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1 | INTRODUCTION
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| Shaoyu Zhou? | Yuanfu Lu?

Abstract

Farnesoid X receptor (FXR) is a nuclear receptor involved in the metabolism of bile
acid. However, the molecular signaling of FXR in bile acid homeostasis in cholestatic
drug-induced liver injury remains unclear. Oleanolic acid (OA), a natural triterpenoid,
has been reported to produce evident cholestatic liver injury in mice after a long-
term use. The present study aimed to investigate the role of FXR in OA-induced cho-
lestatic liver injury in mice using C57BL/6J (WT) mice and FXR knockout (FXR™/")
mice. The results showed that a significant alleviation in OA-induced cholestatic liver
injury was observed in FXR™/~ mice as evidenced by decreases in serum alanine ami-
notransferase, aspartate aminotransferase, and alkaline phosphatase as well as
reduced hepatocyte necrosis. UPLC-MS analysis of bile acids revealed that the con-
tents of bile acids decreased significantly in liver and serum, while increased in the
bile in FXR~/~ mice compared with in WT mice. In addition, the mRNA expressions
of hepatic transporter Bsep, bile acid synthesis enzymes Bacs and Baat, and bile acids
detoxifying enzymes Cyp3al1, Cyp2b10, Ephx1, Ugtlal, and Ugt2b5 were increased
in liver tissues of FXR™/~ mice treated with OA. Furthermore, the expression of
membrane protein BSEP was significantly higher in livers of FXR™/~ mice compared
with WT mice treated with OA. These results demonstrate that knockout of FXR
may alleviate OA-induced cholestatic liver injury in mice by decreasing accumulation
of bile acids both in the liver and serum, increasing the export of bile acids via the

bile, and by upregulation of bile acids detoxification enzymes.
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withdrawal (Li & Apte, 2015). A portion of Traditional Chinese Med-

icine (TCM) has been considered hepatotoxic based on modern

Drug-induced cholestatic liver injury (DIC) is caused by damaged
bile acid homeostasis and is the primary pattern of drug-induced
liver injury (Hoofnagle & Bjornsson, 2019). DIC may further develop
into serious consequences such as liver fibrosis, liver cirrhosis, liver

cancer, and liver failure and has become the key factor of drug

medicine theory, although they are still widely prescribed in the
clinic and have been used to treat various diseases for over
2000 years (Liu et al., 2020). The development of modern medicine
and a wider application of Chinese herbal medicine have led to an
increased incidence of TCM-associated liver toxicity, and especially
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DIC has increasingly been identified (Liu et al, 2020; Oh
et al, 2015). Oleanolic acid (OA) is a natural triterpenoid that is
widely used as a complementary and alternative medicine in China
and other countries (Liu et al., 2018). Several studies have indicated
that OA treatment may lead to liver toxicity if given in small doses
for an extended period or in a large dose over a short time
(Liu et al., 2018). Previously, we found that OA induced cholestatic
liver injury in Kunming mice administered with OA at a dose of
225 mg/kg once daily for 10 consecutive days (Lu et al., 2013) or in
C57BL/6J male mice treated with OA at 457-685.5 mg/kg once a
day for four consecutive days (Feng et al., 2020). Nonetheless, the
mechanisms underlying OA-induced cholestatic liver injury have yet
to be defined.

Bile acids are synthesized in the liver using cholesterol as the raw
material through two routes: “classical” and “alternative” (Wei
et al., 2018). The classical pathway is regulated by cholesterol 7a-
hydroxylase (Cyp7al), cholesterol 8b-hydroxylase (Cyp8b1), and cho-
lesterol 27a-hydroxylase (Cyp27a1) and produces cholic acid (CA). The
alternative pathway is regulated by Cyp27al and cholesterol 7b-
hydroxylase (Cyp7b1), which produces chenodeoxycholic acid (CDCA).
The free bile acids are conjugated to glycine (G) and taurine
(T) through bile acid-CoA synthetase (Bacs) and bile acid-CoA amino
acid N-acyltransferase (Baat). Many transporters are involved in the
active transport of bile acids across the canalicular membrane to form
bile, including bile salt export pump (Bsep), multidrug resistance-
associated protein 2 (Mrp2) and multidrug resistance protein 2 (Mdr2).
Among these transporters, Bsep plays a major role in efflux pathways
(Song et al., 2015). Most of the bile acids are finally reabsorbed back
to the liver through the Na+-taurocholate cotransport protein (Ntcp),
and the organic anion transporter (Oatp), namely, bile acid enter-
ohepatic circulation. During circulation, increased production of bile
acids, excessive intake, and decreased excretion can contribute to
cholestatic liver injury (Feng & Lu, 2020). Previously, we found that
OA-induced liver injury occurred in mice when treated with OA at the
dose of 90-135 mg/kg daily for 5 days mice developed liver injury
with increased levels of serum ALT, AKP, and TBA. Serum
unconjugated and conjugated bile acids in the OA-treated animals
were increased, but the expression levels of Fxr, Bsep, Ntcp, Oatp1b2,
Cyp7b1, Cyp8b1, and Cyp3all were decreased (Liu et al., 2013),
suggesting that OA-induced liver injury was associated with bile acid
homeostasis.

FXR plays a pivotal role in regulation of bile acid homeostasis. It is
mainly expressed in hepatocytes, regulates hepatic bile acid biosyn-
thesis and transport proteins, and participates in the formation, secre-
tion, transport, uptake, and detoxification of bile acids (Shin &
Wang, 2019). Activation of FXR can lead to suppression of bile acid
synthesis enzymes such as Cyp7al and Cyp8b1 via small heterodimer
chaperone (Shp) or fibroblast growth factor 15/19 (FGF15/19) path-
ways (Li & Chiang, 2013) and the hepatic influx transporters (Ntcp and
Oatp) (Feng & Lu, 2020). FXR also upregulates hepatic efflux trans-
porters Bsep, Mrp2, and Mdr2 and liver detoxification enzymes UDP-
(Ugtlal and Ugt2b5),
(Sult2al), hepatic microsomal epoxide hydrolase (Ephx1), and liver

glucuronyltransferase sulfotransferases

drug metabolism enzymes (Cyp3al1 and Cyp2b10), thereby mitigating
intrahepatic bile acid overload and alleviating cholestatic liver injury.
In contrast, studies have demonstrated that after inhibiting FXR or
FXR gene knockout, the bile acid synthesis enzymes (Cyp7al and
Cyp27a1) and uptake transporters (Ntcp and Oatp) were increased,
while the bile acid efflux transporters (Bsep and Mdr2) and liver detox-
ification enzymes (Ugtlal, Cyp3all, and Cyp2b10) were decreased,
resulting in bile acid overload and decreased bile acid detoxification
ability, leading to increased toxicity (Cariello, Piccinin, Garcia-Irigoyen,
Sabba, & Moschetta, 2018; Yuan & Li, 2016). In addition, it has been
demonstrated that knockout of FXR can ameliorate the increased liver
injury in obstructive cholestasis by increasing the expression of the
transporters Bsep and Mdr4, and by lowering serum and hepatic bile
acid concentrations, suggesting a potential clinical role for FXR antag-
onists in the treatment of obstructive cholestatic liver disorders
(Stedman et al., 2006). Based on these results, we propose that there
may exist a beneficial effect of the downregulation of FXR in the
homeostasis of bile acids in a pathological setting of OA-induced cho-
lestatic liver injury.

Accordingly, in the present study, we aimed to investigate the
regulatory role of FXR in OA-induced cholestasis using C57BL/6J

mice and FXR gene knockout mice.

2 | MATERIALS AND METHODS

21 | Materials

OA (purity > 99%) was obtained from Sigma-Aldrich company
(St. Louis, USA). HPLC grade acetonitrile was purchased from Thermo
Fisher Scientific (CA, USA), and ammonium acetate was purchased
from Sigma-Aldrich (St. Louis, USA). The following 48 bile acid stan-
dards were purchased from ZZBIO LTD (Shanghai, China), they were
listed as follows: glycoursodeoxycholic acid, GUDCA; glycholic acid,
GCA,; taurohyodeoxycholic acid, THDCA; tauroursodeoxycholic acid,
TUDCA; taurocholic acid, TCA; cholic acid, CA; ursodeocholic acid,
UDCA,; HDCA,
glycohyodeoxycholic acid, GCDCA; taurodeoxycholic acid TDCA,;

ursocholic acid, UCA; hyodeocholic acid,
taurochenodeoxycholic acid, TCDCA; glycodeoxycholic acid, GDCA;
chenodeocholic acid, CDCA; lithocholic acid, LCA; deoxycholic acid,
DCA,; taurolithocholic acid, TLCA; glycodehydrocholic acid, GDHCA;
dehydrocholic acid, DHCA; 3p-cholic acid, 3p-CA; tauro p-muricholic
acid, T B-MCA; a-muricholic acid, a-MCA; 3p-ursodeoxycholic acid,
B-UDCA; 7-ketodeoxycholic acid, 7-keto DCA; hyocholic acid, HCA,
taurolithocholic acid 3 sulfate, TLCA-3S; 3p-hyodeocholic acid,
B-HDCA; chenodeocholic  acid-3-B-D-glucuronide, CDCA-3G;
6-ketolithocholic acid, 6-Keto LCA; lithocholic acid 3 sulfate, LCA-3S;
6,7-diketolithocholic acid, 6,7-Diketo LCA; 7-ketolithocholic acid,
7-Keto LCA; 12-ketolithocholic acid, 12-Keto LCA;
7,12-diketolithocholic acid, 7,12-Diketo LCA; taurohyocholic acid,
THCA; Nor Cholic acid, NorCA; glycohyodeoxycholic acid 3 sulfate,
GCDCA-3S; B-muricholic acid, B-MCA; glyhyocholic acid, GHCA; tauro
a-muricholic acid, T-aMCA; lithocholic acid 3 sulfate, LCA-3S;
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allocholic acid, ACA; chenodeocholic acid-24-p-D-glucuronide, CDCA-
24G; 23-nordeoxycholic acid, NorDCA; apocholic acid, ApoCA,; iso-
deoxycholic acid, IsoDCA; isolithocholic acid, ILCA; and allolithocholic
acid, AlloLCA.

2.2 | Animal experiments

Male C57BL/6J (wild-type, WT) mice were purchased from SPF Bio-
technology Co. Ltd (Beijing, China), and matched FXR™/~ mice were
provided by Dr. Lili Ji, Institute of Chinese Medicine, Shanghai Uni-
versity of Traditional Chinese Medicine. Mice were raised in a con-
trolled room under a 12-h light-dark cycle and were fed normal
chow and were given free access to water. After a standard rodent
chow for 7 days, mice were divided into three groups randomly
(n = 8), including control group (Control, 10 ml/kg corn oil), OA low
dose group (OA-L, 457 mg/kg), and OA high dose group (OA-H,
685.5 mg/kg). The doses used were based on a previous study
(Feng et al., 2020; Lu et al., 2013); corn oil and OA were adminis-
tered intragastrically once per day for 4 days, respectively. Body
weights were controlled daily; at the end of the last dose adminis-
tration, mice were treated with an intraperitoneal injection of pento-
barbital anesthesia (60 mg/kg) (Shi et al., 2019). Mice were sterilized
abdominally; following an approximately 2 cm longitudinal longitudi-
nal transrectal incision, the abdomen was exposed to reveal the
veins. Serum, liver, and gallbladder samples were collected. Blood
was incubated at room temperature for 30 min, and serum fractions
were obtained from blood by centrifugation for 15 min (1600 g,
4°C) for biochemical reagent detection and bile acid profile analysis.
After liver samples were weighed, they were divided into two parts:
one part was immediately frozen in liquid nitrogen and then stored
in —80°C for further research, and another part was soaked in 4%
neutral formalin for histological evaluation. Gallbladders also were
immediately frozen in liquid nitrogen and then stored in —80°C

until use.

2.3 | Ethics statement

All procedures involving animals were in accordance with the
National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978) and approved by
Institutional Animal Use and Care Committee of Zunyi Medical

University.

24 | Serum chemistry

Serum samples were analyzed using standard enzymatic assays using
commercial kits for alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), and total bile acid (TBA)
in accordance with the manufacturer's protocols (Jiang-Cheng Biologi-
cal, China).

AppliedToxicology—Wi1LEY- 122

2.5 | Histopathology

Liver tissues were fixed in 4% neutral buffered formaldehyde solution
for 24 h and then embedded in paraffin, and 3.5-pum-thick sections
were obtained by cutting with a Leica RM2245 Biosystems micro-
tome (Wetzlar, Germany). The slices were successively washed,
dehydrated, and stained with hematoxylin and eosin (HE) for patho-
logical examination (Olympus BX43, Tokyo, Japan). According to the
area of liver tissue cell necrosis, hepatic necrosis was graded on a
scale of O to 4+, in which score 0, represented no necrosis; score 1+,
represented necrosis of 5-30% of hepatocytes; score 2+, represented
necrosis of 30-50% of hepatocytes; score 3+, represented necrosis
of 50-70% of hepatocytes; and score 4+, represented necrosis over
70% of hepatocytes (Oz et al., 2003). Each slide was evaluated blinded
by two of our investigators (Hong Feng and Yan Hu) using light micro-

scope; five fields were observed randomly at 200 times for each slice.

2.6 | Bile acids profiling analysis using UPLC-MS

2.6.1 | Sample preparation

Samples were collected as described previously (Huang et al., 2019;
Lu, Du, Qin, Ma, et al., 2018). For liver samples, approximately 100 mg
frozen liver tissues were accurately weighed and homogenized in
2 volumes of ddH,O (200 pl for 100 mg). The mixtures were cen-
trifuged for 15 min (13,500 g, 4°C), and 250 pl supernatants were
transferred to clean tubes. Next, supernatants were treated with
500 pl acetonitrile, swirled for 30 s, centrifuged for 15 min (13,500 g,
4°C), and then precipitated proteins and other particulates were
removed. Finally, 600 pl supernatants were transferred to clean tubes;
the samples were evaporated to dryness with nitrogen and redis-
solved in 100 pl 50% methanol solution (methanol: dddH,O = 50:50,
v/v). After centrifuging for 15 min (13,500 g, 4°C), the supernatants
were used for further quantification. For serum samples, 100 pl serum
samples were spiked with 200 pl acetonitrile, swirled for 30s, and
then centrifuged for 15 min (13,500 g, 4°C). A volume of 180 l
supernatants was transferred to clean tubes. Samples were treated as
indicated above for processing of liver samples. For bile samples, 1 pl
volume of bile samples was spiked with 200 pl acetonitrile, swirled for
30 s, and centrifuged 15 min (13,500 g, 4°C). The subsequent steps
were treated as indicated above for processing serum samples.

2.6.2 | Relative quantification of bile acids

Based on our previous studies (Huang, 2019; Huang et al., 2019; Lu,
Du, Qin, Wu, et al., 2018), the samples were collected for analysis of
the bile acid profiling by using Ultra Performance Liquid Chromatogra-
phy (UPLC)-Q Exactive Orbitrap-mass spectrometry (MS) and Xcalibur
workstation (Thermo, USA). Sample analysis was carried out under
negative electrospray (ESI) mode. The scan mode was Full Scan/dd-

MS2. The detailed parameters were as follows: spray voltage of
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3.2 kV, the capillary temperature of 350°C, the sheath of 35 arbitrary
units, auxiliary gas flow rates of 15 arbitrary units. The mass scanning
range was m/z 100-1000. The chromatographic separation was
achieved on a Thermo Hypersil Gold C4g column (2.1 x 150 mm,
1.9 pm), column temperature 40°C. The mobile phase consisted of
20% acetonitrile with 10 mM ammonium acetate (A) and 80% aceto-
nitrile with 10 mM ammonium acetate (B), flow rate: 0.3 ml/min, injec-
tion volume: 2 pl. The initial composition of the mobile phase was
5% B, which was changed to 14% B in 6 min and then changed to
25% B in 6.3 min, hereafter changed to 50% B, maintaining the ratio
for 10 min. It was then changed to 5% B, and after 3 min, it was chan-
ged to 100% B and held for 0.5 min, then changed to 5% B for 4 min.
Peak areas were used for comparison and statistical analysis. Bile
acids were recognized and relatively quantified through the compari-
son with bile acid standards, including retention time, molecular

weight, and mass spectra (Huang et al., 2019).

2.7 | RNA extraction and real-time polymerase
chain reaction analysis

Total RNA of liver tissues was extracted using the TRIzol reagent
(Takara Bio Inc., Japan) according to the manufacturer's instructions.
RNA quality was determined by the 260/280 ratio (>1.8), and cDNA
was synthesized using the PrimeScript RT Reagent Kit (TakaRa,

TABLE 1  Primer sequences

China). Relative gene expression was determined using the quantita-
tive PCR (gPCR) method and the CFX Connect (Bio-Rod, USA) with
the iQ™ SYBR® GREEN gPCR kit (Bio-Rod, USA). The reaction was
carried on in a final reaction volume of 15 pl as recommended by the
manufacturer, using the PCR primers listed in Table 1. The gRT-PCR
thermal program was run as follows: 10 s at 95°C and 45 s at 60°C
for the reverse transcription and 39 cycles and then 5 s at 55-95°C
for melt curve. The cycle threshold (AACt) values were used to calcu-
late relative mRNA expression, which were normalized with GAPDH,
and expressed as relative transcript levels, setting WT mice control

group as 100%.

2.8 | Western blotting analysis

Liver membrane proteins were extracted using the ProteinExt™ Mem-
brane Protein Extraction Kit (Tran, China). The protein content was
quantified by the BCA Protein Assay Kit (Beyotime, China) and pre-
pared for gel loading with 5x sample buffer (Zoman, China). The sam-
ples (16 pg) were separated by 8-10% SDS-polyacrylamide gel and
transferred onto a polyvinylidene fluoride (PVDF) membrane. The
nonspecific binding sites of the membrane were blocked with 5% non-
fat dry milk before probing with Anti-Bsep antibody (1:1000, Thermo,
USA) and GAPDH (1:10,000, Proteintech, China) at 4°C overnight.
Next, the membrane was incubated with the HRP-conjugated

Genes Gen bank number Forward (5'-3') Reverse (5'-3')

Fxr XM_030244963 CGGAACAGAAACCTTGTTTCG TTGCCACATAAATATTCATTGAGATT
Cyp7al NM_007824 ACACCATTCCTGCAACCTTC GCTGTCCGGATATTCAAGGA
Cyp27a1 XM_006495607 CTGCGTCAGGCTTTGAAACA TCGTTTAAGGCATCCGTGTAGA
Bsep XM_006499670 ACAGCACTACAGCTCATTCAGAG TCCATGCTCAAAGCCAATGATCA
Cyp8b1 NM_010012 GCCTTCAAGTATGATCGGTTCCT GATCTTCTTGCCCGACTTGTAGA
Ntcp NM_001361972 ATCTGACCAGCATTGAGGCTC CCGTCGTAGATTCCTTGCTGT
Osta NM_145932 TACAAGAACACCCTTTGCCC CGAGGAATCCAGAGACCAAA
Ostp NM_178933 GTATTTTCGTGCAGAAGATGCG TTTCTGTTTGCCAGGATGCTC
Shp NM_011850 CAGCGCTGCCTGGAGTC AGGATCGTGCCCTTCAGGTA
Cyp7b1 XM_006535384 CTTTTGGACTCGGAACAAGC CGGGGTGCTGAATACCTAAA
Oatp1b2 XM_036166208 TCAGGACACCAAGACTGCTG TTGCTTGGATGCTGAGTTTG
Mdr2 XM_036164874 CATTTCCAAGTCTGGGAGGA AACACAGCCAACCTTGGAAC
Mrp2 XM_006526625 GCACTGTAGGCTCTGGGAAG CATTTCCAAGTCTGGGAGGA
Ugtlal XM_030255057 ATCATGCCCAACATGGTTTT TGCATCAAACAGCTCCTGAC
Ugt2b5 NM_009467 TTGGAGTTTCCTCACCCAAC TTGCGTTGGCTTTTTCTTCT
Sult2a1 NM_001111296 TCGGCTGGAATCCTAAGAGA GGCACAGTTTGGATCCACTT
Cyp2b10 NM_009999 CTCTCCTTGTGGGCTTCTTG CCACACAGCATAACCACAGG
Cyp3all NM_007818 CAGCTTGGTGCTCCTCTACC CTCTGGGTCTGTGACAGCAA
Ephx1 NM_001312918 TTCCTGGCTATGGCTTCTCAGAGG TCGCCGCCTTGAATGTAGAACTTC
Bacs NM_009512 TCTATGGCCTAAAGTTCAGGCG CTTGCCGCTCTAAAGCATCC
Baat NM_007519 GTCCTCCCTTGGATAGCCTGA CCGGATGCGGCTTTCCTTA
Gapdh NM_008084 GGTGAAGGTCGGTGAAG CTCGCTCCTGGAAGATGGTG



FENG ET AL.

Journal of

Affinipure Goat Anti-Rabbit IgG (1:5000, Proteintech, China) second-
ary antibody at room temperature for 40 min. All antibodies were dis-
solved in TBST (with 1% BSA). The signals were detected using an
electrochemiluminescence kit (7 Sea Biotech, China) with a chemilu-
minescence detection system (Bio-Rad, USA), and the density of the
immunoreactive bands was then analyzed.

3 | STATISTICAL ANALYSIS

All experimental data were expressed as mean * standard error of the
mean (SEM). and were evaluated using SPSS 18.0. Data were assessed
using one-way analysis of variance (ANOVA) and followed by the LSD
(equal variance assumed) or Dunnett' T3 (equal variance not assumed)
test. The graphs were generated using GraphPad Prism version 7

(GraphPad Software). A P value of <0.05 was considered statistically

significant.
4 | RESULTS
41 | Cholestatic liver injury is reduced in FXR™/~

mice after OA administration

The changes of body weight, liver index and serum biochemical indi-
cators were evaluated following continuous OA administration for
4 days to determine the liver injury. As shown in Figure 1A, after OA
was administered for 4 days, the body weight of WT mice in the
OA-H group decreased significantly compared with the control group.
There was no significant difference in the body weight of FXR™/~
mice between the control group and the OA-H group. Compared with
the control group, the gallbladder weight and liver index of the WT
mice increased markedly in the high dose OA-treated (Figure 1B,C).
These results showed that liver injury occurred in the WT mice, while
significantly less injury was found in the FXR™/~ mice when treated
with high dose of OA.

The levels of serum ALT, AST, ALP, and TBA were increased in
both the OA-L and OA-H groups compared with the control group
among WT mice (Figure 2), while the increases in the OA-H group
were more profound, and particularly, the ALP level of the OA-H
group was 2.37 times the upper level of normal (ULN), suggesting that
cholestatic liver injury occurred in the WT mice of the OA-H group
(Trauner et al., 2019). In the FXR™/~ mice, the serum ALT, AST, and
ALP levels also increased in the OA-H group after OA administration
compared with the control group of FXR™/~ mice, but the ALP level
of the OA-H group was 1.45 times the ULN, which suggested that
cholestatic liver injury had not occurred in FXR™/~ mice (Trauner
et al,, 2019). Notably, in the OA-H group mice, all these serum bio-
chemical indicators of FXR™/~ mice were significantly lower than
those of WT mice. More importantly, the serum TBA level was not
elevated in the FXR™~ mice while a dramatic increase was observed
in WT mice (Figure 2D). The liver histopathology was used to further
evaluate the liver injuries (Figure 3), which was agreed with the serum
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FIGURE 1 Changes of body weight and liver index after OA
continuous administration for 4 days. Measurements were conducted
at 24 h after the last dose (OA-L: oleanolic acid low dose group;
OA-H: oleanolic acid high dose group). Data are presented as the
mean + SEM (n = 5-8). *P < 0.05, as compared with the control group
without OA treatment; #P < 0.05, comparison between WT mice and
FXR~/~ mice under the same dose of OA treatment

biochemical results. In WT mice, no lesions appeared in the control
group, but necrosis of hepatocytes (black arrows) was observed in
both OA-L and OA-H groups, and the extent of hepatocyte necrosis
was dose-dependent, suggesting that the hepatocyte necrosis
occurred in WT mice was caused by OA rather than spontaneous
lesion in mice (Kawashita et al., 2019). While the hepatocyte necrosis
did not occur in FXR™/~ mice, some swelling hepatocytes (black
arrows) were observed in the liver tissues of FXR~/~ mice. These find-
ings demonstrated that knockdown of FXR™/~ attenuated OA-
induced cholestatic liver injury in mice.

42 | Bile acids levels are lower in FXR™/~ mice
than in wild-type mice following OA administration

Cholestatic liver injury is mainly caused by the accumulation of bile
acids in the bile acid pool especially in the liver. Individual bile acids
differ in their relative cytotoxicity, and changes to the composition of
the bile acid pool can modulate hepatic injury. Therefore, we quanti-
fied the individual bile acid concentrations both in WT mice and
FXR™/~ mice following OA administration. We found that OA treat-
ment induced changes in the profile of bile acids, and conjugated bile
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FIGURE 2

Serum biochemical analysis after OA continuous administration for 4 days. Measurements were conducted at 24 h after the last

dose (OA-L: oleanolic acid low dose group; OA-H: oleanolic acid high dose group). Data are presented as the mean + SEM (n = 5-8). *P < 0.05, as
compared with the control group without OA treatment; *P < 0.05, comparison between WT mice and FXR~/~ mice under the same dose of OA

treatment

(A) Control

(B)

llepatocyte necrosis score

FIGURE 3 Hematoxylin-eosin staining of liver tissues after OA continuous administration for 4 days. Tissues were collected at 24 h after the
last dose (OA-L: oleanolic acid low dose group; OA-H: oleanolic acid high dose group). Representative images (A) were shown in x200
magnification, arrows represented swelling of liver cells and necrosis of liver cells, and hepatic necrosis was graded on a scale (B). Data are
presented as the mean + SEM (n = 5-8). *P < 0.05, as compared with the control group without OA treatment; *P < 0.05, comparison between

WT mice and FXR™/~ mice under the same dose of OA treatment

acids were the leader in the liver, serum, and bile, with relatively low
content of free bile acids (no shown) at 24 h after the last dose fol-
lowing OA continuous administration for 4 days. As illustrated in
Figure 4, in WT mice, compared with the control group, TCA, GCA,
TDCA, GDCA, TCDCA, and T-a/pMCA were increased in the liver fol-
lowing OA-H, suggesting that increased liver bile acids levels contrib-
uted to OA-induced cholestatic liver injury. In FXR™'~ mice, compared
with control group, TCA, GCA, TDCA, GDCA, TUDCA, TLCA, THDCA,

TCDCA, and T-a/BMCA were increased in the OA-H group. However,
the levels of TCA, GCA, TDCA, TUDCA, TLCA, THDCA, TCDCA, and
T-aMCA in the liver after OA-H treatment were all significantly higher
in the FXR™/~ mice than those in the WT mice. It has been reported
that liver TBA levels increased in the early stages of a-naphthyl iso-
thiocyanate (ANIT) administration, but showed only a small range of
fluctuation after ANIT-induced cholestatic hepatotoxicity (Yang
et al, 2017). In this regard, we questioned that OA-induced
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cholestatic liver injury manifested as dynamic changes in the bile
acids. We therefore analyzed the levels of liver bile acids at 3 h after
the last dose following 4 days of continuous OA administration and
found that T-aMCA level was significantly lower in the OA-H group in
FXR™~ mice compared with that in the respective WT mice
(Figure S1), indicating that knockdown of FXR™/~ might reduce liver
bile acids content in the early stage of OA administration. To further
test this hypothesis, we measured the levels of liver bile acids after
3 h of a single administration of OA (Figure S2), and the results rev-
ealed that indeed GCA, TDCA, TUDCA, TLCA, THDCA, TCDCA, and
T-a/BMCA levels were decreased in the OA-H group of FXR™'~ mice
compared with those in the WT OA-H mice. These results suggested
that FXR™/~ mice displayed a reduction in OA-induced cholestatic
liver injury by reducing the liver bile acid levels in the early stage of
OA administration.

When cholestatic liver injury occurs, the liver bile acid load may
be lowered by excreting bile acids into the blood and biliary tract. We
therefore investigated the level of bile acids in the serum and in the
bile at 24 h after the last dose following 4 days of continuous OA
administration. Serum bile acid concentrations may directly reflect the
degree of liver damage. In the WT mice, the increases in TCA, GCA,
TDCA, TUDCA, TLCA, THDCA, TCDCA, and T-o/pMCA levels were
observed in the OA-H group compared with the control group. Similar
results were observed in FXR™/~ mice. Importantly, in the OA-H
group, the content of TCA, GCA, TUDCA, TLCA, THDCA, TCDCA,

and T-o/pMCA in FXR™'~ mice was lower than that in WT mice
(Figure 5), which was in accordance with the serum TBA levels,
suggesting that FXR™/~ could alleviate cholestatic liver injury by
reducing the serum bile acid levels.

Bile acid concentrations in the bile may directly reflect the efflux
of bile acid in the liver. The levels of bile acids in the bile were deter-
mined at 24 h after the last dose following 4 days of continuous OA
administration. As shown in Figure 6, in the WT mice, TCA, TDCA,
THDCA, TUDCA, TCDCA, and T-a/BMCA in the bile were decreased
in the OA-H group compared with the control group. In FXR™/~ mice,
the levels of all bile acids, with the exception of T-a/BMCA, were also
decreased in the OA-H group compared with those in the control
group. Moreover, TCA, TDCA, THDCA, TUDCA, and TCDCA were
higher in FXR~/~ mice than in WT mice when treated with high dose
OA. All these results demonstrated that FXR ™/~ mice were resistant

to OA-induced cholestatic liver injury by increasing bile acid efflux.

4.3 | mRNA expression levels of genes involved
bile acids homeostasis are altered in FXR™/~ mice
compared with those in wild-type mice

FXR is known to regulate transporters and enzymes involved in bile
acids homeostasis, and lower concentration bile acids were observed

in FXR™/~ mice in our experiment. Hence, we next investigated
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mRNA expression levels in the liver of genes involved in regulation of was dose-dependently suppressed in WT mice (Figure 7). Similarly, in
bile acid homeostasis at 24 h after the last dose following 4 days of WT mice, the bile acid efflux transporters (Bsep, Mdr2, and Mrp2) and
continuous OA administration. Following OA treatment, Fxr mRNA uptake transporters (Ntcp, Oatplb2) were also significantly
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suppressed in the OA-H group compared with the control group
(Figure 7), while the gene expression of the transporter Ostp that is
responsible for the efflux of bile acids back into the blood was
increased. In addition, the expression of BSEP membrane protein in
the liver was down-regulated after OA treatment as determined by
Western blotting (Figure 7). On the contrary, there were no noticeable
changes in the mRNA expression levels of these genes in FXR~/~ mice
between the control group and OA treated groups. Interestingly, in
the OA-H group, the mRNA expression of Bsep, Mdr2, Mrp2, Ntcp,
and Oatp1b2 was significantly higher in FXR™/~ mice compared with
WT mice, which was also observed for BSEP membrane protein

expression. These results indicated that increased mRNA expression
of bile acid transporters might contribute to mild liver damage in
FXR™/~ mice relative to WT mice when treated with OA.

We next determined the mRNA expression levels of bile acid syn-
thesis enzymes (Shp, Cyp7al, Cyp8b1, Cyp27al, and Cyp7b1) and bile
acid conjugated enzymes (Baat and Bacs) in the liver. As shown in
Figure 8, in WT mice, the mRNA expression levels of Shp, Cyp7al,
Cyp8b1, Cyp27al, Cyp7bl, Baat, and Bacs were suppressed in the
OA-H group compared with the control group. In FXR™~ mice, the
mRNA expression levels of these same genes were also suppressed in

the OA-H group compared with the control group. However, the
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mRNA expressions of these genes remained significantly higher in
FXR™/~ OA-H mice compared with WT OA-H mice, suggesting that
an increase in the synthesis of bile acids might not be the only cause
of OA-induced cholestatic liver injury.

To further explore the causes of less liver injury in FXR™/~ mice,
we analyzed the mRNA expression of the liver bile acids detoxifying
enzymes Cyp3all, Cyp2b10, Ephx1, Ugtlal, Ugt2b5, and Sult2al
(Figure 9). We found that the mRNA expressions of Cyp3al1, Ephx1,
Ugtlal, and Ugt2b5 were suppressed in WT OA-H mice compared

with the WT mice controls, while the mRNA expressions of Cyp2b10,
Ephx1, and Ugt1al were significantly increased in FXR™'~ OA-H mice
compared with the FXR™/~ control. Obviously, the mRNA expression
levels of the detoxifying enzymes Cyp3all, Cyp2b10, Ephx1, Ugtlal,
and Ugt2b5 were much higher in FXR™/~ mice compared with WT
mice in the OA-H treated group. Overall, these results indicated that
FXR knockdown might reduce the OA-induced cholestatic liver injury
by up-regulating the mRNA expression of liver bile acid detoxification
enzymes.
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5 | DISCUSSION

In the present study we demonstrated that cholestatic liver injury was
observed 24 h after the final dose of a 4-day continuous administra-
tion of high dose OA. FXR™/~ mice were protected from OA-induced
cholestatic liver injury, which might be attributed to not only the
increased mRNA expression of Bsep, Cyp3all, Cyp2b10, Ephx1,
Ugtlal, Ugt2b5, Bacs, and Baat, but also to the decreased bile acid
overload.

At present, ALP > 2 times ULN is used as the basis for determining
the diagnostic criteria of cholestatic liver injury based on the “Practical
Guidelines for the Diagnosis and Early Treatment of Drug-induced
Liver Injury” (Tajiri & Shimizu, 2008). In the study of cholestatic liver
injury, animal models often combine evidence of cholestasis,
intrahepatic bile duct dilatation, hepatocyte feathery degeneration and
other typical pathologies (Khamphaya et al, 2016). In the present
study, we showed that the ALP was >2 times ULN in WT mice treated
with OA-H for 4 days, along with hepatocyte necrosis and increased
ALT, AST, and TBA levels. However, a significant lower ALP level (1.45
times the ULN) was observed in FXR~/~ mice treated with OA-H. His-
topathological examination of liver tissues also revealed less hepato-
cytes necrosis in FXR™/~ mice treated with OA-H. Accordingly, our
results clearly indicated that high dose OA induced cholestatic liver
injury in WT mice, while liver damage in FXR™/~ mice was reduced.

Bile acids are the main components of bile and are responsible for
promoting the absorption of lipids and fat-soluble vitamins, which play
an important role in maintaining cholesterol metabolism. Dysfunction
in the formation, secretion, and excretion of bile acids may lead to the
accumulation of a large amount of bile acids in the liver, which in turn
leads to liver damage (Kong et al., 2013; Liu et al., 2019). It has been
reported that the decrease in bile acid content in the serum and liver
can be used as a prognostic indicator of cholestatic liver injury, while
the increased bile acid content in the bile can reduce the liver toxicity
induced by bile acid (Li et al., 2019; Wang et al., 2014, 2017, 2020).
Our results were consistent with the observations in a study showing
that the Xiaoyan Lidan ANIT-induced
intrahepatic cholestatic liver injury in rats by reversing the increase of

Formula ameliorates
hepatic bile acids and decreasing serum bile acids levels induced by
ANIT (Zhang et al., 2020). In this work, the elevated serum bile acids
and increased bile acids in the bile were also observed in FXR™/~
mice, which may in part explain why FXR™/~ mice may have a reduc-
tion in the OA-induced cholestatic liver injury.

Unexpectedly, modest liver injury was observed in FXR™/~ mice
at 24 h after the last dose following treatment with OA for 4 days,
but the levels of liver bile acids increased, which was inconsistent with
findings from previous studies (Anakk et al., 2011; Kong et al., 2019).
It has been reported that changes in bile acids are related to the dura-
tion of drug exposure, doses administered, and compensatory mecha-
nisms involved in the process of cholestatic liver injury (Tian
et al., 2017). To further understand changes in liver bile acids caused
by OA in FXR™~ mice, a similar analysis was made for liver bile acids
at 3 h after the last dose of 4-day OA administration. In this context,

T-aMCA levels were decreased in FXR™'~ mice compared with WT

AppliedToxicology—WiILEY-L 2

mice after OA treatment. Thus, we postulated that FXR™/~ mice
exhibited reduced hepatotoxicity due to low content bile acids in the
early stages of OA administration. This hypothesis was further
supported by the measurement of liver bile acids at 3 h following a
single administration of OA, which showed a significant reduction of
TCA, GCA, TUDCA, TLCA, THDCA, TCDCA, and T-o/pMCA in
FXR™/~ mice compared with WT mice. These results implied that
FXR™/~ mice attenuated the OA-induced cholestatic hepatotoxicity
by reducing the level of liver bile acid in the early stage, while the
lower content of intrahepatic bile acids in the WT mice might be the
self-protection function of WT mice after OA-induced cholestatic liver
injury.

There are many enzymes and transporters that participate in bile
acid homeostasis, and essentially, all are regulated by FXR (Schadt
et al,, 2016). Inhibition of FXR may upregulate the expression of bile
acid synthases (Cyp7al, Cyp8b1, Cyp27a1l, and Cyp7b1) and reuptake
transporters (Ntcp, Oatp), resulting in the accumulation of liver bile
acids and inducing liver injury (Zhong et al., 2018). The mRNA expres-
sion of bile acid synthases and bile acid uptake transporters decreased
in WT mice following OA-H treatment; however, a similar decrease in
the gene expression of these bile acid synthases and bile acid uptake

/= mice after OA-induced cho-

transporters was not observed in FXR™
lestatic liver injury. These results could in part explain why the
intrahepatic bile acid content of FXR™/~ mice was higher than that of
WT mice at 24 h after the final dose of a 4-day continuous adminis-
tration of high dose OA, suggesting that FXR™/~ mice might reduce
OA-induced liver damage through other ways, such as bile acid efflux.
However, the regulation of these bile acid synthases and uptake
transporters in the scenario of OA treatment and FXR knockdown
warrants further investigation. Other studies have noted that inhibi-
tion of FXR downregulates the expression of the bile acid efflux trans-
porters Bsep, Mdr2, and Mrp2, leading to the accumulation liver bile
acids and subsequent liver damage (Guo et al., 2016). Given that BSEP
is the main bile acid efflux transporter and is responsible for
transporting conjugated bile acids (Song et al., 2015), we evaluated
the expression of BSEP protein. The expression of Bsep mRNA and
BSEP protein was markedly higher in FXR™/~ mice than in WT mice
when treated with OA, suggesting that knockdown of FXR promoted
liver bile acids efflux, and thus, reduced the toxicity caused by OA
(Figure 10). Our findings demonstrated that the disruption of Bsep-
mediated efflux was the dominant factor involved in OA-induced cho-
lestatic liver injury. Previous studies (Sayin et al, 2013; Song
et al., 2015) have shown that the expression of Bsep was suppressed
in FXR gene knockout mice. It is worthy to note that in the present
study, we observed a similar downregulation of Bsep in the liver of
FXR™/~ mice compared with the WT control (Figure 7). However, our
results showed that the expression of Bsep mRNA and BSEP protein

was significantly higher in the liver of FXR™/~

mice compared with
WT mice when treated with OA. The increase in Bsep expression
does not appear to be solely mediated by FXR, other mechanisms,
such as Nrf2, glucocorticoid receptor, and other nuclear (hormone)
receptors in cholestasis (Martin et al, 2010; Weerachayaphorn

et al., 2010), might also be involved, which need to be further
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explored. It is generally believed that the increased expression of bile
acid detoxifying enzymes and conjugated enzymes is also related to
the reduction of cholestatic liver injury. Compared with WT mice after
OA treatment, the expressions of conjugating enzymes Baat and Bacs
in FXR™'~ mice were significantly higher. The increase in the expres-
sion of these conjugating enzymes may enhance the conjugation of
bile acids and thus reduce their toxicity. In addition, we observed sig-
nificantly higher expressions of bile acid detoxification enzymes
Cyp3all, Cyp2b10, Ugtlal, Ugt2b5, and Ephx1 in the FXR™/~ mice
compared with the WT mice when treated with OA. In the cases of
Cyp2b10, Ugtlal, and Ephx1, an induction of gene expression caused
by OA treatment was also present in the FXR™/~ mice. The increased
expression of these detoxification enzymes may be involved in the
polyhydroxylation, sulfation, or glycosylation of toxic bile acids, con-
verting them into more hydrophilic substances for excretion
(Figure 10), thereby reducing bile acid toxicity (Cho et al., 2010).
Although the exact mechanism has yet to be defined, these adaptive
changes in the FXR-null mice may play an important role in alleviating
OA-induced cholestatic liver injury.

6 | CONCLUSION

In this study, we demonstrated that OA-induced cholestatic liver

injury in mice was significantly reduced when FXR was knocked out.

This phenomenon may be mediated through the modulation of the
expressions of genes involved in the export and synthesis of bile
acids, leading to a decrease in the accumulation of bile acids both in
the liver and serum, as well as the upregulation of bile acids detoxifi-

cation enzymes.
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