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Abstract Rosiglitazone (RL), a second-generation thiazolidinedione (TZD), is an oral antidiabetic

agent that is reportedly associated with hepatotoxicity. However, the molecular mechanism of

Rosiglitazone induced hepatotoxicity has not been reported yet. To minimize clinical risk, in the

present study, toxicity was evaluated initially in C57BL/6 mice to confirm the hepatotoxicity of

Rosiglitazone. Subsequently, the transcription of genes, the up-regulated expression of proteins

and changes of metabolite spectrum in bile acid system in accordance with system pharmacology

and multi-omics profiling strategy were investigated to reveal its toxic mechanism. Results show

an obvious Rosiglitazone induced hepatocyte injury in our experiment. Changes in bile acid profiles

revealed that Rosiglitazone administration increased the concentration of deoxycholic acid (DCA)

in the liver, but decreased those of other bile acids. Transcriptomic and proteomic data showed that

while the expression of efflux transporters ABCC3, ABCC4 and ABCB11 was upregulated follow-

ing Rosiglitazone treatment, the expression of two hepatic uptake transporters, OATP1A1 and

OATP1A4, which were negatively associated with DCA accumulation, were significantly downreg-

ulated. These results indicated that cholestasis, especially the accumulation of DCA in the liver, is

the primary factors responsible for Rosiglitazone induced hepatocyte injury. The mechanism of

Rosiglitazone induced DCA accumulation in the liver may be the result of stimulated intestinal per-

meability and increased biosynthesis and uptake of DCA and weakening of DCA amidation to

reduce DCA efflux due to the inhibition of OATP1A1 and OATP1A4 expression in the liver.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Drug-induced liver injury (DILI) is the primary reason for drug with-

drawal from the market or termination of drug candidates from clini-

cal development (Regev 2014, Oh et al., 2015). The incidence of DILI

continues to increase and remains the primary cause of acute liver fail-

ure in the western world (Katarey and Verma 2016). The management

of DILI, especially when its mechanism is unclear, is a significant chal-

lenge (Chatterjee and Annaert 2018). Therefore, elucidating the under-

lying mechanisms of DILI is essential for ensuring clinical safety of

drugs.

DILI may be distinguished into three phenotypes, cholestatic,

hepatocellular, and mixed types, based on histology and blood

biomarkers (Bénichou 1990). Of these, the most common type is

cholestatic DILI, which is characterized by impaired bile excretion

resulting in the accumulation of bile acids in hepatocytes (Wagner

et al., 2009, Vinken 2018). More than 1,000 drugs have been associ-

ated with cholestatic liver injury (Bhamidimarri and Schiff 2013,

Yang et al., 2019, Tan et al., 2023). As an example, Troglitazone,

a first generation thiazolidinedione (TZDs), was withdrawn from

the US market in March 2000 because of severe hepatotoxicity

cases, including cholestatic liver injury (Marcy et al., 2004). Previous

studies have shown that cholestasis is an important factor in TZD-

induced DILI (Tolman and Chandramouli 2003). Although the

molecular mechanisms of cholestatic liver injury remain elusive,

excessive intra-hepatic accumulation of bile acids and their metabo-

lites play an important role in mediating cholestatic liver injury (Li

et al., 2017). Furthermore, the expression levels of bile acid synthetic

and detoxification enzymes and transporters were significantly

altered in cholestasis (Zollner et al., 2006, Wagner et al., 2009,

Notenboom et al., 2018, Yang et al., 2019).

TZDs as a class are not as hepatotoxic as Troglitazone, however,

some cases of hepatoxicity induced by Rosiglitazone (RL), a new

Troglitazone alternative, have been reported (Marcy et al., 2004).

Unfortunately, the mechanism of RL-induced hepatotoxicity remains

unclear. Thus, it is important to investigate the mechanism underlying

its hepatotoxicity. In the present study, the aim is to investigate the role

of Rosiglitazone in C57BL/6 mice and evaluate the hepatocyte injury

mechanism of Rosiglitazone. We initially employed a multi-omics

approach that included metabolomics, transcriptomics, and pro-

teomics to analyze differences in bile acid metabolism and the activities

of enzymes and transporters associated with bile acid homeostasis and

elucidate the mechanism, so as to provide insights into improved safety

assessment of oral administration of Rosiglitazone.

2. Materials and methods

2.1. Chemicals and reagents

Rosiglitazone sodium tablets were purchased from the Taiji
group Sichuan Taiji Pharmaceutical Co., Ltd. Acetonitrile
(Tedia, USA). Formic acid (Sigma-Aldrich, USA) were high-

performance liquid chromatography grade and ammonium
acetate (Fischer Scientific, USA) was liquid chromatography-
mass spectrometry (LC-MS) grade. All other reagents were

at least analytical grade and obtained from the Chengdu
Kelong chemical reagent factory (Chengdu, China). Water
was purified using a Milli-Q water purification system (Milli-

pore, USA). Biochemical kits for total cholesterol (TC,
A111-1), low-density lipoprotein (LDL, A113-1), and alanine
aminotransferase (ALT, C009-2) were purchased from the
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Blood glucose test strips were procured from Roche (Shanghai,
China).
2.2. Animals

Eight-week-old male C57BL/6 mice (23–25 g) were obtained
from the Beijing Huafukang Biotechnology Co., Ltd. (Beijing,
China; certification no. SCXK 2014–0004). The mice were

maintained individually in a 12-h light/dark cycle (07:00–
19:00) environment controlled at 22 �C ± 2 �C and 55% ±
5% humidity. Animal procedures strictly followed the State
Committee of Science and Technology of the People’s Repub-

lic of China Order No. 2 on November 14, 1988 (revised 2011)
and were approved by the Animal Experimentation Ethics
Committee of Zunyi Medical University. The study was con-

ducted in accordance with ARRIVE guidelines (https://ar-
riveguidelines.org).

2.3. Treatment

After one week of acclimation, the mice were randomly
divided into five groups (n = 5), including two normal diet

(ND) groups, two high-fat diet (HFD) groups, and the RL
(RL) group. Once the pathological model was determined to
be successful in the pair of ND and HFD groups until the
16th week, RL treatment (RL, 1.2 mg/Kg, i.g., qd) was initi-

ated. In the ND and HFD groups, an equivalent volume of
0.1% CMC-Na was administered. At the end of the 38th week,
the mice were anesthetized with pentobarbital sodium (100 mg/

kg BW, i.p.), and blood was collected from eye orbital. After
incubating for 60 min at room temperature, blood was cen-
trifuged for 10 min at 3500 rpm to isolate the serum. A small

slice of liver was immediately fixed in 10% formaldehyde solu-
tion for histology analysis. The remainder of the liver and the
other tissues were snap-frozen in liquid nitrogen and stored at
�80 �C. Bile samples were collected from the gallbladder in

polypropylene tubes and stored at �80 �C for further analysis.

2.4. Serum biochemical factors

TC, low-density lipoprotein cholesterol (LDL-C), aspartate
aminotransferase (Vargas-Gastélum et al., 2015), and ALT
were analyzed using commercial enzymatic colorimetric kits

according to the manufacturer’s instructions (Nanjing Jian-
cheng Bioengineering Institute, China). Blood glucose levels
were determined using glucose test strips (Roche, China).

2.5. Histopathology analysis

The liver samples were fixed in 10% formalin solution for
24 h, dehydrated with alcohol, and placed in xylene. The

fixed liver samples were embedded in paraffin and cut into
6–8 lm thick sections using a microtome. Liver tissue sec-
tions were stained using hematoxylin and eosin for micro-

scopic examination.

2.6. Bile acid metabolic profiling analysis

2.6.1. Liver metabolic sample preparation

Liver tissues (100 mg) were homogenized in 300 ll ice-cold ace-

tonitrile. The homogenates were centrifuged at 14,300 rpm at
4 �C for 15 min. The supernatant (250 ll) was dried under

https://arriveguidelines.org
https://arriveguidelines.org
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nitrogen gas flow. The residue was then reconstituted in 100 ll
of 50% methanol/water. After centrifugation at 14,300 rpm for
10 min at 4 �C, the supernatant was transferred to a new vial

for analysis.

2.6.2. Bile metabolic samples preparation

The bile sample (1 ll) was diluted with 100 ll of 66% acetoni-

trile/water. The mixtures were centrifuged at 14,300 rpm for
15 min at 4 �C. The supernatant (95 ll) was dried under nitro-
gen gas flow. The residue was reconstituted in 100 ll of 50%
methanol/water. After centrifugation at 14,300 rpm for
10 min at 4 �C, the supernatant was transferred to a new vial
for analysis.

2.6.3. Serum metabolic sample preparation

The serum sample (100 ll) was diluted with 200 ll acetonitrile.
The mixtures were centrifuged at 14,300 rpm for 15 min at

4 �C. The supernatant (250 ll) was dried under nitrogen gas
flow. The residue was then reconstituted in 100 ll of 50%
methanol/water. After centrifugation at 14,300 rpm for

10 min at 4 �C, the supernatant was transferred to a new vial
for analysis.

2.6.4. QC samples preparation and systematic stability analysis

The QC sample preparation method was described previ-
ously (Xi et al., 2013). The liver samples were prepared by
combining equal aliquots (5 ll) of individual liver samples.

QC samples of serum and bile were prepared in the same
manner. Then, the three QC samples were processed by
the same method as the analytical samples to monitor the
stability of the UPLC-MS platform. During the process of

bile acid profiling, one QC sample was inserted at an inter-
val of every 10 samples in the analysis sequence for quality
control. The systematic stability was evaluated by monitor-

ing the reproducibility of QC samples to ensure the reliabil-
ity of the collected data.

2.6.5. Bile acid mixed standard sample preparation

Fourteen bile acid standards were dissolved and diluted in
50% methanol/water to obtain individual stock solutions with
concentrations of 1 mg/ml. The 14 stock solutions were then

further diluted to create a mixed standard solution with final
concentrations of 70 ng/ml.

2.6.6. Bile acid profiling data acquisition

Quantification of bile acids was performed using the Agilent
6420 Triple Quad UPLC-MS/MS system (Agilent, Santa
Clara, CA). A CQUITY UPLC BEH C18 (100 � 2.1 mm,

1.7 lm) column was used for chromatographic separation.
The mobile phase comprised acetonitrile and ammonium
acetate in an aqueous solution as previously described

(Zhang and Klaassen 2010, He et al., 2017). The flow rate
was set at 0.3 ml/min. The column temperature was set at
45 �C, and the injection volume of all samples was 10 ll.
For MS detection, the electrospray ionization (Hassan and

Mathesius, 2012) ion source was run in the negative ion
mode to scan the MS/MS spectra and the parameters were
set as follows: spray voltage: 3.5 kV, capillary temperature:

326 �C, gas flow: 12 l/min, and nebulizer: 55 psi. The mass
analyzer was set as the SIM mode.
2.7. RNA preparation and sequencing

2.7.1. Total RNA extraction

Liver tissues (20 mg) were homogenized in 1 ml of ice-cold Tri-

zol reagent. The homogenates were incubated for 5 min at
room temperature and then 200 ll of chloroform was added.
The mixtures were incubated for 10 min at room temperature
and then centrifuged at 14,300 rpm for 15 min at 4 �C. The
supernatant was mixed with 500 ll of isopropanol to precipi-
tate RNA. After centrifugation, as mentioned above, the resi-
due was washed with 1 ml of 75% ethanol/diethyl

pyrocarbonate (DEPC) water and dissolved in 30 ll DEPC
water after evaporating the ethanol. 2 ll RNA were taken
and the RNA concentration and OD260/OD280 values were

measured by ultra-micro spectrophotometer.

2.7.2. RNA sequencing

RNA sequencing was performed on the BGISEQ-500 sequenc-

ing platform (Beijing Genomics Institute, BGI, China, https://
https://www.genomics.org.cn). The RNA concentration, pur-
ity and RNA integrity number (Rodrı́guez-Ortigosa et al.,)

were first measured by Agilent 2100 Bioanalyzer, and 2 lg of
RNA with RIN � 7 and 28S/18S � 1.0 were taken for pre-
sequencing library building. After library construction, the
samples were sequenced using the BGISEQ-500RS RNA-Seq

sequencing platform. The sequenced data were compared
and annotated using the GRCm38/mm10 mouse genome,
and the FPKM values were used as quantitative units to out-

put the expression matrix.

2.8. Proteomic profiling analysis

2.8.1. Protein extraction

Small pieces of frozen liver tissues (50 mg) were homogenized

in liquid nitrogen. The frozen liver tissue powder was trans-
ferred to 200 ml of lysis buffer containing 1.0% Triton X-
100 and 1.0% proteinase inhibitor. After sonication, the pro-
tein extracts were centrifuged at 12,000 � g for 10 min and

the supernatant was collected and stored at �80 �C. The pro-
tein content of the extracts was determined using a BCA pro-
tein assay kit.

The protein was purified by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Trapped proteins
were digested overnight with trypsin. Peptides were eluted,

desalted, and centrifuged at 14,000 � g for 15 min, and the
supernatant was collected for LC-MS/MS analysis.

2.8.2. Proteomic profiling data acquisition

Peptides were analyzed using a Nano Elute LC separation sys-
tem coupled with a tims TOF Pro mass spectrometer (Bluker,
Germany). A Reprosil-Pur C18-AQ (150 mm � 75 lm, 5 lm)

column was employed for the chromatographic separation.
Mobile phase A comprised 0.1% formic acid aqueous solution
and mobile phase B comprised 0.1% formic acid acetonitrile
solution. The flow rate was set at 450 nl/min. The elution gra-

dient program was as follows: 0–70 min, 6% B to 24% B lin-
early; 70–84 min, 24% B to 35% B; 84–87 min, 35% B to 80%
B; and 87–90 min, 80% B. The injection volume was 10 ll. The
MS survey spectra were set at an m/z range of 100–1700. The
15 topmost abundant ions were selected for subsequent frag-

https://www.genomics.org.cn
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mentation of precursor peptides, and MS/MS spectra were
obtained. Precursor ions selected in a 5 m/z isolation mass win-
dow were fragmented. The dynamic exclusion time was set as

30 sec.

2.9. Real-time quantitative polymerase chain reaction (PCR)
validation

2.9.1. Isolation and culture of mice primary hepatocytes

Hepatocytes were isolated from male C57BL/6 mice using a
two-step perfusion method according to a previous study
(Yu et al., 2016). Primary hepatocytes were cultured in Wil-

liam’s E-type medium containing 100 U penicillin/strepto-
mycin, 10% fetal bovine serum, 1 � glutamine, and
1 � insulin-transferrin-selenium-sodium pyruvate solution
and incubated for 4 h. The hepatocytes were placed into fresh

William’s E-type medium and incubated for 12 h.

2.9.2. Real-time quantitative PCR analysis

Total RNA was extracted using the RNAiso Plus reagent

(Takara Bio, Japan) and reverse transcribed to cDNA using
the Prime-Script RT-PCR kit (Takara Bio, Japan). Real-time
quantitative PCR was performed on a BIO-RAD iQ Real-

Time PCR System (Bio-Rad Laboratories, USA) with an
iTaqTM Universal SYBR Green Supermix (Bio-Rad Laborato-
ries, USA). The expression of glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was used for normalization. The
primer sequences are listed in Table S1.

2.9.3. Drug silencing experiments

Primary hepatocytes were seeded into 6-well plates at a density
of 5 � 105 cells per well. After 24 h, RL (6.25, 12.5, and
25.0 lM) or saline was added to the cell culture medium and
Fig. 1 Serum biochemical factors (a, b) and liver histopathology (c) af

Data are expressed as the mean ± SEM (n = 5). *P < 0.05.
incubated for 24 h. Cells were then collected for qPCR
analysis.

2.10. Statistical analysis

Statistical analyses were performed using SPSS Statistics 18.0
(IBM, Chicago, USA). Statistical differences between groups

were determined using a one-way analysis of variance. Values
are expressed as means ± SEMs. Differences were considered
statistically significant at p < 0.05.

3. Results

3.1. RL-induced liver injury in mice

After treatment with RL for 22 weeks, glucose, TC, LDL-C,

and AST values significantly decreased to a normal level than
those of the HFD group; however, the ALT levels markedly
increased (Fig. 1a, b). The liver pathology exhibited no
improvement in fat accumulation compared with the HFD

group (Fig. 1c). Instead, hepatocyte necrosis was observed.
These results indicate that RL inhibited blood glucose and
simultaneously aggravated liver injury.

3.2. RL altered bile acid profile in mice

Bile acids are cholesterol metabolites that play an important

role as potential mediators of liver injury. Therefore, to clarify
the relationship between the bile acid profile and RL-induced
hepatocyte injury, 14 bile acids in the liver, bile, and serum

were measured using UPLC-MS. The QC sample results col-
lected by UPLC-MS were subjected to Principal Component
Analysis (PCA) by analyzing 13 QC samples. The results of
ter Rosiglitazone (RL) administration (1.2 mg/Kg, i.g., qd) in mice.
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each sample for the first principal component indicated that
the deviations were within 2 SD and suggested that the estab-
lished UPLC-MS analytical method was stable. For the overall

bile acid profiling, PCA demonstrated a metabolic distinction
between the three groups. In the liver, ND, HFD, and RL were
clearly distributed in different regions of the PCA score plot.

The PCA loading plot showed that DCA plays an important
role in the RL group and was distinguished from other groups
(Fig. 2a). In the bile and serum, taurocholic acid (TCA) was

the critical parameter in the RL group (Fig. 2b, c).
Next, the composition of bile acids in the liver, bile, and

serum was analyzed. The results showed that the level of
DCA in the liver was increased notably following Rosiglita-

zone administration. Conversely, the levels of the other conju-
gated or unconjugated bile acids were reduced (Fig. 3a). In the
bile, the concentration of almost all 14 bile acids were

increased in the RL group (Fig. 3b). In the serum, all detected
bile acid concentrations were in the RL group compared with
the HFD group (Fig. 3c).

3.3. Effect of RL on the mRNA expression of bile acid

metabolism-related genes in mice

In this study, 46 genes associated with bile acid metabolism
were collected by KEGG (Kyoto Encyclopedia of Genes and
Genomes; https://www.kegg.jp/ or https://www.genome.jp/
kegg/). A heatmap revealed completely different expression

levels of 46 bile acid metabolism-related genes in the three
groups (Fig. 4a). The result was also confirmed by PCA
(Fig. 4b). Based on the expression of these genes, a volcano

plot revealed how these genes were altered by RL. The hepatic
expression of 18 genes were altered. Based on the altered fold-
Fig. 2 Principal component analysis of the metabolic distinction of b

and serum bile acids; (a-2, b-2, and c-2) represent the loading plots in
change of the expression levels, four genes (Cyp7a1, Abcc4,
Cyp3a11, and Cyp46a1) were upregulated, whereas three genes
(Nr0b2, Oatp1a1, and Cyp7b1) were downregulated by two-

fold in the RL group compared with the HFD group
(Fig. 4c). The top 7 regulated genes associated with RL admin-
istration included Abcc4, Cyp7a1, Cyp46a1, and Cyp7b1,

which were regulated at a normal level, whereas the expression
of Nr0b2 and Oatp1a1 were over retracement to a lower level
(Fig. 4d).

3.4. RL altered proteomic profiles in the liver of mice

Proteomic profiling of mouse liver tissue was performed using

a UPLC-MS-based proteomic analysis. A total of 31 proteins
related to bile acids were identified. A PCA revealed a com-
pletely different location in score plots among the three groups
(Fig. 5a). The results indicated that the protein expression pro-

files associated with bile acids were significantly altered by RL
treatment. Furthermore, the four-quadrant diagram based on
the protein expression data indicated that the expression of

some transporters and enzymes, such as CYP3A11, ABCC3,
and ABCB11, was reversed, whereas the expression of
OATP1A4 and ABCC2 was downregulated following RL

administration (Fig. 5b).

3.5. RL regulates the expression of the Oatp1a1, Oatp1a4,
Abcc3, Abcc4, and Abcb11 genes in mouse primary hepatocytes

The effects of RL on Oatp1a1, Oatp1a4, Abcc3, Abcc4, and
Abcb11 genes expression were measured in mouse primary
hepatocytes. As shown in Fig. 6, RL dose-dependently inhib-

ited the expression of Oatp1a1 and Oatp1a4, whereas increased
ile acids. (a-1, b-1, and c-1) represent the score plots in liver, bile,

liver, bile, and serum bile acids.

https://www.kegg.jp/
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/


Fig. 3 Fold-change in liver, bile, and serum bile acids in the normal diet (ND) and Rosiglitazone (RL) groups vs. the high-fat diet (HFD)

group. (a-1, 2, and 3) represent free and conjugated bile acids in the liver of three groups of mice. (b-1, 2, and 3) represent free and

conjugated bile acids in the bile of three groups of mice. (c-1 and 2) represent free and conjugated bile acids in the serum of three groups of

mice. Data are expressed as the mean ± SEM (n = 5). *P < 0.05 vs. HFD.
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expression of Abcc3, Abcc4, and Abcb11 was observed. These

results demonstrated that RL regulates bile acid transporter
expression.

4. Discussion

RL is considered a safe alternative to Troglitazone in the
clinic. While cases of RL-induced hepatotoxicity have been
reported (Forman et al., 2000, Marcy et al., 2004), its hepato-

toxic mechanism is unknown. In this study, RL was used to
treat HFD-induced hyperglycemia in mice. The results indi-
cated that although blood glucose, TC, LDL-C were present

at normal levels after RL administration, fat accumulation in
hepatocytes was significantly increased, and symptoms of hep-
atocyte injury, such as a significant increase in ALT, were

observed. RL is a well-known peroxisome proliferator-
activated receptor c (PPARc) agonist that stimulates adipo-
cyte differentiation through PPARc activation (Kim et al.,

2014). Therefore, it is expected that fat accumulation increased
in mouse hepatocytes after RL administration. This is consis-
tent with our observations in liver tissue sections.

Previous studies have demonstrated that cholestasis may be

an important factor of TZD-associated hepatotoxicity (Snow
and Moseley 2007). Clinical case reports have described
patients with cholestatic hepatitis that developed after RL

administration (Bonkovsky et al., 2002). Cholestatic DILI
was induced by changes in the composition or concentration
of bile acids (Chatterjee and Annaert 2018). Bile acids repre-

sent a group of endogenous metabolites synthesized from
cholesterol in hepatocytes. The formation of bile acids is com-

plex and includes several reaction steps catalyzed by different
enzymes (de Aguiar Vallim et al., 2013). The synthesis of bile
acids from cholesterol is accomplished by two metabolic path-
ways: the ‘‘classical” and ‘‘alternative” pathways. The ‘‘classi-

cal” pathway yields the primary bile acids, cholic acid (CA)
and chenodeoxycholic acid (CDCA), which are catalyzed by
three enzymes: CYP7A1, CYP8B1, and CYP27A1. The ‘‘alter-

native” pathway produces CDCA and is catalyzed by
CYP27A1 and CYP7B1 (de Aguiar Vallim et al., 2013). Bile
acids are conjugated (‘‘amidated”) with the amino acids, tau-

rine and glycine, and then secreted into the bile canaliculus
via the canalicular bile salt export pump (BSEP, ABCB11)
or members of the multidrug resistance-associated protein
(MRP, ABCC) family, including ABCC2, ABCC3, and

ABCC4, followed by passage to the duodenum. In the intes-
tine, conjugated CA and CDCA are deconjugated by bacteria
by bile salt hydrolase activity and metabolized by 7-

dehydroxylation into secondary bile acids, lithocholic acid
(LCA) from CDCA and DCA from CA. More than 95% of
bile acids are reabsorbed in the ileum by apical sodium-

dependent bile acid transporter (ASBT), and through the hep-
atic sodium-dependent taurocholate co-transporting polypep-
tide (NTCP), OATP1 or OATP4 and recirculated to the liver

with portal blood in a process known as enterohepatic circula-
tion (Klaassen and Aleksunes 2010, Zhang et al., 2012a, Zhang
et al., 2012b, Wahlström et al., 2016). During cholestasis, the
enterohepatic circulation is interrupted and bile acids accumu-

late in the hepatocytes. Therefore, changes in bile acid profiles
and genes and enzymes associated with the bile acid pathway



Fig. 4 Alteration of bile acid metabolism-related genes induced by Rosiglitazone (RL) (1.2 mg/kg, i.g., qd). Heatmap analysis of bile

acid metabolism-related genes, red indicates upregulation, green indicates downregulation, and black indicates no obvious change. (b)

Principal component analysis of bile acid metabolism-related genes. (c) Volcano plot showing bile acid metabolism-related genes altered

by RL. (d) Levels of genes significantly altered by RL. Data are expressed as the mean ± SEM (n = 5). *P< 0.05 vs. high-fat diet (HFD).

Fig. 5 Alteration of bile acid metabolism-related enzymes and transporters induced by Rosiglitazone (RL) (1.2 mg/kg, i.g., qd). a

Principal component analysis of bile acid metabolism-related proteins. (b) Variation analysis of enzymes and transporters induced by high-

fat diet (HFD) and RL.
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after RL administration were determined by a multi-omics
approach, including targeted bile acid metabolomics, tran-

scriptomics, and proteomics.
In this study, one of the most apparent changes in the bile
acid profile was an increase in DCA levels in the liver of RL

group mice (Fig. 3a1). DCA produces free radicals to induce



Fig. 6 Rosiglitazone altered hepatic gene expression of transporters involved in bile acid homeostasis in mice. Data are mean ± SEM.

(n = 3). *P < 0.05 vs. control.

Fig. 7 The potential mechanisms of RL-induced hepatocyte

injury.
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oxidative stress and cell death during liver cirrhosis (Fitian

et al., 2014) and is considered the second most toxic bile acid
after LCA (Song et al., 2011). The administration of DCA
resulted in a significant increase in ALT levels in mice(Shin

et al., 2009, Li and Dawson 2019), which is consistent with
the results of this study. Hence, these results indicated that
cholestasis induced by RL is reflected by the accumulation of

a single bile acid, DCA, in the liver.
It is of interest why only DCA was accumulated in the liver

after Rosiglitazone exposure. To explore the underlying molec-
ular mechanisms, transcriptomic and proteomic approaches

were used to analyze the accumulation of DCA. At the tran-
scriptome and proteome levels, significant changes in the
expression of some genes and proteins in the liver of mice trea-

ted by RL were observed. These genes and proteins are mainly
involved in the three aspects of bile acid metabolism: synthesis
(CYP7A1, CYP7B1, SHP, CYP3A11, CYP46A1, CYP8B1,

AMACR, and AKR1D1), efflux (ABCC4, ABCC3, ABCB11,
ABCC2, and SULT2A1), and uptake (OATP1A1 and
OATP1A4). Of these bile acid synthases with altered expres-
sion, CYP7A1, CYP7B1, and SHP affect the type and concen-

tration of primary bile acids synthesized (Russell 2009,
Rodrı́guez-Ortigosa et al., 2014, Vaz and Ferdinandusse
2017). The elevated expression of Cyp7a1 and decreased

expression of Cyp7b1, as well as decreased Nr0b2 expression,
the gene encoding SHP (Rodrı́guez-Ortigosa et al., 2014), indi-
cate that the ‘‘classical” pathway of bile acid synthesis was pre-

dominant following Rosiglitazone intervention, which also
indicates that more CA is synthesized and metabolized to
DCA in the intestine. Among these efflux transporters, the

MRP family, including MRP3 (ABCC3) and MRP4 (ABCC4),
affect the excretion of excessive amounts of hepatic bile acids
into the systemic circulation during cholestatic conditions
(Trauner and Boyer 2003, Rius et al., 2006, Jia et al., 2018).

In this study, upregulation of efflux transporters, ABCC3
and ABCC4, suggest an adaptive hepatocellular protection
mechanism against cytotoxic bile acid (DCA) accumulation

(Slopianka et al., 2017). Of note, the expression of two mem-
bers of the solute carrier organic anion transporter family,

OATP1A1 and OATP1A4, was decreased after RL adminis-
tration (Fig. 4c, 5b). In mice, OATP1A1 and OATP1A4 are
predominantly expressed in the liver and transport bile acids,

such as TCA in vitro (Hagenbuch et al., 2000, Cheng et al.,
2005). Thus, OATP1A1 and OATP1A4 are believed to trans-
port bile acids in vivo from blood to the liver. However, the

loss of OATP1A1 and OATP1A4 function exacerbates chole-
static liver injury in mice, suggesting that OATP1A1 and
OATP1A4 play a unique role in cholestasis (Zhang et al.,
2011, Zhang et al., 2012a, Zhang et al., 2012b, Zhang et al.,

2013). OATP1A1 and OATP1A4 do not mediate the hepatic
uptake of DCA or TDCA, but the lack of OATP1A1 and
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OATP1A4 increase intestinal permeability and, thus, enhance
the absorption of DCA in mice (Zhang et al., 2011, Zhang
et al., 2013). Additionally, previous studies have indicated that

reduced expression of OATP1A1 may trigger the proliferation
of DCA-synthesizing enteric bacteria in the intestine (Zhang
et al., 2012a, Zhang et al., 2012b). Therefore, in this study,

the crucial factor for DCA accumulation in liver of mice
may be the downregulation of OATP1A4 induced by RL.
These results were validated to some extent in primary mouse

hepatocytes (Fig. 6). On the other hand, DCA is excreted from
the liver and almost exclusively conjugated primarily with tau-
rine in mice (Wahlström et al., 2016). Studies have indicated
that thiazolidinediones, such as troglitazone, prevent the ami-

dation of DCA, resulting in its accumulation in the liver
(Ogimura et al., 2017). Therefore, excessive amounts of DCA
absorbed into the liver may not be excreted.

Taken together, it is reasonable to conclude that the mech-
anism of RL-induced hepatocyte injury is partly due to the
downregulation of OATP1A4 stimulating intestinal permeabil-

ity to enhance DCA uptake and weakening of DCA amidation
to reduce DCA efflux, leading to DCA accumulation in hepa-
tocytes (Fig. 7).

5. Conclusion

In conclusion, Rosiglitazone can induce hepatocyte injury by inhibit-

ing OATP1A4 in mice to increase the accumulation of DCA. Although

systematic validation of these results is still necessary, they may still

provide useful information regarding the safety and potential risks of

Rosiglitazone in clinic.
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