there was a greater fraction of
cells with cytosolic localization (Fig. 5B). We next examined
the effect of FGF21 on the subcellular localization of GFP-
hPXR (Fig. 6A). Overexpression of hFGF21 in the livers of
C57BL/6 mice resulted in a shift from largely nuclear PXR in

Fig. 6. Effect of FGF21 on PXR localization. (A) Immunofluorescence images of C57BL/6 mouse livers and Huh7 cells 24 hours after transfection with
PXR-GFP, pLIVE-control, or pLIVE-hFGF21, and Huh7 cells treated for 24 hours with recombinant human FGF21 (rFGF21; 500 ng/ml). Bar = 10 mm.
Fraction of counted cells with nuclear, cytosolic, or nuclear and cytosolic localization after transfection with GFP-PXR in C57BL/6 mice transfected with
pLIVE-control (n = 3) or pLIVE-hFGF21 (n = 3) (B), Huh7 cells transfected with pLIVE-control or pLIVE-hFGF21 (n = 3) (C), or Huh7 cells treated with or
without human recombinant FGF21 (n = 3) (D). *P , 0.05; **P , 0.001; ***P , 0.0001 (two-tailed t test).
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hepatocytes of control mice to a greater fraction of cells with
cytosolic localization (Fig. 6B). In cultured Huh7 cells, FGF21
overexpression or treatment with recombinant FGF21 also
reduced the number of cells with strict nuclear PXR localiza-
tion while increasing the fraction of cells with some cytosolic
expression (Fig. 6, C and D). Together, these data suggest that
increased levels of FGF21 are associated with reduced nuclear
PXR localization in NAFLD liver.
Decreased PXR Binding to CYP3A4 Promoter in

Experimental Steatosis and FGF21 Treatment. Using
chromatin immunoprecipitation and quantitative PCR, we
examined GFP-hPXR binding to the known PXR binding site
in the proximal CYP3A4 promoter in Huh7 cells under
conditions of experimental steatosis and FGF21 treatment.
FGF21 treatment reduced PXRbinding to its response element
in the CYP3A4 gene by 55 6 12% (P , 0.001), whereas there
was a trend toward decreased DNA binding with experimental
steatosis (26% lower, P 5 0.17) (Fig. 7). As a control, rifampin
treatment increased PXR binding to the CYP3A4 promoter
(P 5 0.051) (Fig. 7). These data show that decreased PXR
binding in the CYP3A4 promoter is associated with lower
CYP3A4 mRNA expression during FGF21 treatment.

Discussion
We previously demonstrated that in vivo CYP3A activity in

subjects with biopsy-proven NAFLD was reduced compared
with healthy controls (Woolsey et al., 2015). Furthermore, we
found that CYP3A4 expression was reduced in human NAFLD
as well as mouse and cultured hepatoma cell models. In this
report, we defined a potentialmechanism involving induction of

FGF21 in NAFLD, leading to activation of hepatic MAPK
signaling, altered PXR activation, and reduced transcription
of the CYP3A4 gene. This mechanism parallels that found with
downregulation of hepatic bile acid synthesis by intestinal ex-
posure to bile acids through a FGF19-FGFR4-MAPK-CYP7A1
pathway (Inagaki et al., 2005; Song et al., 2009). Another
similarity exists with hepatic epidermal growth factor
receptor–MAPK-constitutive androstane receptor signaling in
the regulation of drug-metabolizing CYP2B genes (Osabe and
Negishi, 2011).
In the present FGF21-PXR-CYP3A4 pathway, the mecha-

nisms by which ERK1/2 activation leads to altered subcellular
localization of PXR remain to be determined. We found that
chemical inhibition of MEK1 with PD184352 abrogated the
repression of CYP3A4 expression by FGF21, implicating
phospho-signaling in the mechanism. PXR is post-translationally
modified by phosphorylation (Elias et al., 2014), which is
considered to regulate PXR transcriptional activity and in-
tracellular localization (Pondugula et al., 2009). Furthermore,
PXR activation stimulates phosphorylation of heat shock
protein 90b (Kim et al., 2015), a known cytoplasmic PXR
chaperone (Squires et al., 2004), leading to increased expres-
sion of target genes. Therefore, it is tempting to speculate that
enhanced MAPK signaling by FGF21 affects phosphoryla-
tion of PXR or cochaperones (Squires et al., 2004; Ohno et al.,
2014) to modulate subcellular localization of the nuclear
receptor.
Although it is accepted that FGF21 acts on adipose,

muscle, and brain to exert its metabolic effects, less in known
about the liver as a direct target tissue for this hormone.
Although many studies have shown beneficial effects of
FGF21 on the liver metabolic functions, including the re-
pression of lipogenesis, induction of fatty acid beta oxidation,
as well as on gluconeogenesis, several studies were unable
to recapitulate these effects in isolated perfused livers or
primary rodent hepatocytes treated with FGF21 (Kurosu
et al., 2007; Potthoff et al., 2009). These findings are
consistent with the relative absence of FGFR1c receptors in
adult mouse liver, despite abundantly expressed bKlotho
coreceptor (Fon Tacer et al., 2010). Furthermore, an FGFR1c-
bKlotho bispecific agonistic antibody was able to activate
adipose tissue ERK1/2 but not in liver (Kolumam et al.,
2015). Thus, it is considered that several effects of FGF21 on
glucose homeostasis, insulin sensitivity, and hepatic steato-
sis may occur indirectly through stimulation of adiponectin
secretion in adipocytes (Lin et al., 2013) or by actions
initiated in the central nervous system (Bookout et al.,
2013). However, other studies demonstrated rapid hepatic
ERK1/2 phosphorylation in mice after pharmacological ad-
ministration of FGF21 and in isolated hepatocytes treated
with FGF21, suggesting direct effects on the liver (Fisher
et al., 2011; Jiang et al., 2014; Kolumam et al., 2015). Indeed,
we observed enhanced ERK1/2 phosphorylation in mouse
livers overexpressing FGF21 (Fig. 4A). Recently, a study in
mice showed that the hepatic FGFR2-bKlotho receptor com-
plex is responsible for the reduction of liver cholesterol synthe-
sis by FGF21 (Lin et al., 2015). We found that FGFR2c is
expressed in liver and upregulated in human NAFLD (Fig. 3).
Increased liver synthesis and higher plasma levels of FGF21 in
NAFLD (Li et al., 2010; Yilmaz et al., 2010) may be an adaptive
response that protects against hepatic lipotoxicity (Jiang et al.,
2014).

Fig. 7. PXR binding to the CYP3A4 promoter. Chromatin immunoprecip-
itation and quantitative PCR analysis of PXR binding to the proximal
promoter region of the CYP3A4 gene 24 hours after Huh7 cells were
transfected with the PXR-GFP plasmid, then treated with fatty acids (FA;
600 mM), recombinant human FGF21 (rFGF21; 500 ng/ml), and rifampin
(1 mM; n = 4). All expression data were determined in triplicate and
normalized to total DNA input. **P , 0.001 (two-tailed t test).
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FGF21 expression is induced in liver by endoplasmic re-
ticulum (ER) stress and the unfolded protein response (Schaap
et al., 2013), the fatty acid–activated nuclear receptor, perox-
isome proliferator–activated receptor a (Inagaki et al., 2007),
glucocorticoid receptor (Patel et al., 2015), and arylhydrocar-
bon receptor (Lu et al., 2015). Given that ER stress response is
commonly observed in human and animal models of NAFLD
(Jiang et al., 2014), it is also likely that such a mechanism is
responsible for FGF21 induction in our cohorts of human and
mouse NAFLD livers and in steatotic Huh7 cells.
The regulatory pathway proposed here is expected to be one

of several mechanisms involved in CYP3A4 regulation in
NAFLD. For example, PXR expression is significantly de-
creased during ER stress (Vachirayonsti et al., 2015), and
hepatic PXR protein levels were reduced in human NASH
livers (Bitter et al., 2015). In our analysis, we did not find
changes in PXRmRNA expression in human NAFLD biopsies
or in the cell culture model of hepatic steatosis (Supplemental
Fig. 3). Portal inflammation occurs in NAFLD livers in the
early stages of simple steatosis and as disease progresses to
NASH, resulting in increased levels of hepatic cytokines
(Gadd et al., 2014). The degree of hepatic inflammation is
likely to correspond to lower CYP3A4 expression given that
inflammatory cytokines suppress drug-metabolizing enzyme
gene expression (Abdel-Razzak et al., 1993) through mutual
repression of PXR and nuclear factor-kB transcriptional
activities (Zhou et al., 2006). It is interesting, however, that
we found a lack of downregulation in mRNA expression of
other PXR target genes (ABCB1, CYP2C19, and UGT1A1) in
human NAFLD livers (Supplemental Fig. 3).
There are differences in the regulation of CYP3A enzymes

between alcoholic liver disease (ALD) and NAFLD. CYP3A
expression and activity in liver samples of alcoholics are
elevated (Niemelä et al., 2000; He et al., 2006), and ethanol
induces CYP3A4 expression in cultured human hepatocytes
(Kostrubsky et al., 1995). However, the in vivo activity of liver
CYP3A4 as determined by intravenous midazolam pharma-
cokinetic analysis was unaffected by moderate alcohol con-
sumption (Liangpunsakul et al., 2005). In mice, chronic
ethanol intake increased hepatic Cyp3a11 levels through both
increased expression and nuclear translocation of PXR (Je
et al., 2015). Those findings in mouse ALD contrast with our
results in mouse NAFLD, where we observed reduced nuclear
PXR localization (Fig. 5) and modest reduction (∼20%) in
Cyp3a11 mRNA expression in liver (Woolsey et al., 2015).
Since hepatic expression and plasma FGF21 levels are also
elevated in a mouse model of ALD (Zhao et al., 2015), it would
appear that FGF21 impacts CYP3A expression in ALD
differently than in NAFLD.
Although we previously found that in vivo CYP3A4 activity

was moderately reduced in biopsy-proven NAFLD patients
using midazolam pharmacokinetics and endogenous plasma
biomarker (4b-hydroxycholesterol) analyses (Woolsey et al.,
2015), whether those with NAFLD require lower drug doses or
are at greater risk for adverse drug events requires further
investigation. In this regard, the development of methodolo-
gies such as magnetic resonance imaging and elastography
(Dulai et al., 2016) that could replace the gold-standard liver
biopsy for the diagnosis and staging of the disease will greatly
facilitate future clinical studies aimed at examining the
clinical relevance of lower CYP3A4 activity in the NAFLD
population. Likewise, additional studies are necessary to

confirm the role of FGF21 in regulating CYP3A4 in NAFLD.
Use of cultured primary hepatocytes to directly study FGF21
regulation of CYP3A4 activity may be limited by rapid down-
regulation of the bKlotho coreceptor, making this model
unsuitable for longer-term studies (Fisher et al., 2011). Hence,
in vivo evidence for reduced CYP3A4 activity after treatment
with FGF21-mimetic drugs will be required to corroborate our
findings.
In conclusion, we propose that CYP3A4 is downregulated in

NAFLD, in part by a pathway involving induction of FGF21,
activation of MAPK signaling cascade, a reduction in nuclear
PXR, and subsequent diminution of PXR-mediated trans-
activation of the CYP3A4 gene. These findings have implica-
tions for dosing of CYP3A4-metabolized drugs in NAFLD and
other conditions associated with elevated serum FGF21
(Gälman et al., 2008; Lin et al., 2011; Schoenberg et al.,
2011; Dushay et al., 2014). Moreover, these results suggest
that drug-drug interactions may occur with FGF21-mimetic
drugs that are currently under development (Zhang and Li,
2015).
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