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Abstract

The effects of exposure to Myclobutanil, a triazole fungicide, on the development and progression of nonalcoholic fatty liver disease
(NAFLD) are unclear, but activation of nuclear receptors (NRs) is a known mechanism of azole-induced liver toxicity. Farnesoid X
receptor (FXR) is a NR and is highly expressed in the liver and intestine. Activation of FXR tightly regulates bile acid (BA), lipid and
glucose homeostasis, and inflammation partly through the induction of fibroblast growth factor 15 (FGF15; human ortholog FGF19).
FXR activation is downregulated during NAFLD and agonists are currently being explored as potential therapeutic strategy. In this
study, we aimed to clarify the effects of Myclobutanil exposure on FXR activation and NAFLD development. Reporter assay showed
Myclobutanil treatment, following FXR activation with potent FXR agonist (GW4064), resulted in a dose-dependent decrease of FXR
activity. Furthermore, a 10-day study in male mice demonstrated that cotreatment with Myclobutanil led to an 80% reduction of
GW4064-induced ileal expression of Fgf15. In a diet-induced NAFLD study, low-fat diet (LFD) fed mice administered myclobutanil
displayed decreased FXR activity in the liver and ileum, while high-fat-high-sugar-diet (HFHSD) fed mice showed an increase in
hepatic FXR activity and an induction of target genes regulated by constitutive androstane receptor and/or pregnane X receptor. Our
work demonstrates Myclobutanil inhibits FXR activity and modulates FXR activity differentially in mice fed LFD or HFHSD. Our
studies suggest the importance of understanding how Myclobutanil could contribute to BA dysregulation in disease states such as
NAFLD.
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Triazoles are an emerging class of environmental pollutants that
have been detected worldwide and are of concern due to their
persistence in the environment and endocrine-disrupting poten-
tial (Joint FAO/WHO Meeting on Pesticide Residues (JMPR),
Standards & Scientific Advice on Food Nutrition, 2015). Triazoles
are broad-spectrum, systemic fungicides that generally contain a
1,2,3-triazole moiety (Schermerhorn et al., 2005). Myclobutanil,
the approved common name for (R, S)-2-(4-chlorophenyl)-2-(1H-
1,2,4-triazol-1-ylmethyl)hexanenitrile by the International
Organization for Standardization, is a systemic chiral fungicide
belonging to the triazole chemical family (Joint FAO/WHO
Meeting on Pesticide Residues (JMPR), Standards & Scientific
Advice on Food Nutrition, 2015; Sun et al., 2014). The mode of
action of Myclobutanil is disruption of fungal membrane func-
tion, specifically, through the inhibition of sterol 14-demethylase
enzyme which produces ergosterol, a vital component necessary
for sterol biosynthesis (Georgopapadakou, 1998; Lewis et al., 2016;
Yan et al., 2014). Myclobutanil is widely used in the USA for its
protective efficacy against powdery mildew of cereal, fruits, and
vegetables (Di Filippo et al., 2018; Günther, 2018; Yan et al., 2014).
The World Health Organization (WHO) identified a no observed
adverse effect level (NOAEL) and low adverse effect level (LOAEL)
for Myclobutanil as 13.7 and 70.2 mg/kg/day, respectively
(Goldman, 1986; Joint FAO/WHO Meeting on Pesticide Residues
(JMPR), Standards & Scientific Advice on Food Nutrition, 2015).

Although animal toxicities associated with Myclobutanil are
known to include adverse effects on the liver, kidneys, and the
development of male reproductive organs (Günther, 2018), the
effects and impact of exposure to known hepatotoxic triazole
fungicides, like Myclobutanil, warrant further investigation. This
is because there is compelling evidence in mice that exposure
induces transcription of genes involved in xenobiotic metabo-
lism, oxidative stress response genes, inflammation, and cell
death (Martin et al., 2007; Stellavato et al., 2016). Furthermore,
current guidance on exposure limits for consumers and occupa-
tional health limits may not be sensitive enough.

Prior studies have shown that Myclobutanil interacts with sev-
eral transcription factor mediated pathways in the liver. Evidence
has been presented that this compound may activate xenobiotic
nuclear receptors (NRs), including constitutive androstane recep-
tor (CAR), pregnane X receptor (PXR), and/or nuclear factor eryth-
roid 2-related factor 2 (Nrf2) pathway. For example, wild-type
mice administered Myclobutanil at 100, 500, or 2000 ppm for 4,
30, or 90 days showed potential activation of CAR (Lake, 2018;
Oshida et al., 2015). A toxicogenomic study evaluated the genomic
signatures associated with hepatocellular toxicity, hepatic
necrosis, and effects on lipid and cholesterol metabolism of
Myclobutanil at 300 mg/kg/day for 1, 3, and 5 days found
increases in genomic signatures predicted to cause hepatocellu-
lar toxicity (ALT elevation), hepatic necrosis and cholesterol-
related signatures (Martin et al., 2007). While these observations
may not be indicative of effects on humans, it is still worth inves-
tigating because alterations in expression of metabolizing
enzymes may interfere with concurrent xenobiotic metabolism.

Farnesoid X receptor (FXR) is a NR activated by bile acids (BAs)
that serve as endogenous ligands. FXR is highly expressed in the
liver and intestines to regulate BA synthesis, transport, metabo-
lism, and detoxification (Kong et al., 2012; Li et al., 2010; Parks et al.,
1999; Thomas et al., 2010; Zhan et al., 2014). FXR is also a pivotal

regulator and checkpoint for genes and pathways that regulate
and maintain lipid, glucose and energy metabolism, metabolic
homeostasis, and inflammation. BAs are the end product of cho-
lesterol catabolism. They are synthesized by 2 main pathways, the
predominant classical pathway catalyzed by cholesterol 7a-
hydroxylase (CYP7A1), and the alternative pathway catalyzed by
sterol 27-hydroxylase (CYP27A1). BA synthesis is regulated by a
gut-liver negative feedback loop initiated in the distal intestine
where FXR activation induces an endocrine fibroblast growth fac-
tor 19 (FGF19/15; human vs mouse) that circulates back to the liver
via portal vein to activate fibroblast growth factor receptor 4
(FGFR4)/b-klotho complex. This interaction then leads to the acti-
vation of extracellular signal-regulated kinase1/2 (ERK1/2) and c-
Jun N-terminal kinase 1/2 pathways to repress the expression of
genes involved in classical pathway of BA synthesis.

FXR expression and function have been shown to be downregu-
lated during nonalcoholic steatohepatitis (NASH) development
(Armstrong and Guo, 2017; Bjursell et al., 2013; Wang et al., 2008;
Zhang et al., 2009a, b). Currently, FXR activation is being explored
as a therapeutic treatment of NASH. NASH is a severe disease state
within the progression of nonalcoholic fatty liver disease (NAFLD)
that is characterized by macrovesicular steatosis, inflammation,
and fibrosis in the liver. NASH diagnosis relies on an invasive liver
biopsy. To date, there are no FDA-approved therapeutics and the
recommended course of treatment is change of lifestyle.
Approximately, 24% of U.S. adults are currently living with NAFLD,
and it is estimated 1.5–6.5% of U.S. adults have NASH as the global
burden continues to rise (Spengler and Loomba, 2015; Younossi
et al., 2016). NASH disease etiology is multifactorial and exposure
to environmental chemicals has been shown to be a significant
contributor to NASH development (Cave et al., 2007). Exposure to
triazole fungicides in the context of NASH has not been studied
in vivo; however, they have been found to induce lipid accumula-
tion through the induction of de novo lipogenesis and impaired
beta-oxidation, oxidative stress, and cell death in models of NAFLD
in HepG2 cells (Kwon et al., 2021; Stellavato et al., 2016).

The current study examines the effects of an acute exposure to
Myclobutanil in vitro and in vivo on the liver-gut Fxr-Fgf15 signaling
pathway and the development of a diet-induced NAFLD in mice.

Materials and methods
Animal experimentation

Eight-week-old male C57BL/6J mice were purchased from the
Jackson Laboratory (Bar Harbor, Maine). To investigate in vivo
antagonism of FXR by Myclobutanil, mice were fed chow diet
containing vehicle or Myclobutanil at 70 mg/kg/body weight for
10 days, and at 6:00 PM of day 9 and 8:00 AM of day 10, mice were
cotreated with a synthetic FXR agonist, GW4064, or vehicle, via
oral gavage. GW4064 was suspended in vehicle (1% Tween-20
and 1% methylcellulose) and administered to mice at 150 mg/kg.
Mice were euthanized 2 h after the second GW4064 treatment
and were followed by tissue collection. To determine the effects
of Myclobutanil exposure on the development of NAFLD, mice
were administered Myclobutanil at 13 mg/kg/day in either control
low-fat diet (LFD) or high-fat-high-sugar diet (HFHSD) for 4 or
9 weeks, followed by euthanization, and tissue collection. The
justification for Myclobutanil doses used in the 2 animal studies
was selected as known NOAEL (13.7 mg/kg/day) and LOAEL
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(70.2 mg/kg/day) as defined by WHO (Goldman, 1986; Joint FAO/
WHO Meeting on Pesticide Residues (JMPR), Standards &
Scientific Advice on Food Nutrition, 2015). The diets, LFD
(TD.08485) and HFHSD (TD.96121) were purchased from Envigo
(Indianapolis, Indiana). The LFD contents are modified to reduce
fat, sucrose, and remove cholesterol compared to HFHSD con-
taining 21% milk fat, 1.25% cholesterol, and 20% sucrose. All
mice were group-housed and maintained under standard 12-h
light/dark cycles. Food and water were provided ad libitum. The
experiments performed in this study were approved by the
Rutgers Institutional Animal Care and Use Committee.

Chemicals

Myclobutanil CAS 88671-89-0 (>98%) was purchased from Chem
Service, Inc. (West Chester, Pennsylvania). GW4064 was obtained
from the University of Kansas Chemical Engineering Core
Laboratory (Kong et al., 2012).

Cell culture and luciferase reporter assay

HEK293 cells were kindly provided by Dr. Guofeng You (Rutgers
University, Piscataway, New Jersey) and were cultured in DMEM
with 10% fetal bovine serum, 1% penicillin streptomycin, and
maintained at 37�C in 5% CO2. Cells were plated and grown to 80%
confluence before transfection was performed as previously
described (Li et al., 2010; Williams et al., 2012). Briefly, cells were
transfected with 3mg plasmid per well containing RXRa (CMV-
RXR), FXR (CMV-FXR), and Renilla (SV40-Rluc), as well as Shp-luc,
containing Farnesoid X Receptor Response Element from the gene
encoding the NR small heterodimer partner (SHP, Nr0b2), using
Lipofectamine 2000 according to the manufacturer’s protocol (Li
et al., 2010; Williams et al., 2012). Eight hours following transfection,
cells were treated with 1 lM GW4064 to achieve FXR activation or
0.1% DMSO as a control, 12 h later cells were cotreated with
Myclobutanil at increasing concentrations (0, 0.1, 1, 10, or 100 lM).
Twenty-four hours later, firefly and renilla luciferase activities
were measured using dual-luciferase reporter assay kit (Promega,
Madison, Wisconsin). All experiments were performed in 6 well
plates and repeated 4 times. The firefly luciferase activity of each
well was calculated as the ratio to that of renilla luciferase.

RNA isolation and mRNA quantification

Total RNA was extracted from frozen liver and ileum using the
TRIzol reagent (Thermo Fisher Scientific; Waltham,
Massachusetts). Reverse transcription was performed to generate
cDNA. Relative gene expression was determined by real-time

Figure 1. Antagonism of FXR by Myclobutanil significantly decreases the
promoter activity of mouse Shp gene activity in the luciferase assay. A
symbol * placed on each column identifies significant differences
compared to GW4064. Data are presented as mean 6 SD (n¼ 3–4/group),
analyzed using 1-way ANOVA followed by a Holm-Sidak’s multiple
comparisons test. A p< .05 was considered significant.

Figure 2. Serum enzyme activities and lipid parameters in an acute treatment with Myclobutanil study with or without GW4064. A, alanine
aminotransferase (ALT), B, aspartate aminotransferase (AST) and C, alkaline phosphatase (ALP), and D, serum total cholesterol, E, total BAs and F, total
triglyceride levels. A symbol * placed on each column identifies significant differences compared to vehicle, # placed on each column identifies
significant differences compared to GW4064. Data are presented as mean 6 SD (n¼ 3–7/group), analyzed using 1-way ANOVA followed by Tukey’s
multiple comparisons test. A p< .05 was considered significant.
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polymerase chain reaction (RT-PCR) by SYBR green chemistry
using the ViiA7 Real-Time PCR system (Life Technologies; Grand
Island, New York). All Ct values were converted to delta delta Ct
values and were normalized to b-actin mRNA levels. The
sequence of primers used is listed in Supplementary Table 1.

Serum biochemistry

Activities of serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP), and lev-
els of serum triglycerides (TGs) and total cholesterol (TC) were
measured with the use of commercially available kits (Pointe
Scientific; Canton, Michigan).

Hepatic lipid analysis

Hepatic TG and TC analyses were measured as previously
described using commercially available assay kits (Pointe
Scientific) according to the manufacturer’s instructions (Sun

et al., 2017). Hepatic lipid content was presented as mg/g liver
weight.

Histochemical analyses

Liver tissue sections were deparaffinized with xylene (4 min, 2�)
followed by decreasing concentrations of ethanol (100–50%) and
then water. Antigen retrieval was performed using citrate buffer
(10.2 mM sodium citrate, pH 6.0). Endogenous peroxidase was
quenched with 3% H2O2 for 15 min. Tissue sections were incu-
bated for 2 h at room temperature with 10% goat serum to block
nonspecific binding and then overnight at 4�C with rat F4/80 (F4/
80; 1:1000; Biorad, Hercules, California) or IgG control. Sections
were then incubated with biotinylated secondary antibody
(Vector Labs, Burlingame, California) for 30 min at room tempera-
ture. Binding was visualized using a peroxidase diaminobenzidine
Substrate Kit (Vector Labs) and counterstained with hematoxylin
and eosin (Thermo Fisher Scientific, Inc.). Slides were dehydrated

Figure 3. Relative mRNA quantification of FXR target genes in an acute treatment with Myclobutanil study with or without GW4064. A, Hepatic
(Cyp7a1, Lcn13, Ostb, and Shp), B, ileal (Fgf15, Shp, Tgr5, and Ostb). A symbol * placed on each column identifies significant differences compared to
vehicle, # placed on each column identifies significant differences compared to GW4064. Data are presented as mean 6 SD (n¼ 3–7/group), analyzed
using 1-way ANOVA followed by Tukey’s multiple comparisons test. A p< .05 was considered significant.

Figure 4. NAFLD Study. Animal biometrics. A, Terminal percent change body weight, B, Liver: body weight ratio. A symbol * placed on each column
identifies significant differences compared to vehicle of same diet, # placed on each column identifies significant differences compared to low-fat diet in
the same treatment duration. Data are presented as mean 6 SD (n¼ 6–7/group), analyzed using 1-way ANOVA followed by Tukey’s multiple
comparisons test. A p< .05 was considered significant.
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in alcohol gradient (50–100%), followed by xylenes. Permount was
used to coverslip slides. Image acquisition and expression quanti-
fication occurred after coverslips were fully dried.
Semiquantitative analysis of macrophage staining was per-
formed on 4 representative images per animal per treatment
group imaged at 10� magnification. The antibodies used are
listed in Supplementary Table 2.

Statistical analyses

Data are presented as mean 6 SD. GraphPad Prism (version 9;
GraphPad Software Inc., La Jolla, California) was used for statisti-
cal analysis. Differences among individual groups were evaluated
by 1-way analysis of variance followed by Tukey’s multiple

comparison test. Differences were considered statistically signifi-

cant at p< .05.

Results
Preliminary data (unpublished/supplemental) generated by our

laboratory investigated a dose-dependent effect of Myclobutanil

exposure on the Fxr-Fgf15/19 liver-gut BA homeostasis through

the administration of vehicle or Myclobutanil at 3, 13.7, or

70.2 mg/kg/body weight for 10 days by oral gavage. These unpub-

lished findings suggest that Myclobutanil exposure dramatically

altered Fxr-Fgf15/19 signaling at 13.7 and 70.2 mg/kg/body weight

dose. We then performed FXR reporter assays and an acute study

Figure 5. Serum liver enzyme activities and lipid parameters. A, alanine aminotransferase (ALT), B, aspartate aminotransferase (AST), C, alkaline
phosphatase (ALP), D, total cholesterol, E, total bile acids, F, triglyceride levels and hepatic G, total cholesterol, and H, triglycerides. A symbol * placed
on each column identifies significant differences compared to vehicle of same diet, # placed on each column identifies significant differences compared
to low-fat diet in the same treatment duration. Data are presented as mean 6 SD (n¼ 6–7/group), analyzed using 1-way ANOVA followed by Tukey’s
multiple comparisons test. A p< .05 was considered significant.
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using the LOAEL 70.2 mg/kg/body weight by oral gavage for

10 days with and without GW4064, a potent FXR agonist, in mice.

Myclobutanil acts as an FXR antagonist in an in vitro
reporter assay utilizing HEK293 cells
To clarify the effects of Myclobutanil in regulating BA homeosta-

sis through the Fxr-Fgf15/19 signaling, we utilized an in vitro

reporter assay. Luciferase activity measured following treatment
demonstrates successful activation of FXR with treatment of

1 mM GW4064, subsequent cotreatments with Myclobutanil

showed significant dose-dependent decreases in FXR activation

(Li et al., 2010; Williams et al., 2012) (Figure 1). These data support

that Myclobutanil may act as an FXR antagonist and further-

more, contribute to altered BA homeostasis through the Fxr-

Fgf15/19 signaling axis.

Myclobutanil acts as an FXR antagonist in a 10-day LOAEL
in vivo mouse model
To delineate the molecular mechanism(s) underlying potential

Myclobutanil-mediated modulation of FXR in vivo, mice were

administered diets containing vehicle or 500 ppm (70.2 mg/kg/

body weight) Myclobutanil for 10 days. All mice were additionally

orally gavaged on days 9 and 10 with either vehicle or 150 mg/kg
GW4064. Serum activities of (A) ALT, (B) AST, (C) ALP, (D) serum
total cholesterol, (E) total BAs, and (F) total triglyceride levels
were measured (Figure 2). No significant elevations in serum
parameters were observed with either GW4064 or Myclobutanil
treatment; however, cotreatment resulted in a significant
decrease in ALP activity compared to the vehicle and GW4064
treated group. FXR activity was assessed again by the mRNA lev-
els of the aforementioned FXR target genes. mRNA levels of
Cyp7a1 that are negatively regulated by FXR activation, as
expected, GW4064 treatment led to significant reductions
(Figure 3A), Myclobutanil treatment alone resulted in a signifi-
cant increase, and cotreatment led to a significant increase com-
pared to GW4064 treatment alone. Myclobutanil treatment and
cotreatment resulted in significant reductions in Lcn13 mRNA
levels compared to GW4064 treatment alone. In the ileum,
GW4064 greatly increased Fgf15 mRNA levels, Myclobutanil alone
did not change the Fgf15 mRNA levels; however, cotreatment of
Myclobutanil with GW4064 markedly reduced GW4064-mediated
Fgf15 induction by 80% (Figure 3B). Similarly, although the degree
of alteration was smaller, the ileal mRNA levels of Shp followed
the same trend. These results highly suggest that Myclobutanil
may act as an intestine FXR antagonist.

Figure 6. Relative mRNA quantification of hepatic FXR target genes in NAFLD Study. A, Relative gene expression of hepatic Fxr target genes; A, Cyp7a1,
B, Lcn13, C, Shp, and D, Bsep. A symbol * placed on each column identifies significant differences compared to vehicle of same diet, # placed on each
column identifies significant differences compared to low-fat diet in the same treatment duration. Data are presented as mean 6 SD (n¼ 6–7/group),
analyzed using 1-way ANOVA followed by Tukey’s multiple comparisons test. A p< .05 was considered significant.
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Effects of Myclobutanil on the development of NAFLD in
mice
As a putative intestinal FXR antagonist, we sought to determine
the effects of Myclobutanil on NAFLD development in vivo. Mice
were fed LFD or HFHSD containing vehicle or 100 ppm (13.7 mg/
kg/day) Myclobutanil for 4 or 9 weeks. Shown in Figure 4A, there
was a time-dependent increase in body weight gain in mice fed
LFD-Myclobutanil. As expected, HFHSD led to a marked increase
in body weight compared to LFD-fed group; however, there was a

trend of reduced body weight by Myclobutanil when coadminis-
tered with the HFHSD. The liver-to-body weight ratio (LBWR)
remained unchanged in the LFD groups regardless of
Myclobutanil treatment, but there was a slight decrease in the
LBWR by Myclobutanil treatment in the HFHSD groups
(Figure 4B).

The serum ALT activities were unchanged in the LFD groups
regardless of Myclobutanil treatment, HFHSD feeding increased
the ALT activities, which were reduced by Myclobutanil

Figure 7. Relative mRNA quantification of ileal FXR target genes in NAFLD Study. A, Fgf15, B, Fxr, C, Shp, D, Ibabp, E, Asbt, and F, Ostb. A symbol *
placed on each column identifies significant differences compared to vehicle of same diet, # placed on each column identifies significant differences
compared to low-fat diet in the same treatment duration. Data are presented as mean 6 SD (n¼ 6–7/group), analyzed using 1-way ANOVA followed by
Tukey’s multiple comparisons test. A p< .05 was considered significant.

Figure 8. Relative mRNA quantification of hepatic inflammatory response genes in NAFLD Study. A, Relative gene expression of inflammatory response
genes; A, Tnfa, B, Il-6, and C, Lcn2. A symbol * placed on each column identifies significant differences compared to vehicle of same diet, # placed on
each column identifies significant differences compared to low-fat diet in the same treatment duration. Data are presented as mean 6 SD (n¼ 6–7/
group), analyzed using 1-way ANOVA followed by Tukey’s multiple comparisons test. A p< .05 was considered significant.
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treatment similarly in both 4- and 9-week groups (Figure 5A).
There were no significant alterations in AST, ALP, or serum trigly-
cerides. Serum total cholesterol levels were significantly
increased by HFHSD feeding regardless of Myclobutanil treat-
ment (Figure 5D). Lastly, hepatic lipids were quantified, HFHSD
feeding resulted in significant increases in hepatic triglycerides,
and combination with Myclobutanil did not result in further ele-
vations in hepatic triglycerides. Significant increases in hepatic
cholesterol were observed with HFHSD and Myclobutanil combi-
nation treatment at 4 and 9 weeks but were not observed in
HFHSD vehicle group (Figs. 5F–G).

FXR activity was assessed through the measurement of rela-
tive mRNA levels of classical FXR target genes in the liver
(Cyp7a1, Lcn13, Shp, and Bsep) (Figs. 6A–D) and ileum (Fgf15, Fxr,
Shp, Ibabp, Asbt, and Ostb) (Figs. 7A–F). Cyp7a1 mRNA expression
was unchanged regardless of diet or presence of Myclobutanil.
LCN13 is a FXR activity marker in male mouse livers (data not
shown) and known regulator of glucose and lipid metabolism,
through the suppression of lipogenesis and promotion of fatty
acid b-oxidation (Sheng et al., 2011). Significant increases in Lcn13
expression were observed in HFHSD mice treated with
Myclobutanil for 4 and 9 weeks compared to HFHSD alone; how-
ever, Lcn13 expression was decreased by Myclobutanil treatment
in the LFD-fed mice in a time-dependent manner (Figure 6B). FXR
activation induces SHP that suppresses Srepb1c and to subse-
quently decrease fatty acid synthesis in the liver (Watanabe et al.,
2004). In this study, we observed a significant reduction in Shp
mRNA expression by HFHSD feeding, which is not affected by
Myclobutanil. Myclobutanil reduced Shp mRNA levels in both 4-
and 9-week treatment groups (Figure 6C). Bsep expression is
found to be inversely correlated with the progression of NAFLD in

patients, which can lead to the excessive accumulation of BA in
the liver contributing toward inflammation and cellular injury
(Okushin et al., 2016). Here, HFHSD vehicle mice had significantly
decreased mRNA expression of Bsep compared to LFD vehicle
mice, interestingly 4-week Myclobutanil LFD had significantly
decreased mRNA expression compared to LFD vehicle, and this
was not observed for their HFHSD counterparts. Together, the
data suggest that while on LFD, Myclobutanil reduces hepatic
FXR activity whereas on HFHSD, Myclobutanil increases FXR
activity in the liver.

In general, ileal FXR target gene expression was not changed
regardless of diet or Myclobutanil exposure; however, Fgf15
mRNA expression was significantly increased by HFHSD com-
pared to LFD, which is not affected by Myclobutanil treatment.
However, Myclobutanil time-dependently increased Fgf15 mRNA
levels in the LFD-fed mice (Figure 7A). Overall suggesting under
LFD, Myclobutanil suppresses FXR activity in the gut.

To assess inflammation in the liver, relative mRNA expression
of inflammatory mediators, Tnfa, Il-6, and Lcn2, were examined
(Figure 8). Both HFHSD and Myclobutanil seem to increase Tnfa
mRNA expression; however, a synergistic effect was not observed.
To our surprise, mRNA expression of Il-6 was significantly
decreased by both HFHSD and Myclobutanil, and additive and/or
synergistic suppression was not clear (Figure 8B). Lcn2 mRNA
expression was increased by HFHSD, which is not additionally
induced by Myclobutanil; however, in LFD group, Myclobutanil
seemed to decrease Lcn2 mRNA levels. These findings suggest in
LFD, Myclobutanil decreases FXR activity and reduces inflamma-
tion, presumably due to other unknown mechanisms.

To assess hepatic lipid metabolism, we examined the mRNA
expression of genes involved in fatty acid synthesis and transport

Figure 9. Relative mRNA quantification of hepatic lipogenic genes in NAFLD Study. Relative gene expression of genes involved in lipogenesis; A, CD36,
B, Hmgcr, C, FAS, D, Srebp1c, E, ACC, and F, MTP. A symbol * placed on each column identifies significant differences compared to vehicle of same diet,
# placed on each column identifies significant differences compared to low-fat in the same treatment duration. Data are presented as mean 6 SD
(n¼6–7/group), analyzed using 1-way ANOVA followed by Tukey’s multiple comparisons test. A p< .05 was considered significant.
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(Figs. 9A–F). CD36 is responsible for long-chain fatty acid trans-
port to the liver, and its expression is generally increased during
fatty liver disease state due to increased transcriptional activity
of liver X receptor, PXR, and peroxisome proliferator-associated
receptor (PPARc) (Silverstein Roy and Febbraio, 2009). HFHSD and
Myclobutanil both increased CD36 mRNA levels, but a synergistic
effect was not observed. Furthermore, 4-week Myclobutanil treat-
ment marked increased CD36 mRNA levels in the LFD-fed mice
compare to the rest of the groups (Figure 9A). HMGcoA-reductase
is encoded by Hmgcr and is the rate-limiting enzyme in synthesiz-
ing cholesterol in the liver. As expected, all HFHSD-fed mice had
significantly decreased expression of this gene compared to their
respective LFD counterparts regardless of Myclobutanil in diet
(Figure 9B). Sterol regulatory element-binding protein (Srebp-1c),
fatty acid synthase (FAS), and acetyl-CoA carboxylase (ACC) are
all involved in de novo lipogenesis, in NAFLD patients, SREBP-1c
expression is induced, which leads to an increase in de novo lipo-
genesis, while FAS and ACC are intermediate enzymes that con-
tribute toward the sequential conversions of acetyl-CoA to
generation of intrahepatic lipids. As expected, the expression of
Srebp-1c was only increased in HFHSD-fed mice compared to
LFD, which is not affected by Myclobutanil treatment (Figs. 9C–E).

In addition, ACC and FAS mRNA expression was not increased in
any HFHSD-fed mice, which is not a surprise as it is known that
HFHSD suppressed de novo fatty acid synthesis in the liver.
Microsomal triglyceride transfer protein (MTP) is critical in trans-
porting triglycerides out of the liver in the form of very low-
density lipoprotein (VLDL). In the clinic, NAFLD patients MTP
mRNA expression can be decreased or increased, a decrease in
MTP levels will subsequently lead to decreased VLDL export and
thus contribute toward hepatic lipid accumulation (Higuchi et al.,
2011; Nakamuta et al., 2009). Both HFHSD and Myclobutanil seem
to decrease MTP mRNA levels but did not show a combinational
effect (Figure 9F).

We quantified mRNA expression of xenobiotic metabolism genes
regulated by CAR and PXR as a previous research group reported on
an increased CAR signature following exposure to Myclobutanil
(Oshida et al., 2015). Genes mainly regulated by CAR (Cyp2c55 and
Cyp2b10), PXR (Cyp3a11), and PPARa (Cyp4a10) were analyzed (Cui
and Klaassen, 2016). In general, either HFHSD or Myclobutanil could
increase CAR or PXR target gene expression but only HFHSD
increased PPARa target gene expression (Figure 10).

Liver histology was examined and showed no evidence of liver
injury following treatment with Myclobutanil; however, HFHSD

Figure 10. Relative mRNA quantification of hepatic xenobiotic metabolism genes regulated by CAR, PXR, and PPARa in NAFLD Study. Relative gene
expression of genes involved in lipogenesis; A, Cyp2c55, B, Cyp2b10, C, Cyp4a10, and D, Cyp3a11. A symbol * placed on each column identifies
significant differences compared to vehicle of same diet, # placed on each column identifies significant differences compared to low-fat diet in the same
treatment duration. Data are presented as mean 6 SD (n¼ 6–7/group), analyzed using 1-way ANOVA followed by Tukey’s multiple comparisons test. A
p< .05 was considered significant.
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resulted in macro- and macrovesicular steatosis, and combina-
tion with Myclobutanil did not lead to liver injury (Figure 11). To
determine if macrophages responding to Myclobutanil treatment
were activated, we analyzed their expression of proinflammatory

macrophages using F4/80 antigen in liver histologic sections. In
mice treated with LFD and Myclobutanil for 9 weeks, the percent
F4/80 positive area was significantly induced compared to LFD
vehicle (Figure 12). In striking contrast, HFHSD and Myclobutanil

Figure 11. Liver histology stained with hematoxylin and eosin in NAFLD Study. Scale represents 200 lM section, imaged at 10�.

Figure 12. Liver immunohistochemistry stained F4/80. A, Representative images of positive staining in NAFLD Study, B, Quantification of percent
positive stain area. Scale represents 200 lM section, imaged at 10�. A symbol * placed on each column identifies significant differences compared to
vehicle of same diet, # placed on each column identifies significant differences compared to low-fat diet in the same treatment duration. Data are
presented as mean 6 SD (n¼6–7/group), analyzed using 1-way ANOVA followed by Tukey’s multiple comparisons test. A p< .05 was considered
significant.
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at 9 weeks were significantly reduced compared to LFD of same
treatment duration.

Discussion
Myclobutanil is a widely used environmental contaminant, and
its effects on the NR FXR and BA homeostasis are unknown.
Since FXR and BAs are important in maintaining liver and extra-
hepatic functions, in this study, we examined the effects of
Myclobutanil on FXR activation in vitro and in vivo, as well as in
the development of NAFLD.

Our data suggest that Myclobutanil may serve as a FXR antag-
onist. We performed a reporter assay study which demonstrates
that Myclobutanil acts as an antagonist of FXR in a dose-
dependent manner. This novel finding suggests that
Myclobutanil may interact with FXR-regulated pathways in vivo
regulate BA homeostasis and liver functions. These interesting
data led us hypothesize that Myclobutanil similarly behaves as
an FXR antagonist in vivo leading to an alteration in Fxr-Fgf15/19-
BA homeostasis. We performed a 10-day subacute study in which
mice were fed diets containing vehicle or 70.2 mg/kg

Myclobutanil and cotreated with vehicle or GW4064 on days 9
and 10. Our findings from this study further support that
Myclobutanil’s role as an FXR antagonist in vivo as cotreatment
with GW4064 led to significant reductions in the relative mRNA
expression levels of hepatic Cyp7a1, Lcn13, and ileal Fgf15, classi-
cal FXR target genes in the liver and gut, in comparison to mice
treated with GW4064 only.

In the context of NAFLD, FXR is known to be downregulated,
as pharmaceutical companies are exploring Fxr-Fgf15/19 signal-
ing pathway as a therapeutic target during NAFLD. Exposure to
environmental chemicals such as Myclobutanil is amongst the
multitude of possible disease etiologies of NAFLD, therefore, we
investigated the impact of exposure to Myclobutanil in the devel-
opment of NAFLD. The reporter assay experiment and FXR
cotreatment study with GW4064 and Myclobutanil both support
Myclobutanil inhibits FXR activation especially with a potent
activator, therefore, we expected the impact of Myclobutanil
exposure during NAFLD development to lead to further Fxr-
Fgf15/19 dysregulation of BA homeostasis and signaling. To our
surprise, cotreatment of mice on HFHSD and exposed to
Myclobutanil led to a decrease in liver inflammation and

Figure 13. Summary of findings. Key findings from Reporter Assay, LOAEL, and NAFLD studies are summarized. Figure made with biorender.com.
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oxidative stress, and hepatic lipid metabolism was not dramati-

cally altered in the presence of Myclobutanil in HFHSD feeding.

Normally, we observe a positive correlation between ALT and

cholesterol in NAFLD studies, but in this study, Myclobutanil

reduced ALT, which is not associated with a reduction in total

cholesterol levels (Schumacher et al., 2017). Lastly, hepatic and

ileal FXR signaling was not significantly altered. Classical CAR

and PXR xenobiotic metabolism mRNA expression was signifi-

cantly altered in mice administered Myclobutanil, these findings

are consistent with a previous study that reported the induction

of CAR and PXR target genes following exposure to Myclobutanil

(Oshida et al., 2015). The role of Myclobutanil in hepatic lipid

metabolism has been reported in vitro, using HepG2 cells, this

compound has been shown to worsen fatty-acid-induced steato-

sis and cell death, therefore suggesting that Myclobutanil expo-

sure may exacerbate NAFLD development (Stellavato et al., 2016).

However, in our in vivo study, we did not observe the worsening

of lipid accumulation in the liver after Myclobutanil treatment,

and indeed, the mRNA levels of some but not all genes involved

in de novo lipid synthesis were reduced following NASH diet/

Myclobutanil treatment. The exact mechanism warrants future

research efforts.
The observed changes in mRNA expression impact key FXR

target genes within the liver and gut which play essential roles in

maintaining BA homeostasis and signaling. If these signaling

pathways that are tightly regulated by Fxr-Fgf15/19 are dysregu-

lated, there may be implications in specific disease states for

humans such as NASH or cholestasis where FXR is known to be

downregulated and BA homeostasis is dysregulated.

Furthermore, sensitive populations that are working with

Myclobutanil in an occupational setting may be at higher risk for

exposure and subsequent alterations in BA homeostasis medi-

ated by Fxr-Fgf15/19 signaling.
Further studies are needed to understand how exposure to

Myclobutanil may contribute to BA dysregulation and to what

extent, this dysregulation may contribute to known disease

states that Fxr-Fgf15/19 are known to play major roles in.

Conclusion
Using an in vitro reporter assay and in vivo mouse experiments,

we have shown that Myclobutanil acts as an antagonist of FXR

(Figure 13). The studies conducted help understand how expo-

sure to Myclobutanil can contribute to BA dysregulation, and

how it may contribute to known disease states such as NASH

where FXR is downregulated and the progression of that to end-

stage liver disease.
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