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Rosiglitazone alleviates intrahepatic cholestasis induced by
α-naphthylisothiocyanate in mice: The role of circulating
15-deoxy-Δ12,14-PGJ2 and Nogo
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Background and Purpose: Intrahepatic cholestasis is mainly caused by dysfunction of

bile secretion and has limited effective treatment. Rosiglitazone is a synthetic agonist

of PPARγ, whose endogenous agonist is 15-deoxy-Δ12,14-PGJ2 (15d-PGJ2). Reticulon

4B (Nogo-B) is the detectable Nogo protein family member in the liver and secreted

into circulation. Here, we determined if rosiglitazone can alleviate intrahepatic chole-

stasis in mice.

Experimental Approach: Wild-type, hepatocyte-specific PPARγ or Nogo-B knockout

mice received intragastric administration of α-naphthylisothiocyanate (ANIT) and/or

rosiglitazone, followed by determination of intrahepatic cholestasis and the involved

mechanisms. Serum samples from primary biliary cholangitis (PBC) patients and non-

PBC controls were analysed for cholestasis-related parameters.

Key Results: Rosiglitazone prevented wild type, but not hepatocyte-specific PPARγ

deficient mice from developing ANIT-induced intrahepatic cholestasis by increasing

expression of bile homeostatic proteins, reducing hepatic necrosis, and correcting

abnormal serum parameters and enterohepatic circulation of bile. Nogo-B knockout

provided protection similar to that of rosiglitazone treatment. ANIT-induced

intrahepatic cholestasis decreased 15d-PGJ2 but increased Nogo-B in serum, and

both were corrected by rosiglitazone. Nogo-B deficiency in the liver increased 15d-

PGJ2 production, thereby activating expression of PPARγ and bile homeostatic pro-

teins. Rosiglitazone and Nogo-B deficiency also alleviated cholestasis-associated dys-

lipidemia. In addition, rosiglitazone reduced symptoms of established intrahepatic

cholestasis in mice. In serum from PBC patients, the decreased 15d-PGJ2 and

increased Nogo-B levels were significantly correlated with classical cholestatic

markers.

Abbreviations: 15d-PGJ2, 15-deoxy-Δ12,14-PGJ2; ALP, alkaline phosphatase; ALT, alanine transaminase; ANIT, α-naphthylisothiocyanate; AST, aspartate transaminase; BSEP, bile salt export

pump; CYP7A1, cholesterol 7α-hydroxylase; γ-GT, γ-glutamyltransferase; H/LPGDS, haematopoietic or lipocalin PGD2 synthase; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; PBC, primary

biliary cholangitis; p-PPARγ, phosphorylated PPARγ; RTN-4/Nogo, reticulon-4; RTN-4B/Nogo-B, reticulon 4B; SHP, small heterodimer partner; TBA, total bile acids; TBIL, total bilirubin; T-CHO,

total cholesterol; TG, triglycerides; UDCA, ursodeoxycholic acid.
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Conclusions and Implications: Levels of 15d-PGJ2 and Nogo are important bio-

markers for intrahepatic cholestasis. Synthetic agonists of PPARγ could be used for

treatment of intrahepatic cholestasis and cholestasis-associated dyslipidemia.

1 | INTRODUCTION

Intrahepatic cholestasis includes primary biliary cholangitis (PBC) and

primary sclerosing cholangitis. It can cause fibrosis, cirrhosis, and

eventually liver failure. Currently, ursodeoxycholic acid (UDCA) is

used to treat PBC patients at the early stages while having little effect

on primary sclerosing cholangitis or other types of cholestasis (Beuers,

Trauner, Jansen, & Poupon, 2015). Recently, another treatment,

obeticholic acid, has been approved and can be used in combination

with UDCA or as a monotherapy for PBC patients with poor response

or intolerance to UDCA, although adverse effects of obeticholic acid,

including dyslipidemia, have been reported (Kowdley et al., 2018;

Neuschwander-Tetri et al., 2015; Nevens et al., 2016). Liver transplan-

tation might be the only and last option for cholestatic patients at the

advanced stages.

Defects in bile acid synthesis and secretion, mainly secretion,

result in intrahepatic cholestasis. Accumulated bile acids and bile

salts in the liver are toxic to hepatocytes and cause liver damages

(Yerushalmi, Dahl, Devereaux, Gumpricht, & Sokol, 2001). Produc-

tion of 7α-hydroxycholesterol from cholesterol by action of choles-

terol 7α-hydroxylase (CYP7A1) is the rate-limiting step for bile acid

synthesis and subsequent secretion of bile from hepatocytes is

mediated by a number of ATP-binding cassette (ABC) transporters.

ABCB4 is essential for secretion of phospholipids (Morita et al.,

2007). Its mutations are associated with a wide spectrum of chole-

static conditions including the progressive familial intrahepatic cho-

lestasis type 3, adult cholestatic liver disorders, intrahepatic

cholestasis of pregnancy, low phospholipid-associated cholelithiasis,

and PBC (Ghonem, Ananthanarayanan, Soroka, & Boyer, 2014). The

ABCG5/ABCG8 heterodimer is also a pre-requisite for cholesterol

and oxysterols secretion (Yu, Hammer, et al., 2002; Yu, Li-Hawkins,

et al., 2002). Disruption of ABCG5 or ABCG8 reduces, while over-

expression of both enhances, biliary cholesterol and oxysterol

secretion in mice (Langheim et al., 2005). The bile salt export pump

(BSEP) is responsible for secretion of bile salts and deficiency of

this transporter causes progressive familial intrahepatic cholestasis

type 2 (Strautnieks et al., 1998).

The farnesoid X receptor (FXR) is a nuclear transcription factor

and it is activated by agonists such as endogenous bile acids or

obeticholic acid (Forman et al., 1995). FXR induces BSEP and ABCB4

expression to enhance secretion of bile salts and phospholipids

(Ijssennagger et al., 2016). Meanwhile, FXR inhibits bile acid synthesis

by inactivating CYP7A1 in an indirect manner via small heterodimer

partner (SHP) and FGF 15/19 (Goodwin et al., 2000; Inagaki et al.,

2005). PPARγ is another ligand-activated transcription factor which is

activated either by its endogenous agonist, 15-deoxy-Δ12,14-

prostaglandin J2 (15d-PGJ2) or synthetic ligands such as the

thiazolidinediones. Two thiazolidinediones, rosiglitazone and

pioglitazone, are currently used to treat patients with type 2 diabetes.

Reticulon 4B (RTN-4B or Nogo-B) is a member of the Nogo pro-

tein family with a molecular weight of 45 kDa in mouse or 55 kDa in

human. Nogo-B has been found to participate in several biological

functions in the liver, such as wound healing, hepatocyte proliferation,

liver fibrosis, and regeneration (Cantalupo et al., 2015; Gao et al.,

2013; Zhang et al., 2011). Nogo-B appears to be the only member of

the Nogo family which is detected in the liver (Zhang et al., 2011).

This protein is also secreted into the circulation and an increase in

serum Nogo-B levels has been found in patients with a wide variety

of diseases, such as pulmonary arterial hypertension, hepatic cirrhosis,

and coronary artery disease (Gao et al., 2015; Men et al., 2015;

Sutendra et al., 2011). Recently, pioglitazone, a synthetic PPARγ ago-

nist, was shown to regress advanced liver fibrosis in patients with

non-alcoholic steatohepatitis (Musso, Cassader, Paschetta, &

Gambino, 2017). Intrahepatic cholestasis is one cause of liver fibrosis,

so the regression of liver fibrosis by pioglitazone could be attributed

to anti-intrahepatic cholestasis effects of PPARγ. However, whether

PPARγ agonists can prevent or treat intrahepatic cholestasis remains

unknown.

In this study, we have determined the effects of pretreatment or

post-treatment with rosiglitazone (another synthetic agonist of

What is already known

• Defects in proteins involved in bile secretion cause

intrahepatic cholestasis

• There are few effective treatments for intrahepatic cho-

lestasis, at present

What this study adds

• Rosiglitazone protected mice against α-

naphthylisothiocyanate-induced intrahepatic cholestasis,

by activating PPARγ.

• Deletion of the hepatic protein Nogo-B was also protec-

tive in this model of intrahepatic cholestasis

What is the clinical significance

• 15d-PGJ2 and Nogo are important biomarkers for

intrahepatic cholestasis.

• Synthetic agonists of PPARγ could be used to treat pri-

mary biliary cholangitis.
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PPARγ) on intrahepatic cholestasis induced by intragastric administra-

tion of α-naphthylisothiocyanate (ANIT) in mice. We also assessed the

relevance of circulating levels of 15d-PGJ2 or Nogo to our results in

this model.

2 | METHODS

2.1 | Construction and transfection of PPARγ2
expression vectors

The wild-type PPARγ2 was generated by reverse transcription with

total cellular RNA isolated from HepG2 cells and an oligo (dT)18 primer

followed by PCR with forward and backward primers: 50-

TCTCGAGCTCAATGGGTGAAACTCTGGGAG-30 and 50-

CCGCGGTACCCTAATACAAGTCCTTGTAGATCTCCT-30. After the

sequence was confirmed, the PCR product was digested with SacI and

KpnI and then subcloned into a pEGFP-C2 expression vector, and this

wild-type PPARγ2 expression vector was named as C2-PPARγ2. The

non-p-PPARγ2 (Ser112 is mutated to Ala) and constitutively p-

PPARγ2 (Ser112 is mutated to Asp) expression vectors were con-

structed using the Phusion site-directed mutagenesis kit from New

England Biolabs, C2-PPARγ plasmid DNA and primers with the

corresponding mutated sequences, and they were named as

C2-PPARγ2-S112A (SA) and C2-PPARγ2-S112D (SD) respectively.

HepG2 cells cultured in six-well plates were transfected with wild-

type or mutant PPARγ2 expression vector with Lipofectamine 2000

(Invitrogen) according to the manufacturer's instructions.

2.2 | Cell culture and construction of Nogo-B
deficient HepG2 cells

HepG2 cells, a human hepatic cell line, were purchased from ATCC

(Manassas, VA, USA, RRID:CVCL_0027) and cultured in DMEM

medium containing 10% FBS, 50 mg�ml−1 penicillin/streptomycin and

2 mmol�L−1 glutamine. Cells (~90% confluence) received treatment in

serum-free medium.

LentiCRISPR was used to construct Nogo knockout (KO) plasmid

(Cong & Zhang, 2015). The target sequence is 50-CGTTCAAGTAC-

CAGTTCGTG-30 , which locates in the second exon 63 bp downstream

of the start codon. After ligation, HepG2 cells were transfected with

the plasmid DNA for 24 hr. Cells were then treated with puromycin

(3 μg�ml−1) for 4 days for selection. The limiting dilution assay was

employed to obtain several monoclones. After culture expansion, cells

were harvested to confirm Nogo deficiency by Western blot and

sequence analysis. Based on the fact that Nogo-B is the major mem-

ber of Nogo family detected in HepG2 cells by Western blot

(Figure S1A, left panel), the Nogo deficiency in HepG2 cells was sim-

ply referred to as Nogo-B deficiency and these cells were named

Nogo-B-cas9 cells. The corresponding control cells were named as

Ctrl-cas9 cells. All the experiments with cells were conducted in a

blinded and random fashion.

2.3 | Collection of serum samples from PBC
patients and non-PBC controls for biochemical assay

With a protocol approved by the Clinical Ethics Committee of the

First Affiliated Hospital of Anhui Medical University (Hefei, Anhui,

China) and adhering strictly to the Declaration of Helsinki Principles

(2008), we recruited seven female patients with an age range of

45–65 years old who had been diagnosed with PBC and were under-

going UDCA treatment. We also recruited nine non-PBC female con-

trols with matched age range but no symptoms of PBC, or other

diseases. At the time of recruitment, all the participants were fully

informed and signed their consents.

After collection, blood samples were used to isolate serum by

technicians who were blinded to the samples, in the subsequent

determination of albumin, total bilirubin (TBIL), alanine transaminase

(ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), γ-

glutamyltransferase (γ-GT), total cholesterol (T-CHO), HDL cholesterol

(HDL-C), and LDL cholesterol (LDL-C) using an automatic biochemical

analyser (Model #3100, Hitachi High-Technologies Corporation,

Japan). Levels of 15d-PGJ2 and Nogo were measured using the

corresponding ELISA assay kits for human samples. Unequal group

sizes resulted from the limitation of recruitment of PBC patients or

from the exclusion of outliers.

2.4 | In vivo studies with animals

All animal care and experimental protocols for in vivo studies com-

plied with the Guide for the Care and Use of Laboratory Animals pub-

lished by the NIH (NIH publication no. 85-23, revised 1996) and were

approved by the Ethics Committee of Nankai University. Animal stud-

ies are reported in compliance with the ARRIVE guidelines (Kilkenny

et al., 2010; McGrath & Lilley, 2015) and with the recommendations

made by the British Journal of Pharmacology. The mice were housed in

SPF units of the Animal Center at the College of Life Sciences, Nankai

University animal units (with a 12-hr light cycle from 8 a.m. to 8 p.m.,

23 ± 1�C, 60–70% humidity) and maintained on a standard rodent diet

with free access to water in plastic bottles. Mice were allowed to

acclimatize to their housing environment for at least 7 days before

experiments. Up to five mice were kept per plastic cage with corn cob

bedding material.

To generate specific hepatocyte-specific PPARγ deficient mice,

the PPARγfl/fl mice were crossbred with the Alb-Cre transgenic mice

(purchased from Jackson Laboratory, USA). Thus, the control mice are

PPARγfl/fl/Cre−/− and hepatocyte-specific PPARγ deficient mice are

PPARγfl/fl/Cre+/−, and they were named as PPARγfl/fl and hepatocyte-

specific PPARγ KO (RRID:IMSR_RMRC13187) mice respectively. The

sex- and age-matched PPARγfl/fl and hepatocyte-specific PPARγ KO

mice were used in this study.

Generation of Nogo deficient mice (C57BL/6J background, RRID:

IMSR_JAX:000664) was completed by Nanjing Biomedical Research

Institute of Nanjing University (Nanjing, Jiangsu, China) based on the

CRISPR/Cas9 system. Briefly, a pair of sgRNAs were designated to
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target exon 2 and 8, respectively, which can delete ~37 Kb in the

genome and corresponding 2,824 bp of the transcript. The sequence

of exon 2–8 was also present in mRNA of all other members of Nogo

family. Therefore, such deletion also impaired expression of other

Nogo family members. The offspring were genotyped by PCR method

as follows: the genomic DNA was isolated from a small piece of mouse

tail using the DNA isolation kit purchased from Vazyme Biotech Co.,

Ltd (Nanjing, Jiangsu, China) followed by PCR with the primers

2260Rtn4-gtF1: 50-GGGTCATCTTTCCTGTTATGC-30, 2260

Rtn4-gtR1: 50-ATGAGATCCATACACAGCAG-30, 2260Rtn4-delgtF1:

F IGURE 1 Rosiglitazone protects C57BL/6J mice from ANIT-induced intrahepatic cholestasis by activating bile homeostatic proteins and

production of 15d-PGJ2, while reducing Nogo. (a) (The schedule of treatment): C57BL/6J mice were randomly divided into four groups (eight per
group) and received intragastric administration of corn oil (Vehicle), rosiglitazone (Rosi, 30 mg�day−1�kg−1), ANIT (80 mg�kg−1) once on Day 4, or
ANIT plus Rosi as indicated. Two days after ANIT treatment, mouse tissue samples were collected. (b) Representative photographs of liver and
serum samples from each group. (c) Liver paraffin sections were stained with H&E. (d) Expression of ABCB4, ABCG5, BSEP, CYP7A1, FXR was
determined as total protein extracted from liver. (e) PPARγ protein was determined by western blot with quantification of band density. * ^P < .05,
significantly different from Vehicle group, n = 6. (f, g) Levels of 15d-PGJ2 and Nogo were determined in serum samples using ELISA assay kits. n =
6 for Vehicle and Rosi groups, n = 7 for ANIT and ANIT + Rosi groups. *P < .05, significantly different as indicated

ZHANG ET AL.1044



50-CAAGAGCGTTAAGGATGCCA-30 , and 2260Rtn4-gtR2: 50-

TCACCAAGTGCCTCATCTGG-30. The products of PCR were deter-

mined by DNA electrophoresis in a 1.0% agarose gel.

In this study, we mainly focused on the effect of Nogo deficiency

on intrahepatic cholestasis and expression of molecules involved in

bile homeostasis. Nogo-B is the member of the Nogo family, detect-

able in the liver. Therefore, the Nogo deficient mice were also

referred to as Nogo-B KO mice. The validated Nogo-B KO and the lit-

termate control mice were bred in the Animal Center of Nankai Uni-

versity (Tianjin, China).

We decided sample size for animal studies based on a survey of

data from published research or preliminary studies. In this study, the

number of mice was not predetermined by a statistical method, and

no mice were excluded for statistical analysis. We conducted treat-

ment to mice in a blinded fashion. The drugs used for treating animals

were prepared by researchers who did not carry out the treatments.

In addition, all animals were randomized before they received treat-

ment. The animals were daily checked for food intake, water drinking,

and bodyweight gain during the treatment.

Intrahepatic cholestasis in mice was induced by treating animals

with ANIT, which can generate cholestatic symptoms, similar to

those observed in humans (Kossor et al., 1995; Zhang et al., 2018).

Adult male C57BL/6J mice (18 ± 1 g, 8 ± 0.5 weeks) were pur-

chased from Vital River Inc. (Beijing, China). Totally, 22 C57BL/6J,

24 PPARγfl/fl, and 22 hepatocyte-specific PPARγ deficient

(PPARγ−/−) mice (all are males, 18 ± 1 g, 8 ± 0.5 weeks) were ran-

domly divided into four groups (≥5 mice per group) and received the

following treatments by intragastric administration (Figure 1a).

(a) Vehicle group: corn oil daily for five days (n = 6 for C57BL/6J;

n = 5 for PPARγfl/fl; and hepatocyte-specific PPARγ−/−);

(b) rosiglitazone group (Rosi): rosiglitazone (30 mg�kg−1) dissolved in

corn oil daily for five days (n = 6 for C57BL/6J; n = 5 for PPARγfl/fl

and hepatocyte-specific PPARγ−/−); (c) ANIT group: corn oil on Days

1–3 and 5 for four days, and ANIT (80 mg�kg−1) on Day 4 once (n =

7); and (d) rosiglitazone plus ANIT (Rosi + ANIT) group: rosiglitazone

daily for five days and ANIT on Day 4 once (n = 7 for C57BL/6J

and PPARγfl/fl; n = 5 for hepatocyte-specific PPARγ−/−). Unequal

group size resulted from efforts to match age of experimental

cohorts arising from in-house breeding or from exclusion of outliers.

At 48 hr after ANIT administration, all mice were weighed and then

killed. To determine the effect of rosiglitazone on the established

intrahepatic cholestasis, a total of 15 C57BL/6J mice (18 ± 1 g, 8 ±

0.5 weeks) were randomly divided into three groups (n = 5) and

received treatment as scheduled in Figure 7a. After killing at the end

of experiment, blood, liver, and intestine samples were collected

gently and individually from all the mice.

Serum was prepared from blood and used to determine ALP, AST,

ALT, γ-GT, TBIL, T-CHO, HDL-C, LDL-C, and triglycerides (TG) using

an automated biochemical analyser if the volume as large enough. For

15d-PGJ2, Nogo, and γ-GT we used the corresponding ELISA assay

kits for mouse samples. The liver was completely removed and

weighed, followed by calculation of the ratio of liver weight to

bodyweight (%). A piece of liver was then taken and fixed in 4%

paraformaldehyde/PBS, followed by preparation of liver sections for

H&E staining.

A total of 21 Nogo-B KO and 21 corresponding littermate control

mice (all are males, 18 ± 1 g, 8 ± 0.5 weeks) were randomly divided

into three groups (seven mice/group) and received the following

treatments: Vehicle, ANIT, and ANIT plus rosiglitazone, with the same

schedule and assays as in wild-type mice, described above.

2.5 | Determination of ABCB4, ABCG5, CYP7A1,
FXR, Nogo-B, and PPARγ protein expression by
Western blot

The antibody-based procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander et al.,

2018). Cells cultured in six-well plates or ~20-mg liver were lysed

or homogenized in the lysis buffer containing 50 mmol�L−1 Tris, pH

7.5, 150 mmol�L−1 NaCl, 1% Triton X-100, 1% sodium

deoxycholate, 1 mmol�L−1 PMSF, 50 mmol�L−1 sodium fluoride,

1 mmol�L−1 sodium orthovanadate, 50 μg�ml−1 aprotinin/leupeptin

and 1× PMSF (Enzo, #ALX-270-184-G025) and cocktail (Millipore,

#539131-10VL) to extract total proteins. The cellular lysate or tis-

sue homogenates were transferred into 1.5-ml tube and centrifuged

for 10 min at 17,000 g and 4�C. The supernatant was collected as

total cellular or tissue protein and used immediately or stored at

−20�C for less than 1 week. Samples were frozen and thawed not

more than three times.

The same amount (~50 μg) of total proteins from each sample

was loaded on a 10% or 12% SDS-PAGE. After ~100-min electropho-

resis, proteins were transferred onto a nitrocellulose membrane

(PALL, Mexico). The membrane was then blocked with PBS containing

5% fresh non-fat dry milk (Solarbio, Beijing, China) for 1 hr at room

temperature, followed by incubation with 1:1,000 diluted fresh pri-

mary antibody or anti-GAPDH antibody (1:5,000) in PBS containing

1% fresh dry fat-free milk overnight at 4�C. Membranes were washed

for 3 × 10 min with PBS containing 0.05% Tween 20 (PBST) and then

re-blocked and incubated with 1:5,000 diluted fresh HRP-conjugated

donkey anti-rabbit or donkey anti-goat IgG in PBS containing 1%

fresh dry fat-free milk for 1 hr at room temperature. After washing for

3 × 10 min with PBST, the membrane was incubated in Western blot-

ting chemiluminescence reagents 1 and 2 (Millipore, Billerica, MA,

USA), followed by exposure to a film or scanning with Clinx Che-

miCapture (CLINX, Shanghai, China). The images were analysed with

Image J software Version 1.43u.

2.6 | Isolation of total RNA and determination of
mRNA expression by quantitative real-time PCR

After treatment, total RNA was extracted using the Trizol reagent

(Invitrogen) which contains DNase to eliminate genomic DNA

according to the classic protocol. The lysate or homogenate was well

mixed with chloroform and centrifuged at 17,000 g for 15 min at 4�C.
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The upper aqueous phase, which contains RNA, was collected and

mixed with isopropanol and stored at −20�C overnight to precipitate

the total RNA. The next day, RNA was centrifuged and treated with

75% and 100% ethanol specifically. Total RNA was dissolved in water

finally. RNA was assessed by OD 260/280 between 1.8−2.0 and OD

260/230 > 2.0. The cDNA was then synthesized with 1-μg total RNA

using a reverse transcription kit purchased from New England Biolab

(Ipswich, MA, USA). The reaction mixture for reverse transcription

consisted of 1-μg RNA, 2-μl 5× qRT Super Mix and nuclease-free

water up to total 10 μl. The programme is as follows: 25�C for 5 min,

50�C for 30 min, and 75�C for 5 min. The synthesized cDNA was

stored at −20�C until analysis. The primer sequences listed in Table 1

were designed by NCBI and spanned introns. The primers were syn-

thesized and validated by GENEWIZ (South Plainfield, NJ, RRID:

SCR_003177). qPCR reactions contained 2-μl cDNA, 1 μl each primer

(10 mM), 10-μl SYBR Green PCR Master Mix (Roche, USA), and 6-μl

nuclease-free water (total volume is 20 μl). qPCR was carried out at

95�C for 5 min for pre-degeneration, 50 cycles of 95�C for 15 s, 55�C

for 15 s, 72�C for 30 s, and read melting curve for 20 min. Expression

of mRNA for ABCB4, ABCG5, BSEP, CYP7A1, FXR, haematopoietic

PGD2 synthase (HPGDS), and lipocalin PGD2 synthase (LPGDS) was

determined with the primers listed in Table 1 and normalized by

GAPDH mRNA in the corresponding samples.

2.7 | Determination of mouse serum γ-GT

Mouse serum γ-GT was determined using the corresponding assay kit

purchased from BioSino Bio-Technology and Science Inc. (Beijing,

China; Shaw, Stromme, London, & Theodorsen, 1983). Before the

assay, serum samples in the group of mice treated with ANIT or ANIT

plus rosiglitazone were diluted five times with saline (0.9% NaCl). All

samples and the working buffer were warmed to 37�C. Either 10-μl

saline (as a blank) or 10-μl serum sample was added into a 96-well

plate followed by addition of 100-μl working buffer. The absorbance

at 405 nm was read using a Microplate reader (BioTek, Winooski, VT,

USA) at 1, 2, and 3 min after addition of the working solution. The var-

iation rate per minute was calculated to obtain the average change

rate (4), which was used to calculate γ-GT activity as γ-GT (U�L−1) =
4 × 1,158.

2.8 | Extraction and determination of total bile
acids in mouse liver and intestine

Total bile acid (TBA) was extracted from liver and intestine and deter-

mined using an assay kit (Li et al., 2011). Briefly, after treatment, a

piece of liver (~100 mg) or whole intestine were added to 1- or 5-ml

TABLE 1 Sequences of primers for qRT-PCR

Genes ID Primer Sequence Product (bp)

hABCB4 5244 Forward CAGTACTGGTGCACTTTCTACAAGACTT 85

Reverse TGCAATTAAAGCCAACCTGGTT

hABCG5 64240 Forward TCGGAGAGCTGATTTTCTGTG 147

Reverse CTATTTCCCGTTCCTTGCTTTG

hBSEP 8647 Forward TTCCAGGAAAAGCATGTGTG 110

Reverse CATTTCGCTCTCGATGTTCA

hCYP7A1 1581 Forward CAGAACTGAATGACCTGCCA 108

Reverse GGTGCAAAGTGAAATCCTCC

hFXR 9971 Forward CACAGCGTTTTTGGTAATGC 98

Reverse TTGTTTGTGGAGACAGAGCCT

hGAPDH 2597 Forward AAGGTGAAGGTCGGAGTCAA 108

Reverse AATGAAGGGGTCATTGATGG

mHPGDS 54486 Forward AATGTCAAGCTGATGCAGTG 120

Reverse GTGCTTGATGTGTGAGCAAT

mLPGDS 19215 Forward ATGACGAGTA CGCTCTGCTA 110

Reverse CTCCTTCAGCTCGTCCTTCA

mSHP 23957 Forward AGGAGTATGCGTACCTGAAG 203

Reverse AAGGGTGCCTGGAATGTTCTT

mLRH-1 26424 Forward TCATGCTGCCCAAAGTGGAGA 232

Reverse TGGTTTTGGACAGTTCGCTT

mGAPDH 14433 Forward TGTGTCCGTCGTGGATCTGA 234

Reverse TTGCTGTTGAAGTCGCAGGAG

Abbreviations: h, human; m, mouse.
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95% ethanol respectively. Samples were incubated for 3 hr in a 60�C

water bath. Samples were then centrifuged for 10 min at 6,150 g, and

the supernatant was transferred into a new tube. The remaining pellet

was re-suspended in 80% ethanol and incubated for another 3 hr in a

60�C water bath. Samples were centrifuged for 10 min at 6,150 g

again and the supernatant was collected. The pellet was re-suspended

in a mixture of chloroform and methanol (2:1, v/v; 0.5 ml for liver and

5 ml for intestine) and incubated for 1 hr at room temperature. After

centrifugation for 10 min at 6,150 g, the supernatant was collected.

The supernatant collected from the three steps above was mixed and

centrifuged for 10 min at 6,150 g and room temperature to remove

debris.

TBA in the supernatant (there was 2.5 ml and 15 ml for liver and

intestine samples respectively) above were determined using the TBA

assay kit purchased from Diazyme (Poway, CA, USA). Briefly, the

supernatant of intestine sample was pre-diluted ~20–100 times with

80% ethanol. The reagent R1 and R2 supplied in the assay kit were

pre-warmed to 37�C. Five μl of sample (the supernatant of liver or the

diluted supernatant of intestine sample) or 80% ethanol (as the blank)

was added into a 96-well plate followed by addition of 135-μl reagent

R1 and incubated for 5 min at 37�C. Then, 45-μl reagent R2 was

added to each sample followed by determination of absorbance at

405 nm immediately which was considered as the value at 0 min. The

absorbance of samples was then measured every min for 3–5 min.

The 4405 nm was calculated as subtraction of the absorbance read at

3 min by the absorbance read at 2 min. The results of TBA in each

sample was calculated as TBA (μmol�ml−1) = Sample4405nm−Blank4405nm
Standard4405nm−Blank4405nm

× standard (50 μmol�ml−1) × diluted factors. The TBA (μmol) in tissue

samples was calculated as follows: in the liver, TBAliver (μmol) = TBA

(μmol�ml−1) × volume (2.5 ml) × LW (g)/0.1 g (LW: total liver weight)

and in the intestine, TBAintestine (μmol) = TBA (μmol�ml−1) × vol-

ume (15 ml).

2.9 | Determination of 15d-PGJ2 levels in serum,
cellular lysate, and cell-conditioned medium

To determine 15d-PGJ2 levels in cells and conditioned medium, cells

at the same density and number were switched into serum-free

medium and cultured for 24 hr. The 24-hr conditioned medium was

collected and centrifuged for 20 min at 1,0000 x g to remove cell

debris. Cells remaining in dishes were washed twice with cold PBS

and then lifted by addition of trypsin. The collected cells were cen-

trifuged for 5 min at 1,000 x g. Cells were washed once with PBS and

then re-suspended in cold PBS (~1 × 106 cell/150 μl PBS) and homog-

enized. A portion of homogenates was saved to determine protein

content, and the rest of homogenates was centrifuged for 10 min at

1,500 x g. The supernatant was saved. Samples of human or mouse

serum, conditioned medium, and supernatant of cellular lysate were

used to determine 15d-PGJ2 levels using the corresponding ELISA

kits. The cellular 15d-PGJ2 levels were normalized by cellular protein

content and expressed as ng�μg−1 protein.

2.10 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Based on our previous

studies and/or preliminary experiments, we calculated the group size

for in vitro study. Data are presented as mean ± SEM and were gen-

erated from at least five independent experiments. For Western blot

assay, after images were obtained, the density of each band was

quantified by a technician (blinded to the treatments) with Image J

software (National Institutes of Health, Bethesda, MD, USA, RRID:

SCR_003070). The density of target band was normalized to GAPDH

in the corresponding sample to reduce variance. For quantitative

real-time PCR, target gene mRNA expression was normalized by

GAPDH mRNA in the corresponding samples. The data of quantita-

tive real-time PCR or quantification of Western blot were expressed

as folds of the control group's mean value which was defined as one

plus its own SD. GraphPad Prism software (version 7.0, GraphPad

Software, San Diego, CA, RRID:SCR_002798) was used for one-way

or two-way ANOVA or unpaired t-test (two-tailed) or unpaired t-test

(two-tailed) with Welch's correction. For ANOVA, Tukey's post hoc

test was performed for data with F at P < .05 and no significant vari-

ance inhomogeneity. Correlation coefficients were calculated using

the Spearman correlation test, and one-tailed P value was calculated.

The differences between group means were considered significant

when P < .05 (n ≥ 5). The declared group size is the number of inde-

pendent values and the statistical analysis was carried out using

these independent values.

2.11 | Materials

Rosiglitazone was purchased from Alexis Biochemicals (San Diego,

CA, USA). ANIT was purchased from Sigma-Aldrich (St. Louis, MO,

USA). Rabbit polyclonal antibodies recognizing both human and

mouse molecules were purchased from the following sources: anti-

ABCB4 (#NBP2-30887), ABCG5 (#NBP1-59803, RRID:

AB_11017123), and Nogo (#NB100-56681, RRID:AB_838641) from

Novus Biologicals (Littleton, CO, USA); anti-BSEP (#A14694, RRID:

AB_2761569) from Abclonal (Wuhan, China); anti-CYP7A1 (#sc-

25536, RRID:AB_2088578) and GAPDH (#sc-25778, RRID:

AB_10167668) from Santa Cruz Biotechnology (Dallas, Texas, USA);

anti-PPARγ (#16643-1-AP, RRID:AB_10596794) from Proteintech

Group (Chicago, IL, USA); anti-FXR (#ab28480, RRID:AB_726991) and

phosphorylated PPARγ (p-PPARγ, #ab60953, RRID:AB_946311) from

Abcam (Cambridge, MA, USA). The ELISA kits for human Nogo (#E-

EL-0087c) and mouse Nogo (#CSB-EL020572HU) were purchased

from Elabscience (Wuhan, Hubei, China) and CUSABIO Technology

LLC (Houston, TX, USA) respectively. Due to the high homology

among Nogo family members and the limited skills and knowledge,

the cross reactivity among Nogo family members or analogues cannot

be excluded by the current ELISA assay kits. The 15d-PGJ2 ELISA kits

used for mouse sample (#E-EL-0087c) and human samples
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(#JL41064-48 T) were purchased from Elabscience and Jianglaibio

(Shanghai, China) respectively.

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander, Cidlowski

et al., 2019; Alexander, Fabbro et al., 2019).

3 | RESULTS

3.1 | Rosiglitazone protects mice from ANIT-
induced intrahepatic cholestasis

To determine if rosiglitazone can prevent intrahepatic cholestasis,

C57BL/6J mice were pretreated with rosiglitazone for 3 days

followed by ANIT treatment for 48 hr (Figure 1a). In ANIT-treated

mice, dark coloured bile, livers with macroscopic signs of damages and

blurry serum of a light brown colour were observed, effects not

observed in mice treated with vehicle. Treatment with rosiglitazone

protected mice from ANIT-induced damage (Figure 1b). Histological

analysis of liver sections showed multiple large areas of necrosis with

infiltration of inflammatory cells in ANIT-treated mouse liver. How-

ever, such necrosis was substantially reduced by rosiglitazone

(Figure 1c).

Besides hepatomegaly (the ratio of liver weight to bodyweight

was increased by about 37%), the biochemical assays showed that

ANIT markedly increased serum ALT, AST, ALP, γ-GT, and TBIL

(Table 2). Liver TBA was increased while intestine TBA was

decreased correspondingly, indicating abnormal enterohepatic circu-

lation of bile acids. The sum of TBA in liver and intestine was also

reduced by ANIT treatment, suggesting the secretion of TBA into

the circulation was increased substantially which is consistent with

changes of serum colour (Figure 1b). Rosiglitazone alone had mild

effects on these biomarkers (Table 2). However, it clearly corrected

ANIT-caused abnormal serum biomarkers. Compared with ANIT

alone, serum ALT, AST, ALP, γ-GT, and TBIL were markedly reduced

by rosiglitazone. Rosiglitazone reduced liver TBA but increased

intestine TBA and the sum of liver and intestine TBA (Table 2),

thereby correcting the impaired enterohepatic circulation of

bile acids.

In addition to reduction of HDL-C, ANIT increased serum T-CHO,

LDL-C and TG, indicating it caused severe cholestasis-associated

hypercholesterolemia or dyslipidemia in mice (Table 2). However, this

ANIT-induced cholestasis-associated dyslipidemia was potently ame-

liorated by rosiglitazone (Table 2).

The effect of ANIT and/or rosiglitazone on expression of proteins

involved in bile homeostasis was determined. Figure 1d shows that

ANIT inhibited expression of molecules for bile synthesis (CYP7A1),

secretion (ABCB4, ABCG5, and BSEP), and the transcription factor

(FXR) in mouse liver. Rosiglitazone alone activated expression of these

proteins (Figure S2). More importantly, rosiglitazone reversed ANIT-

inhibited expression of these proteins.

The results above implied that PPARγ activity was regulated

either by PPARγ expression or by production of endogenous agonist.

TABLE 2 Rosiglitazone alleviates intrahepatic cholestasis: Biochemical assay

Parameters

Treatment

Vehicle Rosi ANIT ANIT + Rosi

LW/BW (%) 4.30 ± 0.11 4.92 ± 0.06 5.91 ± 0.18* 4.72 ± 0.32#

BW (g) 18.27 ± 0.51 18.20 ± 1.04 16.51 ± 1.36* 16.72 ± 0.66

Serum enzyme activity, total bilirubin, and lipids ALT 27.2 ± 2.0 22.9 ± 0.68 1,749 ± 182* 347 ± 81.8#

AST 123.8 ± 2.5 117.8 ± 6.3 5,416 ± 626* 956 ± 341.0#

ALP 129.3 ± 3.7 109.8 ± 3.5 383 ± 24.7* 247.5 ± 6.4#

γ-GT 1.27 ± 0.22 1.27 ± 0.12 21.54 ± 2.68* 9.81 ± 1.40#

TBIL 0.26 ± 0.02 0.16 ± 0.01 22.16 ± 3.92* 2.2 ± 0.63#

T-CHO 2.66 ± 0.31 3.46 ± 0.13 7.10 ± 1.03* 5.51 ± 0.21

LDL-C 0.44 ± 0.05 0.49 ± 0.02 2.09 ± 0.15* 0.5 ± 0.10#

HDL-C 1.95 ± 0.22 2.44 ± 0.80 0.98 ± 0.15* 3.22 ± 0.23#

TG 0.58 ± 0.01 0.68 ± 0.04 3.43 ± 0.60* 0.87 ± 0.07#

Liver TBA 0.73 ± 0.05 0.55 ± 0.09 2.52 ± 0.22* 1.67 ± 0.34#

Intestine TBA 12.24 ± 0.81 17.85 ± 1.43 6.14 ± 0.94* 19.34 ± 1.33#

Note. C57BL/6J mice received vehicle (corn oil), rosiglitazone (Rosi), α-naphthylisothiocyanate (ANIT), or rosiglitazone plus α-naphthylisothiocyanate (Rosi

+ ANIT) treatment as indicated in Figure 1a. After treatment, mouse bodyweight (BW) and liver weight (LW) were determined to calculate the ratio of

LW/BW (%). Enzyme activity of ALT, AST, ALP, and γ-GT (as U�L−1) and concentration of TBIL (μmol�L−1), T-CHO, LDL-C, HDL-C, and TG (mmol�L−1) were

measured in serum samples. Total bile acids (TBA, μmol) were determined in samples of liver and intestine.
*P < .05, significantly different from Ctrl (vehicle) #P < .05, significantly different from ANIT (n = 5).
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As shown in Figure 1e, ANIT slightly reduced PPARγ expression

which was not affected by rosiglitazone. Therefore, PPARγ activity

was not regulated by alterations in PPARγ expression. The potent

endogenous PPARγ agonist 15d-PGJ2 (Nagy, Tontonoz, Alvarez,

Chen, & Evans, 1998) binds to PPARγ to trigger its transcriptional

activity and induce PPARγ expression. We therefore determined the

effect of ANIT or rosiglitazone on 15d-PGJ2 production in vivo. As

shown in Figure 1f, rosiglitazone alone increased serum 15d-PGJ2

levels but more importantly, it potently blocked the ANIT-induced

decrease in circulating 15d-PGJ2 (Figure 1f).

F IGURE 2 PPARγ activates expression of bile homeostatic proteins in HepG2 cells. (a, b) HepG2 cells were treated with rosiglitazone (Rosi) at
the indicated concentrations for 24 hr or at 10 μmol�L−1 for the indicated times (a); PD98059 at 10 μmol�L−1 for the indicated times (b);
(c) HepG2 cells in six-well plates were transfected with wild-type PPARγ expression vector (C2-PPARγ) at the indicated concentrations (left

panel); or expression vector of wild-type PPARγ (WT), non-phosphorylated PPARγ mutant (C2-PPARγ2-S112A or SA) or constitutively
phosphorylated PPARγ mutant (C2-PPARγ2-S112D or SD; right panel) for 6 hr. Cells were switched into complete medium and cultured for
another 24 hr, followed by assy for expression of ABCB4, ABCG5, BSEP, CYP7A1, FXR, exogenous PPARγ (Exo-PPARγ), and endogenous PPARγ
(Endo-PPARγ) protein. *P < .05, significantly different from control, n = 6; (d) HepG2 cells in serum-free medium were treated with rosiglitazone at
the indicated concentrations for 16 hr (left panel) or with 10 μmol�L−1 rosiglitazone (Rosi) for the indicated times (right panel). Expression of
ABCB4, ABCG5, BSEP, CYP7A1, and FXR mRNA was determined by qRT-PCR, n = 6. *P < .05, significantly different from corresponding control
group
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Increased circulation Nogo-B levels in patients with hepatic cir-

rhosis (Men et al., 2015) implies that circulating Nogo-B might also be

involved in ANIT-induced intrahepatic cholestasis and rosiglitazone

prevention. We initially observed that Nogo-B was the only Nogo

family member detected in mouse serum by Western blot

(Figure S1B). However, due to the lower sensitivity of Western blot

than ELISA and the limited information on secretion of Nogo family

members, we have referred to the ELISA results as Nogo in this study.

F IGURE 3 PPARγ expression is essential for rosiglitazone to protect against intrahepatic cholestasis. (a, b) Floxed PPARγ (PPARγfl/fl) and
hepatocyte-specific PPARγ knockout (hepatocyte PPARγ KO) mice received the same treatment for C57BL/6J mice, as indicated in
Figure 1a. Liver and serum samples from each group were photographed (a) and (b) liver paraffin sections were stained with H&E. (c, d) expression
of ABCB4, ABCG5, BSEP, CYP7A1, and FXR protein was determined in total proteins extracted from PPARγfl/fl or hepatocyte PPARγ KO mouse
liver. *P < .05: Lane 2 or 3 significantly different from Lane 1; ^P < .05: Lane 4 significantly different from Lane 3, n = 6. (e, f) Levels of 15d-PGJ2
(e) and Nogo (f) were determined in serum samples using ELISA assay kits. n = 5 for Vehicle and Rosi groups, n = 7 for ANIT groups and ANIT +
Rosi in PPARγfl/fl mice, n = 5 for ANIT + Rosi in hepatocyte PPARγ KO mice. *P < .05, significantly different as indicated
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Interestingly, associated with ANIT-induced intrahepatic cholestasis,

serum Nogo levels were significantly increased, and this increase was

substantially reduced by rosiglitazone treatment (Figure 1g).

3.2 | PPARγ expression is essential for the
prevention, by rosiglitazone, of intrahepatic
cholestasis

To further investigate the anti-cholestatic functions and mechanisms

of rosiglitazone, we conducted in vitro studies with HepG2 cells

(a human hepatic cell line). As shown in Figure 2a, rosiglitazone

induced expression of ABCB4, ABCG5, BSEP, CYP7A1, and FXR pro-

tein in a concentration- or time-dependent manner.

Dephosphorylation of Ser112 in PPARγ protein by MEK1/2 inhi-

bition, using PD98059, can also enhance its transcriptional activity

(Han et al., 2000). In our model, PD98059 induced expression of

ABCB4, ABCG5, BSEP, CYP7A1, and FXR protein in a time-depen-

dent manner (Figure 2b). In addition, high expressing normal PPARγ

(C2-PPARγ) and non-p-PPARγ (γS112A or SA) mutant, but not consti-

tutive p-PPARγ (γS112D or SD) mutant, increased expression of

ABCB4, ABCG5, BSEP, CYP7A1, and FXR (Figure 2c). Associated with

increased protein levels, expression of ABCB4, ABCG5, BSEP,

CYP7A1, and FXR mRNA was activated by rosiglitazone in a concen-

tration- or time-dependent manner (Figure 2d).

In vivo, PPARγfl/fl and hepatocyte PPARγ KO mice were treated

with ANIT, rosiglitazone, or rosiglitazone plus ANIT using the same

schedule as in Figure 1a. Similar to wild-type mice, ANIT induced

F IGURE 4 Nogo-B deficiency activates expression of bile homeostatic proteins and PPARγ. (a) Nogo-B knockout (Nogo-B-cas9) and the
corresponding control (Ctrl-cas9) HepG2 cells; (b, c) Ctrl-cas9 and Nogo-B-cas9 cells in six-well plates were transfected with PPARγ expression
vector at the indicated concentrations for 24 hr (b) or treated with rosiglitazone (c) at the indicated concentrations for 16 hr; (d) littermate control
or Nogo-B KO mouse liver. Total proteins extracted from above samples were used to determine expression of ABCB4, ABCG5, BSEP, CYP7A1,
FXR, Nogo-B, and endogenous (Endo)/exogenous (Exo) PPARγ protein. *P < .05, significantly different from control, n = 6
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severe intrahepatic cholestasis in PPARγfl/fl mice, such as blurry,

brown coloured, saturated serum and necrosis in the liver.

Rosiglitazone protected PPARγfl/fl mice from the ANIT-induced dam-

age (upper half, Figure 3a,b). In contrast, lack of PPARγ expression in

hepatocytes blocked the protection by rosiglitazone (lower half, Fig-

ure 3a,b).

At the molecular level, ANIT decreased expression of ABCB4,

ABCG5, BSEP, CYP7A1, and FXR in PPARγfl/fl mouse liver.

F IGURE 5 Nogo-B deficiency protects mice against ANIT-induced intrahepatic cholestasis by activating 15d-PGJ2 production. (a, b) Nogo-B
KO or littermate control mice were randomly divided into three groups and given corn oil (Vehicle) by intragastric administration, ANIT
(80 mg�kg−1) or ANIT plus rosiglitazone (Rosi, 30 mg�day−1�kg−1), as shown in Figure 1a. After 48 hr of ANIT treatment, mouse tissue samples
were collected. Liver and serum samples were photographed (a), and (b) liver paraffin sections stained with H&E. (c) Expression of proteins
(ABCB4, ABCG5, BSEP, CYP7A1, FXR, and PPARγ) extracted from littermate and Nogo-B KO mouse liver. *P < .05, Lane 2 or 4 *P < .05,
significantly different from Lane 1; ,̂#P < .05, Lane 3 or 5 significantly different from Lane 2. (d) Levels of 15d-PGJ2 in serum samples from

littermate controls and Nogo-B KO mice; all are males, 18 ± 1 g, 8 ± 0.5 weeks, n = 10 for control mice, n = 7 for Nogo-B KO mice. *P < .05,
significantly different as indicated. (e, f) Both cellular lysate and 24-hr serum-free conditioned medium were collected from Ctrl-cas9 and Nogo-
B-cas9 cells at the same density (~80% confluence). Levels of 15d-PGJ2 in cellular lysate (e), and conditioned medium (f) were determined using
an ELISA assay kit. Cellular protein content was determined and used to normalize cellular 15d-PGJ2 content (ng�μg−1 protein, f). *P < .05,
significantly different as indicated; (n = 6). (g–j) Total cellular proteins or RNA were extracted from liver samples of littermate control and Nogo-B
KO mice. Expression of haematopoietic PGDS (HPGDS) and lipocalin PGDS (LPGDS) mRNA (g), CD36 protein (h), LRH-1, and SHP protein (i) or
mRNA (j) was determined by Western blot or qRT-PCR. *P < .05, significantly different as indicated; (n = 6)
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Rosiglitazone alone activated expression of these proteins and sub-

stantially reversed the ANIT-inhibited expression (Figure 3c). In hepa-

tocyte PPARγ KO mice, rosiglitazone had little effect on ANIT-

inhibited expression of bile homeostatic molecules (Figure 3d).

As observed in wild-type mice, rosiglitazone increased but ANIT

reduced serum 15d-PGJ2 in PPARγfl/fl mice, while the ANIT-induced

reduction of 15d-PGJ2 was blocked by rosiglitazone (left half,

Figure 3e). In contrast, lack of hepatocyte PPARγ expression not only

reduced basal 15d-PGJ2 levels but also blocked the effect of

rosiglitazone on recovery of 15d-PGJ2 levels after ANIT (right half,

Figure 3e). ANIT increased circulating Nogo in both PPARγfl/fl and

hepatocyte PPARγ KO mice with a greater effect in PPARγfl/fl mice

(Figure 3f). Expression of Nogo-B was induced by ANIT equally in

PPARγfl/fl and hepatocyte PPARγ KO mouse liver (Figure S3).

Although rosiglitazone alone had little effect on serum Nogo levels in

both PPARγfl/fl and hepatocyte PPARγ KO mice, it substantially

reduced the induction of serum Nogo by ANIT in PPARγfl/fl, but not in

hepatocyte PPARγ KO mice (Figure 3f).

3.3 | Lack of Nogo-B expression enhances
expression of bile homeostatic molecules

The association between circulating Nogo and intrahepatic cholestasis

implies inhibition of Nogo-B in the liver may reduce the disease by

activating expression of proteins involved in bile homeostasis. In vitro,

lack of Nogo-B expression in HepG2 cells activated expression of

ABCB4, ABCG5, BSEP, CYP7A1, and FXR (Figure 4a,b [Lane 4 vs. 1],

c [Lane 5 vs. 1]). In vivo, Nogo-B deficiency increased expression of

these proteins in mouse liver (Figure 4d). In addition, PPARγ

expression was increased in both Nogo-B KO cells and mouse liver

(Figure S4).

High expression of PPARγ or rosiglitazone treatment induced

expression of bile homeostatic proteins in Ctrl-cas 9 cells (left half,

Figure 4b,c) and normal HepG2 cells (Figure 2), but neither of these

conditions were able to induce expression of these proteins in Nogo-

B deficient cells (right half, Figure 4b,c). Our data show that Nogo-B

deficiency increased expression of bile homeostatic proteins at basal

levels while blocking the induction of these proteins by PPARγ

activation.

3.4 | Nogo-B deficient mice are resistant to ANIT-
induced intrahepatic cholestasis

Next, we tested the effects of Nogo-B deficiency on the resistance of

mice to ANIT-induced intrahepatic cholestasis. Both littermate and

Nogo-B mice were treated with ANIT or ANIT plus rosiglitazone. As

shown in Figure 5a, ANIT induced intrahepatic cholestasis in litter-

mate control mice, which was characterized by severe damage to liver

and obvious changes in serum colour. Co-treatment of mice with

rosiglitazone protected littermate control mice from ANIT-induced

damage (left panel, Figure 5a). In contrast, ANIT alone caused much

less damage to liver and little change in serum colour, in Nogo-B KO

mice. Meanwhile, the protective effects of rosiglitazone Against ANIT

induced damage were much less, in Nogo-B KO mice (right panel,

Figure 5a).

The results of H&E staining confirmed the protective effects of

Nogo-B KO against ANIT-induced intrahepatic cholestasis. ANIT cau-

sed severe necrosis in littermate control mouse liver, which was

TABLE 3 Nogo-B deficiency protects mice against intrahepatic cholestasis: Biochemical assay

Parameters

Control mice Nogo-B KO mice

Vehicle ANIT ANIT + Rosi Vehicle ANIT ANIT + Rosi

LW/BW (%) 4.62 ± 0.04 5.89 ± 0.04¶ 4.47 ± 0.05§ 4.60 ± 0.09 5.44 ± 0.20 5.32 ± 0.13

Serum enzyme activity, total

bilirubin, and lipids

ALT 38.6 ± 4.6 1,930 ± 177¶ 304 ± 39§ 26.0 ± 2.7 837 ± 122§ 566 ± 103

AST 143 ± 8 5,815 ± 390¶ 951 ± 188§ 90 ± 8.4 661 ± 84§ 415 ± 81

ALP 136 ± 7 361 ± 26¶ 243 ± 16§ 172 ± 13 245 ± 24§ 287 ± 20

γ-GT 1.02 ± 0.07 17.91 ± 1.89¶ 7.78 ± 1.20§ 2.55 ± 0.34 6.00 ± 0.88§ 5.76 ± 1.07

TBIL 0.28 ± 0.04 18.13 ± 1.66¶ 3.58 ± 0.36§ 0.16 ± 0.02 9.84 ± 2.23§ 9.06 ± 1.04

T-CHO 2.68 ± 0.17 6.11 ± 0.1 0¶ 4.71 ± 0.15§ 2.80 ± 0.04 2.60 ± 0.21§ 2.61 ± 0.21

LDL-C 0.43 ± 0.04 2.08 ± 0.06¶ 0.50 ± 0.04§ 0.29 ± 0.03 0.38 ± 0.09§ 0.26 ± 0.03

HDL-C 1.99 ± 0.11 1.46 ± 0.07¶ 2.70 ± 0.08§ 1.83 ± 0.03 1.85 ± 0.18 1.65 ± 0.07

TG 0.65 ± 0.04 2.96 ± 0.06¶ 0.95 ± 0.05§ 0.77 ± 0.05 1.04 ± 0.17§ 1.09 ± 0.03

Liver TBA 0.92 ± 0.07 2.16 ± 0.18¶ 1.30 ± 0.11§ 0.66 ± 0.05 0.71 ± 0.11§ 0.94 ± 0.02

Intestine TBA 12.07 ± 0.81 7.94 ± 0.35¶ 13.13 ± 0.73§ 11.83 ± 0.48 13.47 ± 1.05§ 11.38 ± 0.88

Note. Littermate control or Nogo-B KO mice received vehicle (corn oil), α-naphthylisothiocyanate (ANIT), or α-naphthylisothiocyanate plus rosiglitazone

(ANIT + Rosi) treatment. After treatment, mouse serum, liver, and intestine were used to complete the same assays as described in Table 2.
¶P < .05, significantly different from Ctrl (Vehicle).
§P < .05, significantly different from ANIT-treated control mice (n = 6).
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substantially reduced by rosiglitazone (left panel, Figure 5b). In con-

trast, necrosis caused by ANIT was significantly reduced, while the

effect of rosiglitazone on liver necrosis was attenuated in Nogo-B KO

mice (right panel, Figure 5b).

Similar to wild-type mice, Table 3 shows ANIT increased ALT,

AST, ALP, γ-GT, and TBIL in serum, and liver TBA, but decreased

intestinal TBA or the sum of liver and intestine TBA, in littermate con-

trol mice. Dyslipidemia was also observed in littermate control mice

F IGURE 6 Decreased levels
of 15d-PGJ2 and increased levels
of Nogo in serum are associated
with PBC in patients. Serum
samples were collected from PBC
patients and non-PBC controls
and the following components
were determined: (a) 15d-PGJ2;
(b) Nogo; (c) classical PBC
biomarkers of γ-GT, ALP, and
TBIL; (d) General biomarkers of
liver injury (ALT, AST, and
albumin). (e) Cholesterol levels. n =
9 for healthy controls, n = 7 for
PBC patients; (f, g) The correlation
coefficient (R) between classical

PBC biomarkers (γ-GT, ALP, and
TBIL) and 15d-PGJ2 or Nogo was
analysed using Spearman
correlation test with 95%
confidence interval; all
correlations were significant, P
< .05
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after ANIT treatment. However, rosiglitazone clearly ameliorated

these effects of intrahepatic cholestasis. For instance, TBA levels in

both liver and intestine were substantially restored to normal.

Interestingly, compared with littermate control mice, ANIT

increased serum intrahepatic cholestatic parameters to a much lower

extent in Nogo-B KO mice (Table 3). For instance, γ-GT was

increased ~18-fold in littermate control but ~2.4-fold in Nogo-B KO

mice. Liver or intestine TBA and the sum of liver and intestine TBA

were not affected by ANIT in Nogo-B KO mice and serum choles-

terol levels were not changed either. In addition, rosiglitazone had

no effect on serum parameters in ANIT-treated Nogo-B KO mice

(Table 3).

As shown in Figure 5c, expression of bile homeostatic proteins in

littermate control mouse liver was inhibited by ANIT (Lane 2 vs. 1),

and the inhibition was reversed by rosiglitazone (Lane 3 vs. 2). Com-

pared with littermate control mice, basal expression of ABCB4,

ABCG5, BSEP, and FXR in Nogo-B KO mouse liver was clearly

increased (Lane 4 vs. 1). More importantly, the effects of ANIT on

expression of these proteins were much weaker than those in litter-

mate control mice (Lane 5 vs. 2). For example, FXR expression in

Nogo-B KO mouse liver was not affected by ANIT. Meanwhile, the

effects of rosiglitazone on expression of these proteins in Nogo-B KO

mice were mild, except for CYP7A1. Our data would suggest that

Nogo-B deficiency enhances resistance of mice to ANIT-induced

intrahepatic cholestasis and cholestasis-associated dyslipidemia.

3.5 | Nogo-B deficiency activates 15d-PGJ2
production

Our results above suggested 15d-PGJ2 might be an endogenous

inhibitor of intrahepatic cholestasis and that its production could be

increased by Nogo-B deficiency. Indeed, serum 15d-PGJ2 levels in

Nogo-B KO mice were much higher than in littermate control mice

(Figure 5d), even to a level much higher than that induced by

rosiglitazone in wild-type mice (Figures 1f and 3e). Furthermore, both

15d-PGJ2 production and secretion were significantly increased by

Nogo-B deficiency in HepG2 cells (Figure 5e,f). Haematopoietic and/

or lipocalin PGD2 synthases (HPGDS and LPGDS) play an important

role in cellular 15d-PGJ2 production (Seo & Oh, 2017). At the mRNA

levels, Figure 5g shows that Nogo-B deficiency activated LPGDS

expression in mouse liver, while having little effect on expression of

HPGDS. Accompanying the enhanced 15d-PGJ2 production, expres-

sion of CD36, a well-known PPARγ target (Nagy et al., 1998), was also

higher in Nogo-B KO mouse liver (Figure 5h), which further supports

PPARγ activation by Nogo-B deficiency.

3.6 | Reduces 15d-PGJ2 and increased Nogo in
serum are associated with PBC in patients

PBC is a major type of intrahepatic cholestatic liver disease that

occurs more frequently in women (Kaplan & Gershwin, 2005). To

assess the relevance of our experimental results to clinical disease, we

collected serum samples from female PBC patients and corresponding

non-PBC controls. As observed in our animal model, serum 15d-PGJ2

in PBC patients was reduced by about 40% (Figure 6a). Meanwhile,

circulating Nogo was more than doubled (Figure 6b). The classical bio-

markers for PBC diagnosis, γ-GT (ALP and TBIL] were higher in PBC

patients than non-PBC controls (Figure 6c). The biomarkers for gen-

eral liver injury, ALT and AST were increased while albumin was

reduced in PBC patients (Figure 6d). HDL-C was substantially

decreased in PBC patients, indicating the disordered cholesterol

metabolism that is associated with the disease (Figure 6e).

We further analysed the correlation between 15d-PGJ2 or Nogo

and classical cholestatic biomarker, γ-GT, ALP, or TBIL. Figure 6f

shows that 15d-PGJ2 was negatively correlated to γ-GT, ALP, and

TBIL. Meanwhile, Nogo was positively correlated to γ-GT, ALP, and

TBIL (Figure 6g). These data suggest reduced 15d-PGJ2 and decreased

Nogo in serum were also present in PBC patients.

3.7 | Rosiglitazone reduces established
intrahepatic cholestasis in mice

To determine if rosiglitazone can reduce established intrahepatic cho-

lestasis, C57BL/6J mice were pretreated with ANIT for 1 day to

induce the condition and then treated with rosiglitazone for 6 days

(Figure 7a). As observed in our prevention study, the ANIT-induced

blurry serum with a light-yellow colour was corrected by rosiglitazone

treatment (Figure 7b). Also the ANIT-caused necrosis in the liver was

clearly blocked by rosiglitazone (Figure 7c).

Similarly, ANIT inhibited expression of the bile homeostatic pro-

teins (CYP7A1, ABCB4, ABCG5, BSEP, and FXR) in mouse liver, and

this inhibition was reversed by rosiglitazone (Figure 7d). Furthermore,

the ANIT-induced abnormal serum biomarkers, such as ALT, AST, γ-

GT, and TBIL were significantly corrected by rosiglitazone treatment

(Figure 7e). Rosiglitazone also corrected ANIT-induced cholestasis-

associated dyslipidemia (Figure 7f) and restored mouse liver size to

normal (Figure 7g). Taken together, our data showed that rosiglitazone

was able to prevent and also to reverse intrahepatic cholestasis

induced by ANIT.

4 | DISCUSSION

Until the recent approval of obeticholic acid, UDCA was the only

approved treatment for patients with intrahepatic cholestatic liver dis-

ease (Lindor et al., 2009; Poupon, Poupon, & Balkau, 1994). UDCA

has multiple anti-cholestatic effects, such as neutralization of toxic

bile acids, activation of bile secretion, and anti-apoptosis/inflamma-

tion (Beuers et al., 2015). Agonists of PPARγ, such as fenofibrate,

reduce serum ALP and γ-GT and enhance ABCB4 expression and bili-

ary phosphatidylcholine secretion (Ghonem et al., 2014; Ghonem,

Assis, Boyer, 2015). Fenofibrate has been used as an adjuvant medi-

cine to UDCA for intrahepatic cholestasis treatment (Kita et al., 2006).
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However, several adverse effects of PPARγ ligands on the patients

including increased creatinine kinase, nausea, and heartburn have

been observed (Ghonem, Assis, Boyer, 2015).

Troglitazone, a synthetic PPARγ ligand used to treat type 2 dia-

betes, was withdrawn from the market because of severe side-

effects, particularly inducing intrahepatic cholestasis by increasing

F IGURE 7 Rosiglitazone ameliorates intrahepatic cholestasis induced by ANIT. (a) (The schedule of treatment): 8 ± 0.5-week-old male
C57BL/6J mice were randomly divided into three groups (five per group) and received the following treatments, by intragastric administration,
(1) Vehicle group: corn oil daily for seven days; (2) ANIT group: ANIT (50 mg�kg−1 ) on Day 1, corn oil daily for six days from Days 2 to 7; (3) ANIT
plus Rosi group, ANIT (50 mg�kg−1) on Day 1 and rosiglitazone (30 mg�kg−1) daily for six days from Days 2 to 7. (b) Representative photographs of
liver and serum samples from each group; (c) Liver paraffin sections were stained with H&E. (d) Expression of proteins (ABCB4, ABCG5, BSEP,
CYP7A1, FXR, and PPARγ) extracted from the livers. (e,f) Serum ALT, ALP, AST, TBIL, γ-GT, TG, T-CHO, LDL-C, and HDL-C levels were
determined. (g) Ratio of liver weight to bodyweight in each mouse was calculated. For (e, f, g), *P < .05, significantly different as indicated; n = 5
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serum bile salt concentrations and inhibiting BSEP expression in rat

liver (Funk, Pantze, et al., 2001; Funk, Ponelle, Scheuermann, &

Pantze, 2001). The cholestatic potential of troglitazone may have

decreased enthusiasm for investigating other PPARγ ligands as treat-

ments for intrahepatic cholestasis. However, in this study, we have

shown that rosiglitazone can potently alleviate intrahepatic cholesta-

sis. Either pretreatment or post-treatment of mice with rosiglitazone

reduced ANIT-induced liver damage and corrected ANIT-induced

abnormal serum biochemical parameters and enterohepatic circulation

of bile (Figures 1b,c and 7c–g; Table 2). The hepatic expression of pro-

teins involved in bile homeostasis, inhibited by ANTI, was substantially

restored by rosiglitazone (Figures 1d and 7d). We further demon-

strated the essential role of PPARγ in the alleviation of intrahepatic

cholestasis by rosiglitazone- (Figure 3).

Nogo-B deficiency in mice increased basal expression of bile

homeostatic proteins in liver (Figure 4d) and increased resistance to

ANIT-induced intrahepatic cholestasis (Figure 5a,b; Table 3), which was

mainly attributed to potent activation of 15d-PGJ2 production (Fig-

ure 5d). Activation of 15d-PGJ2 production by rosiglitazone and Nogo-

B deficiency was linked to PPARγ activation, suggesting that the

enzyme(s) responsible for 15d-PGJ2 production could be a PPARγ tar-

get. Indeed, we conducted a sequence alignment assay and found three

putative PPARγ responsive elements (PPREs) in the proximal region of

the LPGDS promoter. Therefore, LPGDS expression may be activated

at a transcriptional level. Our findings also suggested that endogenous

15d-PGJ2 might be an endogenous inhibitor of intrahepatic cholestasis.

Consistent with this possibility, we found decreased serum levels of

15d-PGJ2 in PBC patients (Figure 6a) and cholestatic mice. Further-

more, the reduction of ANIT-induced intrahepatic cholestasis by

rosiglitazone- was associated with corresponding changes in serum

levels of 15d-PGJ2 (Figures 1f and 3e).

Hypercholesterolemia is commonly found in cholestatic patients

(Dann et al., 2006; Gylling, Farkkila, Vuoristo, & Miettinen, 1995) and

treatment with UDCA has little effect on this disorder while

obeticholic acid exacerbates hypercholesterolemia (Neuschwander-

Tetri et al., 2015; Nevens et al., 2016). Although it is unclear if this

cholestasis-associated hypercholesterolemia can increase risk of coro-

nary heart disease (Allocca et al., 2006; Crippin et al., 1992; Longo

et al., 2002; Van Dam & Gips, 1997), a combined therapy of UDCA

and statin may have to be applied, as clinical trials have demonstrated

that statins do not affect liver function in patients (Ritzel et al., 2002;

Stojakovic et al., 2007). In this study, we found hypercholesterolemia

in both PBC patients (Figure 6e) and the mouse model (Tables 2 and

3, Figure 7f). However, rosiglitazone treatment potently ameliorated

lipid profiles (Tables 2 and 3, Figure 7), while Nogo-B deficiency

blocked cholestasis-associated dyslipidemia (Table 3). Activation of

CYP7A1, the critical protein for bile acid synthesis and cholesterol

metabolism, by PPARγ or Nogo-B deficiency (Figures 1d, 2, 3c, 4, and

5c) should be an important mechanism for alleviation of cholestasis-

associated dyslipidemia. It also suggests that PPARγ ligands can be

more effective than UDCA or obeticholic acid for intrahepatic chole-

stasis treatment, as neither of these compounds ameliorates cholesta-

sis-associated hypercholesterolemia.

FXR inhibits CYP7A1 expression to reduce bile acid synthesis.

FXR initially induces SHP expression and then reduces liver receptor

homolog-1, a transcription factor activating CYP7A1 expression

(Goodwin et al., 2000; Lu et al., 2000). We found rosiglitazone or

Nogo-B deficiency induced FXR and CYP7A1 expression simulta-

neously (Figures 1d, 2, 3c, 4, 5c, and 7d), indicating the minor role of

FXR in the alleviation of intrahepatic cholestasis in this study. We

further observed that Nogo-B deficiency slightly affected SHP

expression but potently activated liver receptor homolog-1 expression

(Figure 5i,j).

Increased circulating Nogo-B has been reported in several differ-

ent disease states (Gao et al., 2015; Men et al., 2015; Sutendra et al.,

2011), whereas Nogo-B deficiency is known to ameliorate liver

fibrosis and portal hypertension by inactivating the TGFβ signalling

pathway (Tashiro, Satoh, Utsumi, Chung, & Iwakiri, 2013; Zhang et al.,

2011) and to reduce alcoholic liver disease by regulating Kupffer cell

polarization (Park et al., 2017). In this study, we found that Nogo-B

might facilitate intrahepatic cholestasis. Furthermore, our study sug-

gests that both 15d-PGJ2 and Nogo-B are important biomarkers for

intrahepatic cholestasis. Synthetic PPARγ ligands might provide a

novel approach to the treatment of intrahepatic cholestasis and chole-

stasis-associated hypercholesterolemia (Figure S5).
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