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Abstract

Stress can affect our body and is known to lead to some diseases. However, the influence
on the development of non-alcohol fatty liver disease (NAFLD) remains unknown. This study
demonstrated that chronic restraint stress attenuated hepatic lipid accumulation via elevation
of hepatic B-muricholic acid (BMCA) levels in the development of non-alcoholic
steatohepatitis (NASH) in mice. Serum cortisol and corticosterone levels, i.e., human and
rodent stress markers, were correlated with serum bile acid levels in patients with NAFLD and
methionine- and choline-deficient (MCD) diet-induced mice, respectively, suggesting that
stress is related to bile acid (BA) homeostasis in NASH. In the mouse model, hepatic BMCA
and cholic acid (CA) levels were increased after the stress challenge. Considering that a short
stress enhanced hepatic CYP7AL protein levels in normal mice and corticosterone increased
CYP7AL protein levels in primary mouse hepatocytes, the enhanced Cyp7al expression was
postulated to be involved in the chronic stress-increased hepatic BMCA level. Interestingly,
chronic stress decreased hepatic lipid levels in MCD-induced NASH mice. Furthermore,
BMCA suppressed lipid accumulation in mouse primary hepatocytes exposed to palmitic
acid/oleic acid, but CA did not. In addition, Cyp7al expression seemed to be related to lipid
accumulation in hepatocytes. In conclusion, chronic stress can change hepatic lipid
accumulation in NASH mice, disrupting BA homeostasis via induction of hepatic Cyp7al
expression. This study discovered a new BMCA action in the liver, indicating the possibility

that BMCA is available for NAFLD therapy.



Abbreviations: ABC, ATP-binding cassette; ALT, alanine aminotransferase; BA, bile acid;
BAAT, bile acid-CoA:amino acid N-acyltransferase; BMCA, beta-muricholic acid; CA, cholic
acid; CYP, cytochrome P450 family; CV, central vein; FXR, farnesoid X receptor; HE,
haematoxylin and eosin; HNF4A, hepatic nuclear factor 4 alpha; LRH1, liver rich homologue
1; MCD, methionine- and choline-deficient; MCS, methionine- and choline-supplemented;
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NEFA, non-
esterified fatty acid; OA, oleic acid; PA, palmitic acid; PV, portal vein; SLC, solute carrier
family; SHP, small heterodimer partner; TChol, total cholesterol; TBMCA, tauro-beta-
muricholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TG,

triglyceride.



Introduction

Non-alcoholic fatty liver disease (NAFLD) is a disease that causes fat deposition in the
liver and occurs in people with alcohol consumption of less than 30 g/day for males and 20
g/day for females in terms of ethanol [1]. NAFLD is classified into simple steatosis and
steatohepatitis by pathological diagnosis. The progressive type of NAFLD, which is called non-
alcoholic steatohepatitis (NASH), can lead to cirrhosis and hepatocellular carcinoma [2].
Approximately 60% of patients with NAFLD are estimated to develop NASH [3]. Obesity and
diabetes are involved in the onset of NAFLD [4, 5], and patients with NAFLD are increasing
in many areas of the world and have been estimated to be approximately 1 billion people [6].
Recently, some studies have shown that patients with NASH show a significantly higher
mortality rate than those with simple fatty liver and the general population [7]. Hence,

elucidating the pathology of NAFLD and identifying its therapeutic targets is critical.

NAFLD is excess lipid accumulation in the liver, resulting from excessive adipose tissue
lipolysis and increased liver uptake of free fatty acids, enhanced hepatic lipogenesis and
attenuated hepatic lipolysis [8]. Thus, controlling hepatic lipid accumulation could be a
therapeutic target for NAFLD. Several studies have shown that proinflammatory cytokines,
such as the tumour necrosis factor-o, contribute significantly to the progression from steatosis
to steatohepatitis [9-11]. Furthermore, these cytokines likely cause changes in endogenous lipid
and bile acid metabolite profiles by altering metabolic cascades in the liver [12]. However, the
mechanisms underlying these metabolic alterations are not completely understood. Factors

other than these cytokines might be involved.

Stress is used to refer to a condition where various or perceived stimuli alter the

homeostatic state of an organism [13]. Stress, such as life-changing or threatening events, is



well known to lead to activation of the hypothalamic-pituitary-adrenal axis and the sympathetic
nervous system [14, 15]. The activation stimulates the release of the important mediators
catecholamines and glucocorticoids from the adrenal grands. Several studies have established
an increasingly clear link between stress and viral hepatitis, such as the correlation between
psychosocial stress and the severity of chronic hepatitis C [16] and the negative effect of
chronic psychosocial stress on the antibody response after hepatitis B vaccination [17]. Thus,
stress may influence liver diseases via the central nervous system/adrenal gland axis, but the

evidence is very poor, especially for the development of NAFLD.

In this study, the influence of restraint stress on the development of NASH was assessed
in mice fed a methionine- and choline-deficient (MCD) diet to understand the molecular
alterations in our bodies. Our data showed that restraint stress altered hepatic lipid
accumulation following elevated hepatic B-muricholic acid (BMCA) levels in MCD diet-

induced steatohepatitis.



Materials and Methods

Materials

All reagents were obtained from Merck Co (Kenilworth, NJ, USA) or FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan), unless otherwise noted. Tauro-p-muricholic acid
(TBMCA) and BMCA were purchased from Cayman Chemical Company (Ann Arbor, MI,

USA).

Patients

The study protocol with patient samples conformed to the ethical guidelines of the
Declaration of Helsinki. All patients were informed of the investigational nature of this study
and gave their written informed consent. The study was approved by the Ethics Committee of
Osaka City University Graduate School of Medicine (Institutional Review Board number
3641). In this study, we diagnosed patients with NAFLD by abdominal ultrasound. Fifty-one
patients with NAFLD were studied. Of these, 21 patients were excluded because they were
taking some medicine that can change bile acid levels. The clinical information for the patients

is summarized in Supplementary Table 1.

Generation of NASH mice and challenge with restraint stress

Male mice (C57BL/6, 10 weeks old) were purchased from Japan SLC, Inc. (Shizuoka,
Japan) and housed in temperature- and light-controlled rooms and given water and CLEA
Rodent Diet CE-2 (CLEA Japan, Inc, Tokyo, Japan) as standard chow. One week later, the

mice were divided into 4 groups. To generate NASH, two mouse groups were given a
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methionine- and choline-deficient (MCD) diet with 60% fat (Supplementary Table 2) ad
libitum as the MCD-diet group. On the other hand, the other groups were freely given the MCD
diet and drinking water supplemented with 4 mg/mL methionine and 30 mg/mL choline ad
libitum as the control group (MCS-diet group). The mice were exposed to restraint stress 2
hours daily (10:30-11:30 and 16:00-17:00) for 21 days as the stress group. The mice were
sacrificed at 18 hours after the final challenge of the stress. Throughout the stress task,
individual mice were restricted to adequately ventilated 50-ml conical plastic tubes (3x10-cm
Falcon tubes). The mice could rotate from the supine to prone position, but they could not turn
head to tail. The other mice were moved to new cages and undisturbed as the non-stressed
control group (non-stress group), but food and water were removed to match the drinking and
feeding conditions of the stress group. No change in food and diet consumption was observed
between stress and non-stress groups. To investigate the direct effect of stress, another mouse
set (C57BL/6 male mice, 10 weeks old) was exposed to restraint stress for 2 days (short stress)
under CLEA Rodent Diet CE-2 conditions. The mice were sacrificed at 6 hours after the final
stress challenge. The animal studies were carried out in accordance with protocols approved

by the Institutional Animal Care and Use Committee of Osaka City University, Osaka.

Serum and liver chemistry

For the patients, the serum bile acid level was measured by LS| Medience Corporation
(Tokyo, Japan). The serum cortisol level was determined by using a Cortisol ELISA Kit
(Cayman Chemical). For mice, the serum catalytic activity of alanine aminotransferase (ALT)
was measured with an ALT assay Kit. The serum corticosterone level was determined by using
a Corticosterone ELISA Kit (Cayman Chemical). The liver was homogenized with 50 mM
Tris-hydrochloric acid (HCI) buffer supplemented with 0.1% Triton X-100. The liver

homogenate was subjected to bile acid (BA), total cholesterol (TChol), triglyceride (TG), and
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non-esterified fatty acid (NEFA) analysis. The liver and serum BA, TG, TChol, and NEFA

levels were estimated with a FUJIFILM Wako Pure Chemical assay Kit.

Liquid chromatography-mass spectrometry analysis of bile acid composition

Liver tissue (20 mg) was homogenized with 600 uL of acetonitrile:water (3:2) solution
including 5 nM nor-deoxycholic acid (Toronto Research Chemicals, North York, ON, Canada)
as an internal standard. The homogenate was centrifuged at 20,000xg for 10 min, and the
supernatant was transferred to a new tube and subjected to a liquid chromatography-mass
spectrometry (LC-MS) system for bile acid detection. The LC-MS system consisted of a
Nexera X2 LC pump and auto-injector (Shimadzu corporation, Kyoto, Japan) coupled to an
LCMS-8060 mass spectrometer (Shimazu). LC-MS was performed based on a method reported
previously [18]. Briefly, the samples were separated on an Acquity UPLC BEH C18 (1.7 pm,
2.1 x 100 mm) column (Waters corporation, Milford, MA, USA) using the following twenty-
seven-min elution gradient: the eluent composition was set at 95% A and 5% B during the first
5 min (retention time 0 to 5 min) and then linearly changed to 85% A and 15% B in 9 min (5
to 14 min); next, the proportion of B was linearly increased to 25% in the next 6 min (14 to 20
min) and then to 75% B in another 2 min (20 to 22 min) and kept for 1 min (22 to 23 min).
Finally, the eluent composition was restored to the initial condition and maintained for 4 min
for column conditioning (23 to 27 min). The mobile phase consisted of (A) acetonitrile-water
(20:80) containing 10 mM ammonium acetate and (B) acetonitrile-water (80:20) containing 10
mM ammonium acetate. The flow rate was set at 0.4 mL/min. The MS analysis was performed
using an LCMS-8060 mass spectrometer equipped with negative electrospray ionization mode
working in the multiple reaction monitoring mode. All bile acids were determined with

authentic chemicals, and quantification was performed with a standard curve.



Culture of primary hepatocytes

Primary hepatocytes were prepared as previously reported [19]. In corticosterone treatment,
after starvation with FBS-negative Williams’ Medium E (Thermo Fisher Scientific, Waltham,
MA, USA) for 2 hours, the hepatocytes were exposed to 0.1% dimethyl sulfoxide as vehicle
and 30-1000 nM corticosterone. Six hours later, the cells were collected and subjected to
quantitative PCR and western blot analysis. For lipid accumulation, the hepatocytes were
exposed to 0.2% isopropanol/1% ethanol/1% FBS solution as vehicle, 100 uM palmitic acid,
or 100 uM palmitic acid and 100 uM bile acids (BMCA or CA). Forty-eight hours later, the
cells were collected and subjected to quantitative PCR and western blot analysis. Another cell
set was subjected to Oil Red O staining. Oil Red O staining was performed using 60%
isopropanol solution with Oil Red O dye. Then, haematoxylin and eosin (HE) staining was
carried out with Mayer’s haematoxylin solution (Muto Pure Chemicals Co., Tokyo, Japan) and
pure eosin solution (Muto Pure Chemicals). For quantification of lipid accumulation, after Oil
Red O staining, the dye was extracted from the stained cells with 40 mM HCl/isopropanol
solution. The dye concentration was determined by measuring the absorbance at 500 nm and

used as the relative lipid amount.

Quantitative PCR

RNA was extracted using TRIzol reagent (Thermo Fisher Scientific), and quantitative PCR
analysis was performed using cDNA generated from 1 pg of total RNA with a Superscript |1
or Il Reverse Transcriptase kit and random oligonucleotides (Thermo Fisher Scientific). All
primer sequences are listed in Supplementary Table 3. Quantitative PCRs were carried out
using SYBR green PCR master mix (Thermo Fisher Scientific) in an ABI Prism 7500 System.
Values were quantified using the comparative CT method, and samples were normalized to

18S ribosomal RNA.



Western blot analysis

Mouse primary hepatocytes were lysed with sample buffer (100 mM Tris-HCI, pH 6.8, 20%
glycerol, 4% sodium dodecyl sulphate, 10% 2-mercaptoethanol) and subjected to western
blotting. In experiments with liver tissue, the liver was homogenized with RIPA buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NacCl, 1% Triton X-100, 1% SDS) and centrifuged at 10,000xg for
10 min. The supernatant (50 pg of protein) was subjected to western blotting. The samples
were boiled for 3 min and then separated and transferred to Immobilon-P-membranes (PVDF
membrane) using standard western blotting techniques. The membranes were incubated with
an antibody against cytochrome P450 family (CYP) 7A1l at a dilution of 1:1,000 (ab52903,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). The signals were normalized to signals

obtained with a GAPDH antibody (MAB374) used at a dilution of 1:10,000.

Histological analysis
Small blocks of liver tissue were frozen in Optimal Cutting Temperature compound after
substitution of sucrose (using 5, 10 and 30% sucrose substitution at 4°C). Sections (8-um thick)

were fixed with formaldehyde neutral buffer solution and stained with Oil Red O and HE.

Statistical analysis

Statistical analysis was performed using Prism® version 6.0 (GraphPad Software Inc., San
Diego, CA). A p-value of less than 0.05 was considered a significant difference. In the case of
the mouse model, significance was indicated for the MCS-Non-stress vs the MCD-Non-stress

(#), the MCD-Non-stress vs the MCD-Stress (*) and the MCS-Non-stress vs the MCS-Stress

3).
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Results

A correlation between serum cortisol and bile acid levels was observed in both patients with

NAFLD and NASH mice.

To investigate whether stress is associated with NAFLD, serum cortisol (a representative
factor secreted by stress in humans) and BA levels of patients with NAFLD were measured.
The serum cortisol level seemed to be significantly associated with the BA levels (Fig. 1A). In
this study, the influence of restraint stress (stress) on steatohepatitis was investigated with a
non-alcoholic steatohepatitis model [methionine- and choline-deficient (MCD) diet-fed mice].
Three weeks of continuous stress with MCD was carried out after pre-treatment with the MCD
diet for 1 week (Fig. 1B). Stress did not affect the decreased ratio of body weight and relative
liver mass under the condition of the MCD diet (Figs. 1B and 1C). In addition, stress did not
change serum ALT levels (Fig. 1D) and expression levels of inflammatory cytokine genes in
the livers (Fig. S1A). Interestingly, a correlation between serum corticosterone (a
representative factor secreted by stress in rodents) and BA levels was observed in the mice as

well as in the patients with NAFLD (Fig. 1E).

Restraint stress enhanced hepatic and serum BA levels in NASH mice.

Next, hepatic and serum BA levels were measured to investigate whether the correlation
between corticosterone and BA in serum results from stress challenge. Under the MCD diet,
stress significantly increased both serum and hepatic BA levels [23.6 to 38.8 uM (1.64-fold)
and 0.399 to 0.673 umol/g liver (1.69-fold), respectively] (Fig. 2A). The stress trended to
elevate hepatic BA levels under conditions of the MCS diet [the control and stress were 0.026

and 0.137 umol/g liver (5.26-fold), respectively] (Fig. 2A). In addition, the hepatic BA
11



composition was investigated. Hepatic tauro-beta-muricholic acid (TBMCA) and taurocholic
acid (TCA) levels were significantly increased in MCD-induced NASH. However, these
taurine-conjugated BAs were not changed after challenge with stress (Fig. 2B). Hepatic
taurochenodeoxycholic acid (TCDCA) and taurodeoxycholic acid (TDCA) levels were not
changed in MCD-induced NASH (Fig. 2B). Interestingly, non-conjugated BA and beta-
muricholic acid (BMCA) were significantly elevated after challenge with stress [1.14 to 3.46
nmol/g liver (3.03-fold)], and cholic acid (CA) tended to be elevated [0.84 to 2.24 nmol/g liver
(2.67-fold)] (Fig. 2B). In the tested BA-related genes, the MCD diet increased hepatic
expression levels of cytochrome P450 family (CYP) 7Al1 (CYP7AL), solute carrier family
(SLC) 51 beta (SLC51B, also called organic solute transporter subunit beta), and ATP-binding
cassette (ABC) C4 genes (3.56-, 11.73-, and 7.09-fold, respectively) (Fig. 2C). Under the MCD
diet, stress enhanced SCL51B and ABCC4 expression (11.73- to 15.55-fold and 7.09- to 14.47-
fold, respectively) (Fig. 2C). Interestingly, hepatic CYP7A1 expression was induced by stress
under the condition of the MCS diet (4.03-fold). The results may suggest that stress directly
stimulates hepatic Cyp7al induction. Hepatic expression of the other BA-related factors,
namely, hepatic nuclear factor 4 alpha (HNF4A), liver rich homologue 1 (LRH1), farnesoid X
receptor (FXR), small heterodimer partner (SHP), CYP7B1, CYP8B1, CYP27A1, bile acid-
CoA:amino acid N-acyltransferase (BAAT), ABCB11, ABCC2, SLC51A, ABCC3, ABCCS5,
SLC10A1, and solute carrier organic anion lal (SLCO1A1), was not changed in either the
MCS or MCD group after stress (Fig. 2C). The highest hepatic CYP7AL protein level was
observed in the MCD-stress group (Fig. 2D). Interestingly, both serum BA and corticosterone
levels were positively correlated with hepatic CYP7AL protein levels but not hepatic CYP7AL
MRNA levels (Fig. 2E). These results suggested the existence of the corticosterone-CYP7A1l

protein-BA cascade in NASH livers after stress challenge.
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Stress-stimulated corticosterone enhanced hepatic CYP7A1 protein levels.

We investigated whether stress directly induced hepatic expression of the Cyp7al, Slc51b
and Abcc4 genes. In mice with elevated serum corticosterone levels after 2 days of continuous
stress (short stress) with a standard chow diet (Fig. 3A), an increasing tendency of hepatic
CYP7A1 mRNA levels was observed (2.38-fold), while SLC51B and ABCC4 mRNA levels
were not elevated (Fig. 3B). Furthermore, the CYP7A1 protein was significantly increased
1.39-fold after short stress (Fig. 3C). Next, we investigated whether corticosterone can induce
Cyp7al gene expression in mouse primary hepatocytes. Increases in both CYP7A1 mRNA and
protein levels were observed at 6 hours after corticosterone exposure (Fig. 3D). When the dose-
dependency of corticosterone in Cyp7al induction was investigated, the CYP7A1 protein level
was increased in a dose-dependent manner, while the CYP7A1 mRNA level was not increased
in a dose-dependent manner, although 300 nM corticosterone increased CYP7A1 mRNA levels

(Fig. 3E).

Restraint stress decreased hepatic lipid levels in NASH mice via elevated hepatic SMCA

levels.

Oil Red O staining was performed to investigate whether stress can influence hepatic lipid
homeostasis in the development of NASH. Oil Red O staining showed smaller lipid droplet
sizes in the livers of the MCD-stress group than in the livers of the MCD-non-stress group (Fig.
4A). In addition, triglyceride (TG), total cholesterol (TChol) and non-esterified fatty acid
(NEFA) levels were measured in serum and liver after stress challenge. Stress significantly
decreased both hepatic TG and NEFA levels [624 to 353 mg/g liver (0.57-fold) and 0.336 to

13



0.242 Eq/g liver (0.72-fold), respectively] in the MCD group (Fig. 4B) without affecting fatty
acid-related gene expression in the liver (Fig. 4C). However, stress had no effect on hepatic
TChol (Fig. 4B) and cholesterol-related gene expression levels in the liver (Fig. S1B).
Interestingly, BMCA inhibited lipid accumulation in primary-cultured mouse hepatocytes after
exposure to palmitic acid (PA)/oleic acid (OA), while CA did not (Figs. 5A and 5B). However,
the expression levels of lipid-related genes were not altered in the hepatocytes after treatment
with BMCA (Fig. 5C). On the other hand, the PA/OA-decreased CYP7A1 mRNA and protein
levels tended to recover after treatment with BMCA (Figs. 5D and 5E). These results suggest

that BMCA can suppress hepatic lipid accumulation in NASH mice.
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Discussion

The current study demonstrated that stress increased serum BA levels in NASH mice with
induction of Cyp7al, Slc51b and Abcc4 gene expression. The BA amount and composition are
well known to be changed in serum in humans and rodents with NASH [20-22] . In addition,
it has been suggested that SLC51B and ABCC4 gene expression (BA transporters from
hepatocytes to blood [23, 24]) is induced following NASH progression. Thus, the stress-
elevated serum BA levels may result from the stress-increased SLC51B and ABCC4 mRNA
levels in NASH. However, the elevated SLC51B and ABCC4 mRNA levels could be regarded
as a compensatory change, mainly because short stress did not induce Slc51b and Abcc4 gene
expression. Interestingly, unlike the Slc51b and Abcc4 genes, Cyp7al gene expression was
induced under both MCS and MCD diet conditions after the stress challenge. In addition, the
rodent stress marker corticosterone increased both CYP7A1 mRNA and protein levels in
mouse primary hepatocytes. These results suggest that stress influences CYP7A1 expression
in the liver via glucocorticoids. On the other hand, unlike the results of this study using male
mice, it has been reported that stress did not change hepatic Cyp7al gene expression in female
mice [25]. As oestrogen is involved in BA homeostasis through cholesterol metabolism [26,
27], this discrepancy may result from sex differences. Corticosterone is known to be a
glucocorticoid receptor activator [28]. A report noted that the peak hepatic CYP7A1 mRNA
level coincides with that of serum corticosterone levels in mice exhibiting a diurnal rhythm
[29]. On the other hand, some reports noted that CYP7A1 mRNA levels were decreased in
mice treated with the synthetic glucocorticoid receptor activators prednisolone and
methylprednisolone [30, 31]. The conflicting reports indicate the possibility that corticosterone
activates factors other than synthetic glucocorticoid receptor activators. In the current study,

the hepatic CYP7AL protein level was correlated with the serum BA level rather than the
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CYP7A1 mRNA level. In mouse primary hepatocytes, the CYP7A1 protein level did not
necessarily match the CYP7A1 mRNA level. Considering that the half-life of CYP7A1 mRNA
is very short [32, 33], CYP7AL protein should be used rather than CYP7A1l mRNA to
understand the pathophysiology. A detailed study will be needed to further understand the

molecular mechanism.

In humans, NASH has been reported to elevate glycol-CA and TCA levels [34-36] and
reduce the ratio of secondary BAs/primary BAs [36]. In the present study, the MCD diet
decreased the ratio of TCDCA and TDCA levels/TBMCA and TCA levels in the mouse livers.
As the hydrophilicity of BA is in the order conjugated BAs > unconjugated BAs and fMCA >
CA > CDCA > DCA[37], these results may suggest that hydrophilic BA levels are upregulated
in NASH. In addition, stress increased hepatic BMCA and CA levels in NASH without elevated
hepatic TBMCA and TCA levels. Furthermore, stress did not alter the expression of the Baat
gene, which regulates the taurine conjugation of BA. Although the deconjugation reaction by
gut flora needs to be considered, the observation supported the possibility that the stress-
increased hepatic BMCA and CA levels result from the induction of Cyp7al gene expression,
which is the rate-limiting enzyme of BA synthesis. FXR is a nuclear BA receptor that is
strongly activated by CDCA and induces Shp expression to suppress Cyp7al gene expression
[38]. Although BMCA can negatively act on FXR activation [39], changes in SHP expression
levels were not observed in NASH livers after stress challenge. In addition, the Hnf4a and Lrhl
gene expression levels, which upregulate Cyp7al gene expression, were not altered after the
stress challenge. These results suggest that the stress induction of Cyp7al gene expression is
mediated by other factors. Stress could contribute to the pathology changes in NASH through

an increase in unconjugated BA levels.
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In contrast to this study in which serum TG and NEFA levels were not changed in B6 mice
after the stress challenge, it has been reported that stress downregulates plasma TG and NEFA
levels in normal mice (SV129 strain, NIH-31 diet) following upregulated fatty acid-related
genes [40]. The discrepancy may result from the difference in mouse strain and diet. Generally,
serum lipid levels are also regulated by adipose tissue in addition to the liver [41]. In addition,
stress stimulates noradrenaline secretion via sympathetic nerve function [14] and can promote
fat degradation by activating adrenergic receptor B3 in adipose tissue [42]. The MCD diet is
known to accelerate fat degradation in adipose tissue with a decline in body weight [43]. Thus,
under conditions of an MCD diet, the effect of stress in adipose tissue might be hard to observe.
Future studies will be needed to understand the molecular mechanism by which stress decreases
hepatic lipid levels. Interestingly, the current study demonstrated that stress reduced hepatic
TG and NEFA levels and decreased lipid droplet size in MCD-induced NASH mice with
enhanced CYP7A1 expression. Cyp7al-transgenic mice have been reported to inhibit high-fat
diet-induced fatty liver formation[44, 45], indicating that enhanced CYP7AL expression is
associated with the suppression of hepatic lipid accumulation. However, the molecular
mechanism is still unclear. CYP7AL is the rate-limiting enzyme for BA de novo synthesis [46,
47]. In this study, under conditions of MCD-induced NASH, stress elevated hepatic PMCA
levels with enhanced CYP7AL expression. Furthermore, treatment with BMCA protected
against PA/OA-induced lipid accumulation in hepatocytes. Thus, the present study provides a
view that CYP7AL-produced PMCA contributes to the suppression of lipid accumulation in
hepatocytes, but it is still unknown how PMCA suppresses hepatic lipid accumulation. Since
BMCA is murine BA and is not synthesized in humans, these phenomena could not be observed
in human patients with NAFLD. However, the results may suggest that BMCA is available for

NAFLD therapy.
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In clinical research, it is difficult to assess the effect of stress on diseases mainly because
no index defines stress. In this study, the serum glucocorticoid level was used as the stress
index. However, serum glucocorticoid levels can change due to various factors as well as stress.
The results in this study may not necessarily match the clinical data but provide the possibility
that stress can decrease hepatic lipid levels in patients with NAFLD. In the future, a stress index
should be required to further understand the molecular mechanism by which stress influences

our bodies.

In conclusion, the present study demonstrated that stress influences hepatic BA and lipid
homeostasis in NASH mice, indicating the possibility that BMCA is available for NASH
therapy. It is expected that detailed molecular mechanisms will be elucidated to develop a

NAFLD therapeutic drug.
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Figure legends

Figure 1. A correlation between serum cortisol and bile acid levels was observed in both

patients with NAFLD and NASH mice.

(A) Correlation between serum cortisol and bile acid (BA) levels in patients with NAFLD. The
correlation factor (r) and P-value were estimated with Pearson’s correlation analysis (n=30).
(B-D) Changes in body weight (B), liver mass (C) and serum ALT level (D) after challenge
with restraint stress. The methionine- and choline-supplemented diet, methionine- and choline-
deficient diet, restraint stress, and non-stressed control were expressed as MCS, MCD, Stress,
and Non-stress, respectively. Data represent the mean and SD (n=5). Significance was
determined by one-way analysis of variance (ANOVA) with Bonferroni’s test (###, P<0.001
for the MCS-Non-stress vs the MCD-Non-stress). (E) Correlation between serum
corticosterone and BA levels in the NASH mouse model. The correlation factor (r) and P-value

were estimated with Pearson’s correlation analysis (n=20).
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Figure 2. Restraint stress enhanced hepatic and serum BA levels in NASH mice.

(A) Hepatic and serum BA levels after restraint stress challenge. Each bar represents the mean
and SD (n=5). Significance was determined by one-way ANOVA with Bonferroni’s test (#,
P<0.05; ##, P<0.01 for the MCS-Non-stress vs the MCD-Non-stress. *, P<0.05; **, P<0.01 for
the MCD-Non-stress vs the MCD-Stress group). (B) Hepatic BA concentration after challenge
with stress. Each bar represents the mean and SD (n=5). Significance was determined by two-
way ANOVA with Bonferroni’s test (##, P<0.01 for the MCS-Non-stress vs the MCD-Non-
stress. *, P<0.05 for the MCD-Non-stress vs the MCD-Stress group). n indicates no detectable
level (less than 0.1 nmol/g liver). (C) Quantitative PCR analysis of BA-related gene expression.
Quantitative PCR analysis of bile acid-related gene expression. Data are presented as the fold
change relative to the value for the MCS-Non-stress group. Each bar represents the mean and
SD (n=5). Significance was determined by two-way ANOVA with Bonferroni’s test (###,
P<0.001 for the MCS-Non-stress vs the MCD-Non-stress. ***, P<0.001 for the MCD-Non-
stress vs the MCD-Stress group). (D) Western blot analysis of hepatic CYP7A1 protein after
challenge with stress. (E) Correlation analysis among serum BA, corticosterone, and CYP7AL
MRNA and protein levels in the MCS and MCD diet-fed mice. The correlation factor (r) and

P-value were estimated with Pearson’s correlation analysis (n=20).

Figure 3. Stress elevated hepatic CYP7AL protein levels via corticosterone in mice.

(A) Serum corticosterone levels after challenge with short STR (short stress). Significance was
determined by t-test. (***, P<0.001). (B) Quantitative PCR analysis of Cyp7al, Slc51b, and
Abcc4 gene expression. Data are presented as the fold change relative to the value for the non-

stress group. (C) Western blot analysis of hepatic CYP7A1 protein after short stress challenge.
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The signal intensity was measured using ImagelJ. Significance was determined by t-test. (**,
P<0.01). (D) Western blot analysis of CYP7AL protein (6 and 24 hours) and quantitative PCR
analysis for Cyp7al gene expression in mouse primary hepatocytes at 6 hours after treatment
with 300 nM corticosterone. Data are presented as the fold change relative to the value for the
vehicle. Each bar represents the mean and SD (n=3). Significance was determined by unpaired
Student’s t-test (**, P<0.01 for the vehicle vs corticosterone). (E) Cyp7al gene expression
analysis in mouse primary hepatocytes at 6 hours after treatment with corticosterone in a dose-
dependent manner. (Upper panel; western blot analysis, bottom panel; quantitative PCR

analysis.)

Figure 4. Influence of restraint stress on hepatic lipid levels in NASH mice.

(A) Haematoxylin and eosin (HE) and Oil Red O staining for the livers after challenge with the
stress and MCD diet. The central and portal veins are expressed as CV and PV, respectively.
Bar represents 100 um. (B) Hepatic and serum triglyceride (TG), total cholesterol (TChol), and
non-esterified fatty acid (NEFA) in the mice. Data represent the mean and SD (n=5).
Significance was determined by one-way ANOVA with Bonferroni’s test (###, P<0.001 for
the MCS-Non-stress vs the MCD-Non-stress. *, P<0.05 for the MCD-Non-stress vs the MCD-
Stress group). (C) Quantitative PCR analysis of fatty acid-related gene expression. Data are
presented as the fold change relative to the value for the MCS-Non-stress group and represent
the mean and SD (n=5). Significance was determined by one-way ANOV A with Bonferroni’s

test (###, P<0.001 for the MCS-Non-stress vs the MCD-Non-stress).

Figure 5. BMCA can inhibit lipid accumulation in mouse primary hepatocytes.

26



(A and B) Oil Red O and haematoxylin staining in mouse primary hepatocytes after treatment
with PA/OA and BA (A, BMCA; B, CA). Bar represents 100 um. Data are presented as the
fold change relative to the value for the vehicle group and represent the mean and SD (n=5).
(C) Quantitative PCR analysis of fatty acid-related gene expression. Data are presented as the
fold change relative to the value for the vehicle group and represent the mean and SD (n=3).
Significance was determined by one-way ANOVA with Bonferroni’s test (*, P<0.05; **,
P<0.01; *** P<0.001). (D and E) Quantitative PCR and western blot analyses of Cyp7al gene
expression in hepatocytes (D, quantitative PCR analysis; E, western blot analysis). Data are
presented as the fold change relative to the value for the vehicle group and represent the mean

and SD (n=3).
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