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Abstract 

Rationale: Sunitinib is a small-molecule tyrosine kinase inhibitor associated with the side-effect of liver 
injury. The impaired cell type in liver and the hepatotoxicity mechanisms is still unclear. 
Methods: Spatial metabolomics, transmission electron microscopy, immunofluorescence co-staining, 
and isolation of bile duct cells and liver sinusoidal endothelial cells (LSECs) were used to evaluate the 
zonated hepatotoxicity of sunitinib. Farnesoid X receptor (FXR) conditional knockout mice, 
metagenomics analysis, bacteria clearance, bacterial culture, Parabacteroides distasonis and 
3-oxolithocholic acid supplementation were used to evaluate the hepatotoxicity mechanisms of sunitinib.  
Results: Phenotype analysis found that hepatic autophagy, apoptosis, and mitochondrial injury were 
observed in vivo or in vitro after sunitinib treatment. By using spatial metabolomics and isolation of bile 
duct cells and LSECs, the zonated drug toxicity was observed around the portal vein. Hepatocytes, bile 
duct cells, and LSECs were damaged after sunitinib treatment. FXR inhibition and gut microbiota 
depletion aggravated sunitinib-induced liver injury. For diurnal variation, sunitinib-induced liver injury was 
enhanced at night compared with that at day, and FXR and gut microbiota participated in circadian 
rhythmic hepatotoxicity induced by sunitinib. 
Conclusions: Our data suggested activation of FXR and Parabacteroides distasonis supplementation may 
be used to improve sunitinib-induced hepatotoxicity. 
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Introduction 
Sunitinib, a small-molecule tyrosine kinase 

inhibitor (TKI), was approved by the Food and Drug 
Administration (FDA) for the treatment of advanced 
renal cell carcinoma, and gastrointestinal stromal 
tumor in 2006. However, sunitinib was labeled as a 
black box warning by the FDA because of its severe 
and life-threatening liver injury as soon as it was put 
on the market. Liver function impairment (any 
alanine aminotransferase (ALT) elevation) was found 

in 23-40% tumor patients after sunitinib treatment [1, 
2]. Liver disorder, hepatitis, hepatic steatosis, hepatic 
failure, and hepatic cirrhosis happened after sunitinib 
treatment in clinical practice [2]. The rate of grade 1 
and grade 2 ALT elevation (ALT > 3 fold and > 3-5 
fold, respectively) is higher (39-61% frequency) in 
clinical reports [3]. Severe liver damage such as 
hepatic failure (0.3-5% frequency) was also induced 
by sunitinib in clinical reports with the increased 
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aspartate aminotransferase (AST) and ALT in the 
thousands of units [4]. The mechanism of 
sunitinib-induced hepatotoxicity is still obscure with a 
lack of effective intervention strategy. 

The gut microbiome, the second largest genome 
of the host, is reported to impact the physiological 
function of liver, heart, immune cells, and brain. 
Various probiotics, such as Parabacteroides distasonis 
(P. distasonis) [5], Bifidobacterium bifidum (B. bifidum) 
[6], Lactobacillus rhamnosus GG [7], Akkermansia 
muciniphila [8] improved alcoholic and non-alcoholic 
liver disease or hepatic fibrosis in mice. Various gut 
microbiota-related metabolites were influenced by 
erlotinib (e.g., spermidine, ornithine, butyrate, and 
trimethylamine N-oxide), sorafenib (e.g., trimethyl- 
N-oxide and trimethylamine N-oxide), sunitinib (e.g., 
bile acid, hippuric acid, hydroxyindoleacetic acid, 
indoleacrylic acid, and indolelactic acid), anlotinib 
(e.g., indole) through metabolomics analysis [9]. Gut 
microbiota also participated in the side-effect of 
various TKIs. The 16S rRNA or metagenomics 
analysis found that gut microbiota participated in 
sunitinib-, sorafenib-, regorafenib-, lenvatinib, and 
neratinib-induced diarrhea [10-14], sorafenib-induced 
hand-foot syndrome and skeletal muscle atrophy [11, 
15] in mice or clinical reports. The relationship 
between gut microbiota and hepatotoxicity induced 
by TKIs has not been reported. Studying the role of 
gut microbiota in managing sunitinib-induced 
hepatotoxicity is still a fascinating topic. 

The farnesoid X receptor (FXR) plays a vital role 
in bile acid and lipid homeostasis which has been 
recognized as an important target for drug-induced 
liver injury (DILI). FXR knockout mice aggravated 
acetaminophen (APAP)- and triptolide-induced 
hepatotoxicity and FXR agonist obeticholic acid 
(OCA) or GW4064 improved liver injury [16-18]. 
Hepatic FXR decreased bile acid synthesis in a 
feedback mechanism via small heterodimer partner 
(SHP) [19]. Activation of hepatic FXR can also induce 
the expression of bile salt export pump (BSEP) for the 
secretion of bile acids [19]. Ileum FXR regulates the 
bile acid reabsorption process through activating 
organic solute transporter (OST), fibroblast growth 
factor 15 (FGF15), and ileal bile acid binding protein 
(IBABP) [19]. FGF15 is secreted in the portal blood 
and signals to the liver to inhibit bile acid synthesis 
[19]. The hepatic and ileum FXR inhibited hepatic bile 
acid synthesis. The relationship between FXR and 
TKIs is poorly studied. 

In this study, spatial metabolomics and 
transmission electron microscopy (TEM) found that 
zonated drug toxicity induced by sunitinib was 
observed, and sunitinib impaired hepatocytes, bile 
duct cells, and liver sinusoids endothelial cells 

(LSECs) around the hepatic portal vein. Liver-specific 
Fxr-null (FxrΔL) mice aggravated sunitinib-induced 
liver injury indicating hepatic FXR-autophagy 
pathway played an important role in sunitinib- 
induced side effects. Gut microbiota depletion also 
aggravated sunitinib-induced liver injury, and P. 
distasonis and 3-oxolithocholic acid (3oxoLCA) 
improved sunitinib-induced liver injury. Finally, 
activation of FXR or P. distasonis supplementation 
may be used to improve sunitinib-induced liver 
injury. 

Methods 
Animals 

Male FXR knockout mice (C57BL/6J 
background, 6-week-old, from Dr. Frank J. Gonzalez 
laboratory in National Cancer Institute (NCI), USA) 
and their wild-type mice (FXR+/+) were previously 
described [20]. Fxrfl/fl mice were from Frank J. 
Gonzalez laboratory [21]. Male 6-week- old wide-type 
C57BL/6J mice were purchased from the 
GemPharmatech Co., Ltd. (China). Mice were 
co-housed on a 12-hour light/dark cycle with 
standard water and rodent chow ad libitum. All animal 
experiments were approved by the Institutional 
Animal Care and Use Committee of the West China 
Hospital, Sichuan University. 

To investigate the hepatotoxicity of sunitinib, 
mice were divided into three groups (n = 6): (1) 
control; (2) 75 mg/kg sunitinib; (3) 150 mg/kg 
sunitinib. Sunitinib groups were treated with 
sunitinib for 5 days (i.g., 75 and 150 mg/kg dissolved 
in physiologic saline solution) [1]. To investigate the 
time-dependent effect, 1, 3, and 5 day animal samples 
were collected after 150 mg/kg sunitinib treatment (n 
= 5). The mice were killed at 24 h after sunitinib 
treatment. 

FXR knockout mice and their wild-type mice 
(FXR+/+) were used to evaluate the effect of FXR on 
sunitinib-induced hepatotoxicity. Mice were divided 
into four groups (n = 6): (1) control; (2) sunitinib; (3) 
FXR-/- control; (4) FXR-/- sunitinib. Sunitinib and 
FXR-/- sunitinib groups were treated with 150 mg/kg 
sunitinib for 5 days. Fxrfl/fl mice, intestine-specific 
Fxr-null mice (FxrΔIE), and liver-specific Fxr-null mice 
(FxrΔL) were used to evaluate the effect of FXR on 
sunitinib-induced hepatotoxicity. Mice were divided 
into six groups (n = 6): (1) Fxrfl/fl control; (2) Fxrfl/fl 
sunitinib; (3) FxrΔL control; (4) FxrΔL sunitinib; (5) 
FxrΔIE control; (6) FxrΔIE sunitinib. Sunitinib groups 
were treated with 150 mg/kg sunitinib for 5 days. 

To determine the role of gut microbiota in 
sunitinib-induced hepatotoxicity, mice were divided 
into four groups (n = 6): (1) control; (2) sunitinib; (3) 
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antibiotics+sunitinib (A+Sun); (4) antibiotics+ 
sunitinib+microbiota transplantation (A+Sun+Recon). 
The antibiotics treatment and fecal microbiota 
transplantation (FMT) were carried out based on 
previous study [5]. Mice were treated with antibiotics 
for 7 days. FMT and 150 mg/kg sunitinib treatment 
were conducted for 5 days after antibiotics treatment. 

To evaluate the effect of 3oxoLCA in 
sunitinib-induced liver injury, mice were divided into 
four groups (n = 6): (1) control; (2) 3oxoLCA; (3) 
sunitinib; (4) 3oxoLCA+sunitinib. 3oxoLCA and 
3oxoLCA+sunitinib were treated with 3oxoLCA for 8 
days (i.g., 10 mg/kg dissolved in corn oil) [22]. After 
3oxoLCA treatment for 3 days, mice were treated with 
150 mg/kg sunitinib for 5 days. To investigate the role 
of isolithocholic acid (isoLCA) and 3oxoLCA in 
sunitinib-induced hepatotoxicity, mice were divided 
into three groups (n = 6): (1) sunitinib; (2) 
isoLCA+sunitinib; (3) 3oxoLCA+sunitinib. IsoLCA 
and 3oxoLCA groups were orally treated with isoLCA 
and 3oxoLCA for 8 days (i.g., 10 mg/kg dissolved in 
corn oil) [22]. After isoLCA and 3oxoLCA treatment 
for 3 days, mice were treated with 150 mg/kg 
sunitinib for 5 days. 

To investigate the role of P. distasonis and B. 
bifidum in sunitinib-induced hepatotoxicity, mice were 
divided into six groups (n = 6): (1) control; (2) 
sunitinib; (3) P. distasonis+sunitinib; (4) B. 
bifidum+sunitinib; (5) P. distasonis; (6) B. bifidum. Mice 
were treated with antibiotics for 7 days. The P. 
distasonis (ATCC8503) and B. bifidum (ATCC11863) 
were given for 2 weeks (i.g., 2×108 CFU dissolved in 
PBS, once a day) after antibiotics treatment. In the last 
five days, mice were treated with 150 mg/kg sunitinib 
for 5 days. P. distasonis was cultured in brain-heart 
infusion liquid medium (Huankai, China). B. bifidum 
were cultured in reinforced Clostridial liquid medium 
(Hopebio, China). 

To evaluate the role of diurnal variation in 
sunitinib-induced hepatotoxicity, mice were divided 
into four groups (n = 8): (1) control 0 h; (2) sunitinib 0 
h; (3) control 12 h; (4) sunitinib 12 h. Mice were 
gavaged with 150 mg/kg sunitinib at 0 h (8:00 AM 
when the light is on-start of resting period) or 12 h 
(8:00 PM when the light is off-start of active period) 
for 5 days. To investigate FXR in the hepatotoxicity of 
diurnal variation, mice were randomly assigned into 
four groups (n = 5): (1) FXR-/- control 0 h; (2) FXR-/- 
sunitinib 0 h; (3) FXR-/- control 12 h; (4) FXR-/- 
sunitinib 12 h. FXR knockout mice were gavaged with 
150 mg/kg sunitinib at 0 h (8:00 AM) or 12 h (8:00 PM) 
for 5 days. To investigate gut microbiota in the 
hepatotoxicity of diurnal variation, mice were divided 
into 4 group (n = 6): (1) control 0 h; (2) A+Sun 0 h; (3) 
control 12 h; (4) A+Sun 12 h. Mice were treated with 

antibiotics for 7 days. 150 mg/kg sunitinib treatment 
were conducted for 5 days at 0 h or 12 h after 
antibiotics treatment.  

Metagenomic analysis of microbiome data 
Microbial genomic DNA was obtained using the 

Stool Genomic DNA kit (TIANGEN, China). Analysis 
was performed by the Beijing Genomics Institute 
(Shenzhen, China) with DNBSEQ platform. Copies of 
gut microbiota in cecum content were quantified by 
qPCR. 

Bacterial culture, growth curve and biofilm 
assay 

P. distasonis (ATCC8503) and B. bifidum 
(ATCC11863) were obtained from American Type 
Culture Collection (ATCC) and cultured in anaerobic 
incubation system. P. distasonis was cultured in 
brain-heart infusion liquid medium (Huankai, China) 
and columbia blood agar base solid medium 
(Hopebio, China) with 5% sleep blood (Hopebio, 
China) for 48 h. B. bifidum were cultured in reinforced 
Clostridial liquid medium (Hopebio, China) and 
columbia blood agar base solid medium (Hopebio, 
China) with 5% sleep blood (Hopebio, China) for 48 h. 
Gram stain (BKMAN, China) was measured based on 
the manufacturer’s instructions. 

To evaluate the effect of sunitinib on the growth 
of P. distasonis and B. bifidum, 2% (v/v) medium 
containing P. distasonis (7.2×104 CFU/μl) or B. bifidum 
(4×107 CFU/μl) was added to medium containing 
sunitinib (0.44 μM-1.4 mM based on the maximum 
solubility and drug concentration in animal 
experiment) for 48 h. Absorbance value of growth 
curve was measured at 600 nm [5]. Crystal violet was 
used to evaluate biofilm formation, and absorbance 
value of biofilm assay was measured at 590 nm [5]. To 
determine that P. distasonis and B. bifidum had 3α 
hydroxysteroid dehydrogenase (3αHSDH) and 
3βHSDH activity in vitro, lithocholic acid (LCA, 75 
μM) or 3oxoLCA (75 μM) was added into the medium 
including 2% P. distasonis or B. bifidum for 48 h. LCA, 
isoLCA, and 3oxoLCA levels were evaluated by 
liquid chromatography-mass spectrometry (LC-MS) 
[23]. 

UHPLC-Q Exactive plus MS analysis 
Serum, liver, cecum content, duodenum, 

jejunum, and ileum samples were prepared based on 
previous study [5]. The liquid chromatography 
system was a Thermo Fisher Vanquish Flex System 
combined with a T3 column (ACQUITY UPLC HSS, 
100×2.1 mm, 1.8 μm, Waters, USA). The mobile phase 
was acetonitrile and H2O containing 0.1% formic acid, 
respectively. The flow rate was 0.3 ml/min. The 
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eluent gradient was from 2% to 98% acetonitrile in a 
17 min run. The Mass spectrum system was Thermo 
Fisher Vanquish UHPLC-Q Exactive plus MS. The 
parameters were set as follows: sheath gas and aux 
gas were 40 arb and 5 arb, respectively; spray voltage 
was 3.5 kV; capillary temperature and auxiliary gas 
heater temperature were 350 °C and 220 °C, 
respectively. Principal component analysis (PCA) was 
analyzed using SIMCAP 13.0 (Umetrics, Kinnelon, 
NJ). The chemical structures of the metabolites were 
searched in HMDB database and identified by 
MS/MS fragmentation in Table S2-S4.  

QPCR, western blot, immunohistochemical 
and immunofluorescence analysis 

Primer sequence was shown in Table S5. The 
following antibodies were used: platelet endothelial 
cell adhesion molecule 1 (CD31, ab7388, Abcam, UK), 
CD31 (ab24590, Abcam, UK), cytokeratin 19 (CK19, 
ab254186, Abcam, UK), microtubule- associated 
protein light chain 3B (LC3B, ab192890, Abcam, UK), 
zonula occludens-1 (ZO-1, ab96587, Abcam, UK), FXR 
(NB400-153, Novus), FXR (sc-25309, Santa Cruz 
Biotechnology, USA), BSEP (PB0379, BOSTER), 
sequestonsome1 (SQSTM1/P62, ab109012, Abcam, 
UK), Caspase3 (ab184787, Abcam, UK). Sunitinib 
antofluorescence showed strong fluorescence with a 
maximum at 540 nm [24].  

Biochemical and histological assay 
AST, ALT, alkaline phosphatase (ALP), diamine 

oxidase (DAO), malonaldehyde (MDA), total bile acid 
(TBA), total cholesterol (TC), total triglycerides (TG) 
(Nanjing Jiancheng Bioengineering Institute, China), 
cell autophagy detection assay kit (Solarbio, China), 
terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL, Beyotime, China), mitochondrial 
membrane potential (Beytime, China), and 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide (MTT, Solarbio, China) were measured 
following the manufacturer’s instructions. Evans blue 
(3 mg/ml in phosphate buffer saline, Ruitaibio, 
China) was intravenously injected into mice based on 
previous study [25]. After 2 h, the tissues of mice 
including duodenum, jejunum, ileum, cecum content, 
colon, and liver were collected. Alcian blue (Leagene, 
China), H&E, and Oil red O staining were carried out. 

Laser speckle contrast imaging 
RFLSI-ZW Laser Speckle Contrast Imaging 

System (RWD Life Science, China) was used to 
continuously record the intensity of microcirculatory 
blood flow in liver and intestinal tract (ileum, cecum, 
and colon) [26, 27]. Mice (n = 3) were used to evaluate 
the effect of 150 mg/kg sunitinib (5 days) on blood 

flow. 

Clinical and RNA-Seq data from database 
Clinical feces LC-MS data and RNA-Seq data 

were obtained from database in previous studies [5, 
28]. To evaluate the isoLCA and 3oxoLCA levels in 
the feces of liver injury patient, clinical feces LC-MS 
data in MetaboLights database (MTBLS6742) was 
re-analysis. The clinical feces samples of severe 
hepatic fibrosis patient (n = 17) and healthy people (n 
= 10) were included in MetaboLights database 
(MTBLS6742). The patient characteristics in 
MetaboLights database could be observed in our 
previous study [5]. The study protocol was approved 
by the Conjoint Health Research Ethics Board of West 
China Hospital (ChiCTR2200067222). To evaluate the 
relationship between autophagy and FXR, RNA-Seq 
data from wild type and FXR knockout mice in Gene 
Expression Omnibus database (GSE216375) was 
re-analysis. 

Isolation of primary hepatocytes, bile duct 
cells, and liver sinusoidal endothelial cells 

Primary hepatocytes were obtained from mouse 
liver tissue by two-step collagenase perfusion (hanks 
and 2 g/l collagenase IV, 10 min). Primary hepatocyte 
was cultured in William's Medium E (Gibco, USA) 
containing 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin. Bile duct cells were obtained 
from mouse liver tissue by two-step collagenase 
perfusion (3 g/l collagenase IV, 10 min) [29, 30]. Bile 
duct was removed, washed with medium and 
digested with 20 U/ml DNase I and 0.5 g/l 
collagenase IV for 40 min in cell incubator. Bile duct 
cells were cultured in DMEM/F12 medium 
containing 20% FBS, 10 ng/ml epidermal growth 
factor (EGF, GenScript, China), and 1% 
penicillin/streptomycin. Bile duct cells were 
identified with CK19 antibody. LSECs were obtained 
based on previous study [31]. LSECs were isolated by 
collagenase perfusion (2 g/l collagenase IV, 10 min), 
percoll gradient isopycnic centrifugation (25% and 
50% percoll), and selective adherence based on 
adhesion time. Through selective adherence, Kupffer 
cells were isolated from LSECs. LSECs were cultured 
in DMEM containing 15% FBS, 10 ng/ml endothelial 
cell growth factor (ECGF, macgene, China), and 1% 
penicillin/streptomycin. Primary hepatocytes were 
harvested 24 h after incubation with sunitinib (2.5-40 
μM) [32], 3-methyladenine (3-MA, 0.0097-2.5 mM) [33, 
34], NH4Cl (0.0097-2.5 mM) [33], isoLCA (6.25 μM), 
and 3oxoLCA (6.25 μM) [23]. Primary bile duct cells 
were harvested 24 h after incubation with sunitinib 
(10, 20, and 40 μM). Primary LSECs were harvested 24 
h after incubation with 10, 20, and 40 μM sunitinib. 
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Cell culture and treatment 
HepG2 cells (ATCCHB-8065) were maintained in 

DMEM containing 10% FBS and 1% penicillin/ 
streptomycin. HepG2 cells were exposed with 10, 20, 
and 40 μM sunitinib for 24 h. Human umbilical vein 
endothelial cells (HUVECs) were maintained in 
endothelial cell medium (Shanghai Zhong Qiao Xin 
Zhou Biotechnology Co., Ltd, China) containing 
ECGF, 5% FBS, and 1% penicillin/streptomycin. 
HUVECs were exposed with 10, 20, and 40 μM 
sunitinib for 24 h. 

Transmission electron microscopy (TEM) 
Mice liver after 150 mg/kg sunitinib treatment (5 

days) was fixed in phosphate buffer (0.1 M, 1% 
osmium tetroxide and 3% glutaraldehyde). The liver 
was dehydrated in series acetone after rinsing in 
water. Then the liver was embedded in SPI-Pon812. 
Ultrathin sections were attached to copper grids. 
Sections were strained with methylene blue. Ultrathin 
sections were cut with diamond knife, stained with 
uranyl acetate and lead citrate. TEM was observed 
using a JEOL transmission electron microscope 
(JEM-1400-FLASH). 

Luciferase assays 
The plasmids renilla-luciferase, FXR, tk-EcRE- 

luciferase were transfected into HepG2 cells using 
Lipofectamine 2000 (Invitrogen, Grand Island, NY) 
[5]. HepG2 cells were treated with chenodeoxycholic 
acid (CDCA, a FXR agonist, 50 μM), isoLCA (50 μM), 
and 3oxoLCA (50 μM) for 24 h. Luciferase activities 
were measured with multimode plate reader 
(EnVision 2105, Perkin Elmer, USA). 

Spatial metabolomics study 
The frozen liver tissue was cut to a 10 μm 

thickness and dried. Mass spectrometry imaging 
(MSI) experiments were performed using an air 
flow-assisted desorption electrospray ionization 
(AFADESI) platform coupled to a Q-Orbitrap mass 
spectrometer (Q Exactive, Thermo Scientific, 
Waltham, Mass). The mass spectrometry data was 
analyzed by Massimager Pro (Version 1.0, Beijing, 
China) [35]. MSI has been used to identify various 
endogenous metabolites (e.g., bile acids taurocholic 
acid (TCA), sulfolithocholylglycine, and 
taurodeoxycholic acid (TDCA)) and xenobiotic 
metabolites (e.g., olanzapine) [36-38]. 

Molecular docking 
Schrödinger 2021, Maestro version 12.8 

(Schrödinger LLC, New York, USA), was used for 
molecular docking to elucidate the affinities between 
CDCA (FXR agonist), isoLCA, 3oxoLCA and FXR. The 

crystal structure of FXR (PDB ID: 6HL1) was obtained 
from the protein data bank. Three-dimensional 
structure of compound was obtained from Pubchem 
(isoLCA CID164853, 3oxoLCA CID5283906, and 
CDCA CID10133). 

Statistics 
MetaboAnalyst 4.0 was used to evaluate 

pathway enrichment. Data analyses were performed 
with GraphPad Prism 8 (GraphPad, USA), ImageGP 
(a data visualization web), and OriginPro 9.0 (Origin-
Lab, USA). Differences among multiple groups were 
tested with one-way ANOVA followed by Dunnett’s 
post hos comparisons. Differences between two 
groups were tested with the Student’s t-test. 

Results 
Sunitinib caused autophagy, apoptosis and 
mitochondrial dysfunction in vivo or in vitro 

Drug concentration was positively correlated 
with degree of injury. The yellow sunitinib has been 
observed in skin (37%) in clinical reports [39]. Drug 
distribution showed sunitinib was accumulated 
around hepatic portal vein in mice after giving 150 
mg/kg sunitinib for 5 days (Figure 1A). Sunitinib 
induced liver injury as revealed by bleeding and 
nuclear shrinkage in mouse liver (Figure 1A), 
decreased hepatic lipid accumulation (Figure 1A), 
increased serum AST, ALT, and ALP enzyme 
activities (Figure 1B), decreased tight junction gene 
expression (ZO-1 and occludin) in liver (Figure 1C), 
increased TC in serum and liver (Figure 1D-E), 
decreased body weight, and increased hepatic MDA 
level (Figure S1A-B). Sunitinib-induced liver injury 
was dose-dependent and time-dependent (Figure 1B 
and Figure S2A-B). Sunitinib also decreased cell 
viability and increased AST and ALT levels in mouse 
primary hepatocytes and HepG2 cells (Figure S1C-D). 
These results showed that sunitinib induced 
hepatotoxicity in vivo and in vitro. 

Sunitinib-induced autophagy was observed in 
mouse liver and in mouse primary hepatocytes. 
Autophagy gene expression was increased in mouse 
liver (Sqstm1 and cathepsin D (Ctsd)) and in mouse 
primary hepatocytes (Sqstm1, Ctsd, and microtubule 
associated protein 1 light chain 3 beta (MapLC3b)) 
after sunitinib treatment (Figure 1F, H). Immuno-
fluorescence staining showed that LC3B protein 
(marker of autophagy) was increased in hepatocytes, 
bile duct cells, and LSECs of mouse liver (Figure 1L), 
and sunitinib also decreased CK19 (marker of bile 
duct cells) and CD31 (marker of LSECs) fluorescence 
partially (Figure 1L). Autolysosome and 
autophagosome were also revealed by TEM in mouse 
hepatocytes (Figure 2A). Autophagy was co-localized 
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with the sunitinib autofluorescence in 10 and 20 μM 
sunitinib-treated primary hepatocytes (Figure 1M), 
which was consistent with APAP-induced 

hepatotoxicity through co-locating APAP and 
autophagy [40]. Sunitinib antofluorescence in cells has 
been observed in previous studies [41, 42]. 

 

 
Figure 1. Sunitinib caused autophagy, apoptosis, and mitochondrial dysfunction. (A) H&E staining, Oil red O staining, and drug distribution in mouse liver. Red arrow: bleeding; 
Black arrow: nuclear shrinkage. (B) Serum AST, ALT, and ALP enzyme activities. (C) Tight junction gene expression in mouse liver. (D) TC and TG levels in mouse serum. (E) 
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TC and TG levels in mouse liver. (F-G) Autophagy (left, F) and apoptosis (right, G) gene expression in mouse liver. (H-I) Autophagy (left, H) and apoptosis (right, I) gene 
expression in mouse primary hepatocytes. (J-K) Cl-caspase-3 protein expression in mouse liver (J) and in mouse primary hepatocytes (K). Cl-Caspase-3 was the active form of 
the protein. (L) Co-staining CD31 (marker of LSECs), CK19 (marker of bile duct cells), and LC3B protein level in mouse liver. BD: bile duct; PV: portal vein. (M) Co-localization 
of sunitinb and LC3B protein in mouse primary hepatocytes. Sunitinib antofluorescence showed strong fluorescence with a maximum at 540 nm. (N-O) Mitochondrial 
respiratory chain gene expression in mouse liver (N) and mouse primary hepatocytes (O). (P) JC-1 staining of HepG2 cells after 10 μM sunitinib treatment for 24 h. Yellow 
fluorescence represented JC-1 aggregates in healthy mitochondria, while green fluorescence represented mitochondrial membrane potential collapse. *P < 0.05, **P < 0.01, ***P 
< 0.001. 

 
Sunitinib-induced apoptosis was observed in 

mice liver and in vitro (Figure 1G, I-K and Figure 
S1F-G). The increased Caspase3 and the decreased 
B-cell lymphoma-2 (Bcl2) gene expression and the 
increased Cl-Caspase-3 protein level showed 
apoptosis happened in mouse liver (Figure 1G, J), 
which was consistent with regorafenib-induced 
hepatotoxicity [43]. Apoptosis was also observed in 
mouse primary hepatocyte after sunitinib treatment 
(Figure 1I, K and Figure S1F-G). Nuclear shrinkage 
was also observed by TEM in mouse hepatocytes 
apart from H&E staining (Figure 1A and Figure 2A). 

Sunitinib-induced mitochondrial injury was 
observed in mouse primary hepatocytes and HepG2 
cells. Changed mitochondrial respiratory chain gene 
expression and JC-1 staining revealed that sunitinib 
induced mitochondrial injury in mouse primary 
hepatocytes and HepG2 cells (Figure 1O-P). But 
mitochondrial respiratory chain gene expression was 
unchanged in mouse liver (Figure 1N). Furthermore, 
inflammatory factor, pyroptosis, ferroptosis, and 
fibrosis were not affected by sunitinib in mouse liver 
(Figure S1H). 

Sunitinib was accumulated in mouse ileum 
compared with duodenum, jejunum, and colon 
(Figure S3A). Sunitinib induced weak intestinal injury 
as revealed by the increased serum DAO activity (an 
indicator of the intestinal mechanical barrier damage) 
and the decreased Cd31 and lymphatic vessel 
endothelial hyaluronan receptor 1 (Lyve1) gene 
expressions (indicator of vascular damage) in mouse 
ileum (Figure S3B-C). Vascular leakage was examined 
by Evans blue staining (Figure S3D-F). Leakage of 
Evans blue was observed into the intestine and liver 
tissues (Figure S3D-F). Goblet cells, secreting mucus, 
are important for maintaining the mucosal barrier. 
Alcian blue staining showed that sunitinib decreased 
ileum goblet cells (Figure S3G). These results showed 
that sunitinib induced weak intestinal injury. 

Sunitinib impaired LSECs and bile duct cells in 
vivo and in vitro 

The accumulation of the yellow drug sunitinib in 
vitro has been observed in previous study [42]. Drug 
distribution of sunitinib in vivo was also observed, and 
sunitinib was scattered around LSECs and bile duct in 
mouse liver (Figure 1A). The yellow color of sunitinib 
observed in vitro and in vivo come from its strong 
light-absorption (340 nm-480 nm) and fluorescence 

emission (540 nm) [24]. At the same time, bleeding 
was observed through H&E staining implying the 
impaired LSECs (Figure 1A). Therefore, we concluded 
that LSECs and bile duct in mouse liver were injured. 

Sunitinib induced LSEC injury in mouse liver. 
TEM imaging analysis showed that, compared with 
controls, there are less fenestrae among LSECs in the 
liver of mice treated with sunitinib (Figure 2C, arrow). 
Co-staining of CD31 (marker of LSECs) and ZO-1 in 
mouse liver showed that tight junction of LSECs was 
decreased after sunitinib treatment (Figure 2D and 
Figure S4B). TUNEL staining showed that apoptosis 
happened around the LSECs in mouse liver (Figure 
2D). Intercellular adhesion molecule (Icam) and 
plasminogen-activated inhibitor-1 (Pai1) gene 
expressions were increased and Cd31 and Lyve1 gene 
expressions were decreased in mouse liver also 
indicating the impaired LSECs (Figure 2E). 
Furthermore, hepatic platelet aggregation gene 
expressions (thromboxane A2 receptor (Tbxa2r) and 
thromboxane-A synthase 1 (Tbxas1)) and coagulation 
factor III gene expressions were decreased indicating 
coagulation system was inhibited by sunitinib (Figure 
2F-G). Sunitinib also decreased cell viability, 
increased autophagy (Sqstm1), and changed vascular 
injury gene expression (Icam and Cd31) in mouse 
primary LSECs (Figure S5A-C) and HUVECs (Figure 
S5D-F). Laser speckle contrast imaging showed that 
the blood flow volume was not affected by sunitinib 
in mouse liver, and sunitinib increased blood flow 
volume in mouse ileum (Figure S5H) which might be 
consistent with the side effect (hypertension) of 
sunitinib in clinical reports [44]. All this result showed 
that sunitinib induced LSEC injury and impaired 
coagulation system and blood circulation system 
partially. 

Sunitinib also induced bile duct cell injury in 
mouse liver. Results of TEM analysis showed that the 
intercellular space of bile duct cells was increased due 
to the loosed tight junction in the sunitinib group 
(Figure 2B). Co-staining of CK19 (marker of bile duct 
cells) and ZO-1 in mouse liver also showed that the 
tight junction of bile duct cells was weakly decreased 
(Figure 2D and Figure S4A). TUNEL staining showed 
that apoptosis happened around the bile duct cells in 
mouse liver (Figure 2D). CK19 gene expression was 
unchanged (Figure 2H). Serum and hepatic bile acids 
were increased and cecum content bile acids were 
decreased implying cholestasis (Figure 2I). Mouse 
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primary bile duct cells were separated and identified 
by CK19 (Figure S5G). Sunitinib decreased cell 
viability, increased ALP level in supernatant, induced 
autophagy (Sqstm1 gene expression), and decreased 

tight junction in primary bile duct cells (Figure 2J-M). 
All these results showed that sunitinib impaired bile 
duct cells. 

 

 
Figure 2. Sunitinib induced mouse bile duct cell and LSEC injury. (A) TEM analysis of hepatocyte toxicity. Autophagosome and autolysosome were labeled in sunitinib group. (B) 
TEM analysis of bile duct cell toxicity. Intercellular space was increased in sunitinib group (red arrow). (C) TEM analysis of LSEC toxicity. LSECs from sunitinib group showed a 
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loss of fenestrae in comparison with healthy mice (arrow). (D) Co-staining of CK19 (marker of bile duct cells) and ZO-1 (up), CD31 (marker of LSECs) and ZO-1 (middle) in 
mouse liver. BD: bile duct; PV: portal vein. TUNEL staining (down) in mouse liver. (E) Vascular injury gene expression in mouse liver. (F) Platelet aggregation gene expression in 
mouse liver. (G) Coagulation factor gene expression in mouse liver. (H) CK19 gene expression, marker of bile duct cells, in mouse liver. (I) Serum, cecum content, liver, 
duodenum, jejunum, ileum bile acid levels after sunitinib treatment. (J-M) Cell viability (J), ALP level (K), autophagy gene expression (L), and tight junction gene expression (M) 
in primary bile duct cells. *P < 0.05, **P < 0.01, ***P < 0.001. 

 
Spatial metabolomics analysis presented the 

region-specific distribution for various metabolites, 
and this was consistent with the impaired LSECs and 
bile duct (Figure 3). Sunitinib and its xenobiotic 
metabolites (sunitinib+O, sunitinib+H2, sunitinib- 
C2H4+O, sunitinib-C2H4) showed region-specific 
distribution (Figure 3A). The spatial metabolomics 
analysis found that various endogenous metabolites 
were changed including bile acid (glycocholic acid 
3-sulfate and TCA), lipid (docosahexaenoic acid, 
linoleic acid, lysophosphatidylethanolamine18:2 
(LPE18:2), lysophosphatidyl-choline18:2 (LPC18:2), 
LPC16:0, LPC18:3, LPC20:5, and monoglyceride20:4 
(MG20:4)), acylcarnitine (palmitoylcarnitine, valeryl-
carnitine, pimeylcarnitine, and acetylcarnitine), 
choline (choline, oleoylcholine, and glycerophospho-
choline), glucose (glucose and glucose 2-phosphate), 
and amino acid (L-valine, L-aspartic acid, L-glutamic 
acid, and oleoyltaurine) (Figure 3B and Figure S6A) 
which was consistent with the result obtained 
through metabolomics analysis in mouse liver (Figure 
S6B-C and Figure S7). 

FXR-autophagy pathway participated in 
sunitinib-induced liver injury 

With the increase of bile acid in serum and liver, 
bile acid-related gene expression was evaluated in 
mouse liver after 3 days and 5 days of sunitinib 
treatment (Figure 4A-B and Figure S2C). Sunitinib 
inhibited hepatic Fxr and its target gene Shp rather 
than ileum FXR pathway (Fgf15, Ibabp, Shp and Ostα in 
ileum mucosa), because sunitinib was mainly 
accumulated in liver (Figure 4A-C). Co-staining of 
CK19 (marker of bile duct), CD31 (marker of LSECs) 
and FXR showed that sunitinib decreased FXR protein 
levels in hepatocytes, bile ducts, and LSECs in mice 
liver (Figure 4D). Sunitinib also decreased FXR 
protein and gene expression in mouse primary 
hepatocytes, primary bile duct cells, and primary 
LSECs (Figure 4E-I). FXR knockout mice aggravated 
sunitinib-induced liver injury as shown by H&E 
staining, image of liver (bigger gall bladder), serum 
AST, ALT, ALP, TBA levels, and gall bladder weight 
(Figure 5A-G). FxrΔL mice aggravated sunitinib- 
induced liver injury as shown by body weight, H&E 
staining, and serum TBA levels compared with FxrΔIE 
mice (Figure 5H-L). The inhibition effect of sunitinib 
on FXR was not direct, and it may come from the 
toxicity effect as sunitinib increased FXR level at low 
dose in primary hepatocytes (2.5 μM, Figure 4H), bile 

duct cells (10 μM, Figure 4I) or mouse ileum (Figure 
4B). These results showed that FXR inhibition 
aggravated sunitinib-induced liver injury. 

FXR inhibited autophagy through direct and 
indirect ways: firstly, FXR bound to sites in 
autophagic gene promoters and inhibited autophagy 
[45]; secondly, FXR trans-repressed autophagy genes 
by disrupting the functional cAMP response element 
binding protein (CREB) [46]. Previous study found 
that FXR knockout and BSEP (a FXR target gene) 
knockout increased autophagy [45, 47]. We predict 
that the inhibited FXR pathway increase autophagy in 
sunitinib group. As expected, FXR pathway gene 
expression (Fxr and Bsep) was negative correlation 
with autophagy pathway gene expression (Map1lc3a, 
Map1lc3b, Sqstm1, lysosomal-associated membrane 
protein 1 (Lamp1), and Ctsd) through transcriptomics 
analysis in FXR knockout and WT mice (Figure 5M). 
Fxr gene expression was negative correlation with 
autophagy pathway gene expression (Sqstm1, Ctsd, 
MapLC3b, and Lamp1) after sunitinib treatment in 
mouse liver (Figure 5N). Autophagy inhibitors 3-MA 
and NH4Cl improved sunitinib-induced cell injury in 
mouse primary hepatocytes (Figure 5O-Q). The 
protein levels of FXR and autophagy were also 
evaluated in Figure 5R. These results showed that 
FXR-autophagy pathway participated in sunitinib- 
induced liver injury. 

Gut microbiota participated in sunitinib- 
induced liver injury 

As gut microbiota participated in sunitinib- 
induced diarrhea [10], we hypothesized that gut 
microbiota may play a vital role in sunitinib-induced 
liver injury. As expected, antibiotic aggravated 
sunitinib induced liver injury as shown by increased 
bleeding and nuclear shrinkage through H&E 
staining, bigger gall bladder, and increased serum 
AST level (Figure 6B-D). Fecal microbiota 
transplantation improved liver injury as shown by 
H&E staining and decreased AST level (Figure 6B-D). 
Metabolomics was carried out for mouse cecum 
content after sunitinib treatment (Figure 7). Various 
metabolites were changed including bile acid, lipid, 
indole, acylcarnitine, bilirubin, dicarboxylic acid, 
amino acid, glucose, dipeptide, nucleotide, 
polyamine, taurine, and vitamin (Figure 7A). Pathway 
analysis for metabolomics data was carried out and 
bile acid pathway was changed in cecum content in a 
forward position (Figure 7C).  
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Figure 3. AFADESI-based visualization of metabolite distribution in mouse liver tissue. (A) Xenobiotic metabolites (sunitinib and its metabolites). (B) Endogenous metabolites. 
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Figure 4. Hepatic FXR pathway was inhibited after sunitinib treatment in vivo and in vitro. (A) FXR- and bile acid-related gene expression in mouse liver. (B) FXR-related gene 
expression in mouse ileum. (C) Sunitinib level in mouse liver, ileum, cecum content, and serum. (D) Co-staining of CD31 (marker of LSECs), CK19 (marker of bile duct cells) and 
FXR in mouse liver. (E) FXR protein level in mouse primary hepatocytes. (F) Co-staining of FXR and CK19 in primary bile duct cells. (G) Co-staining of CD31 and FXR in primary 
LSECs. (H) FXR-related gene expression in mouse primary hepatocytes. (I) FXR-related gene expression in primary bile duct cells. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 5. FXR-autophagy pathway participated in sunitinib-induced hepatotoxicity. (A) H&E staining of mouse liver. (B) Representative image of liver. (C-G) Serum AST (C), 
ALT (D), ALP (E), TBA (F), and gall bladder weight (G) in FXR knockout mice. (H-L) Body weight (H), H&E staining of mouse liver (I), AST (J), ALT (K), and TBA (L) in Fxrfl/fl, 
FxrΔL, and FxrΔIE mice. (M) Correlation analysis between FXR and autophagy gene expression through RNA-Seq analysis in wide type and FXR knockout mice. (N) Correlation 
analysis between FXR and autophagy gene expression in mouse liver. (O) Autophagy level using cell autophagy detection assay kit after 3-MA and NH4Cl treatment. (P) Cell 
viability and AST level after 3-MA treatment in mouse primary hepatocytes. (Q) Cell viability and AST level after NH4Cl treatment in mouse primary hepatocytes. (R) FXR (FXR, 
BSEP, SHP, and OSTβ) and autophagy (LC3BI/II and P62) protein expression in mouse liver after sunitinib treatment. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Metagenomics analysis was carried out for 
mouse cecum content, and sunitinib decreased 
Bacteroidetes and increased Firmicutes (Figure 6E-F). In 
clinical reports, sunitinib and neratinib treatment 
decreased Bacteroidetes [10, 14]. 1171 out of 6230 
species were changed after sunitinib treatment 
(Figure 6G). The changed metabolic pathways 
included trimethylamine, bile acid, ceramide, indole, 
short-chain fatty acid, polyamine through 
metagenomics analysis (Figure 6H). Through 
metabolomics and metagenomics analysis, bile acid 
synthesis was inhibited in cecum content after 
sunitinib treatment (Figure 6H and Figure 7C). Serum 
and hepatic metabolomics analysis also found that 
bile acid pathway was influenced after sunitinib 
treatment (Figure S6C and S8B). 

Biological activity of 3oxoLCA through 
activating ileum FXR and inhibiting pathogens 

As bile acid synthesis pathway was followed 
with interest through metabolomics and 
metagenomics, the decreased gut-residing bacteria 
produce isoLCA and 3oxoLCA was focused in mouse 
cecum content after sunitinib treatment because of its 
antibacterial and anti-inflammation activity (Figure 
7A). The decreased isoLCA and 3oxoLCA were also 
observed in the feces of clinical liver injury patients 
(Figure 8I). 3oxoLCA showed weaker protective effect 
for sunitinib-induced liver injury compared with 
isoLCA (Figure S9A). 3oxoLCA improved 
sunitinib-induced liver injury as shown by H&E 
staining and decreased serum ALT level (Figure 
8A-B). The biological activity of 3oxoLCA and isoLCA 
may come from activating ileum FXR rather than liver 
FXR, as only a small quantity of 3oxoLCA could be 
detected in mouse liver (Figure 8C-D and Figure S9B). 
Then the activated ileum FXR inhibited bile acid 
synthesis (alternative pathway, cytochrome P450 
27A1 (Cyp27a1) and oxysterol 7-alpha hydroxylase 
(Cyp7b1)) and finally decreased bile acid level in 
serum (Figure 8E and Figure S9B). IsoLCA and 
3oxoLCA activated FXR pathway directly: luciferase 
reporter gene assays revealed that isoLCA and 
3oxoLCA activated FXR signaling (Figure 8F); in 
mouse primary hepatocytes, isoLCA and 3oxoLCA 
increased Fxr mRNA and target gene mRNA Shp after 
a 24 h exposure (Figure 8G); molecular docking 
revealed that 3oxoLCA, isoLCA, and CDCA were 
found in the pocket of FXR, and hydrogen bonding 
was formed between 3oxoLCA, isoLCA, or CDCA 
and amino acid residues (His294 and Arg331) at the 
FXR ligand-binding site (Figure 8H and Figure S9C). 
Furthermore, 3oxoLCA also inhibited gram-positive 
pathogens Streptococcus uberis (Figure S9D), and 
previous study found that 3oxoLCA and isoLCA 

inhibited 9 gram-positive pathogens including 
Clostridium difficile, Streptococcus dysgalactiae, and 
Streptococcus pyogenes [48]. Therefore, it indicated that 
3oxoLCA protected sunitinib-induced liver injury 
through activating ileum FXR and inhibiting 
gram-positive pathogens. 

3oxoLCA-producting bacteria P. distasonis 
improved sunitinib-induced liver injury 

P. distasonis could produce isoLCA and 3oxoLCA 
in previous studies and in our experiment (Figure 
S10A-C) [22, 23, 48]. Furthermore, B. faecale, B. longum, 
B. pseudocatenulatum could produce isoLCA and 
3oxoLCA [23, 49]. It was predicted that the decreased 
B. bifidum after sunitinib treatment through 
metagenomics analysis may produce isoLCA and 
3oxoLCA (Figure 6G). 3oxoLCA was positively 
correlated with P. distasonis and B. bifidum (Figure 
S10E). Therefore, P. distasonis and B. bifidum were 
chosen and identified in our study (Figure 6I). 
Qualitative and quantitative experiments revealed 
that sunitinib inhibited biofilm formation in vitro 
(Figure 6J-K). In vitro analysis found that sunitinib 
from 0.28 mM to 1.4 mM effectively inhibited the 
growth curve of P. distasonis and B. bifidum (Figure 
6L). These results showed that sunitinib could inhibit 
the growth of P. distasonis and B. bifidum in vitro. P. 
distasonis improved sunitinib-induced liver injury as 
shown by H&E staining and the decreased serum 
ALT level after P. distasonis treatment (Figure 8J-K). 

Hepatic FXR and gut microbiota participated 
in diurnal variation of sunitinib-induced liver 
injury 

Circadian rhythm plays an important role in 
DILI. Circadian timing can modify 2-10-fold the 
tolerability of anticancer medications in clinical cancer 
patients [50]. Therefore, circadian rhythm of sunitinib, 
an anticancer medication, was evaluated. 
Sunitinib-induced mouse liver injury was enhanced at 
12 h compared with 0 h as shown by H&E staining 
and increased serum AST, ALT, and ALP levels 
(Figure 9A, C), which was consistent with 
APAP-induced liver injury [51]. Clock gene 
expression was different in liver sample between 0 h 
and 12 h. Clock and brain and muscle ARNT-like 1 
(Bmal1) gene expression was decreased and Dbp gene 
expression was increased at 12 h (Figure 9B). FXR 
target genes Shp and Bsep were decreased and some 
bile acids were increased in serum and liver at 12 h 
(Figure 9D-E). Gut microbiota was influenced by 
diurnal variation: P. distasonis level was decreased and 
gut-residing bacteria produce isoLCA and 3oxoLCA 
were also decreased at 12 h (Figure 9F). The diurnal 
variation disappeared after antibiotic treatment or 
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using FXR knockout mice (Figure 9G-J) indicating that 
gut microbiota and FXR pathway played an important 

role in diurnal variation. 

 

 
Figure 6. Gut microbiota participated in sunitinib-induced liver injury. (A) Weight of cecum content and copies of gut microbiota in mouse cecum content. (B) H&E staining. (C) 
Representative image of liver. (D) Serum AST and ALT enzyme activities. (E) PCA score plot of gut microbiota through Metagenomic analysis. (F) Relative abundance of phylum 
in the mouse cecum content. (G) 1171 species in the mouse cecum content. (H) Metagenomic pathway analysis. (I) Gram stain for P. distasonis and B. bifidum. (J-K) Biofilm 
formation of P. distasonis and B. bifidum was shown by microscopy stained with crystal violet (J). OD value stained with crystal violet (K). (L) Growth curve of P. distasonis and B. 
bifidum for 48 h in anaerobic incubator. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 7. Changed metabolites and pathways in cecum content using metabolomics. (A) Changed metabolites in cecum content using non-target metabolomics analysis. (B) 
PCA score plot for cecum content metabolome in ESI- model. (C) Metabolomics pathway analysis using MetaboAnalyst 4.0. 
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Figure 8. 3oxoLCA regulated ileum FXR and hepatic bile acid synthesis. (A) H&E staining and representative image of liver. (B) Serum AST and ALT levels. (C) FXR gene 
expression in mouse liver. (D) FXR gene expression in mouse ileum. (E) Bile acid synthesis gene expression in mouse liver. Bile acid synthesis included classic pathway and 
alternative pathway. (F) Luciferase assay of the activation of FXR in HepG2 cells using FXR agonist CDCA, isoLCA, and 3oxoLCA treatment. (G) IsoLCA and 3oxoLCA activated 
FXR in mouse primary hepatocytes. (H) Docking showed that isoLCA and 3oxoLCA enter into the human FXR ligand-binding pocket. (I) IsoLCA and 3oxoLCA levels in the feces 
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of clinical liver injury patients. (J) H&E staining of liver. (K) Serum AST and ALT levels. (L) Through spatial metabolomics study, sunitinib induced bleeding and spatially injured 
LSECs, bile duct cells and hepatocytes around the hepatic portal vein because the concentration of sunitinib is heterogeneity in mouse liver. FXR inhibition and gut microbiota 
depletion aggravated sunitinib-induced liver injury. Sunitinib-induced liver injury was enhanced at 12 h compared with 0 h, and FXR and gut microbiota also participated in 
circadian rhythmic hepatotoxicity. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Discussion 
Liver function impairment was found in 23-40% 

tumor patients after sunitinib treatment [1, 2]. 
Sunitinib induced obvious liver injury and intestinal 
disorder in our study in mice. Spatial metabolomics, 
TEM, and immunofluorescence co-staining found that 
various hepatic cells (e.g., hepatocytes, bile duct cells, 
and LSECs) were impaired after sunitinib treatment 
(Figure 8L). FXR inhibition and gut microbiota 
depletion aggravated sunitinib-induced liver injury. 
Therefore, FXR activation and intestinal probiotics 
supplementation may be used to improve 
TKI-induced liver injury in clinical trials. The 
relationship between gut microbiota and TKI-induced 
side effect will be the future research directions. 

The clinical dose of sunitinib was 50 mg/d-150 
mg/d, which amounted to 6.5-19.5 mg/kg in mice, in 
renal cell carcinoma, gastrointestinal, neuroendocrine, 
and stromal tumors in clinical data, and the 
administration method was 4 weeks on and 2 weeks 
off [52]. 40 mg/kg sunitinib (i.g., 4 days) improved 
malignant melanoma in female BALB/c nu/nu mice 
[53]. 40 mg/kg sunitinib (1 week) improved breast 
cancer in C57BL/6 female mice [54]. 120 mg/kg 
sunitinib (i.g., 14 days) induced liver injury in 
C57BL/6J mice [55]. In our study, 75 mg/kg and 150 
mg/kg sunitinib (i.g., 5 days) induced weak liver 
injury in C57BL/6J mice. As the impaired clearance of 
sunitinib in mouse liver with continuous 
administration [1], the sunitinib-induced 
hepatotoxicity may happen in therapeutic dose. 

Liver injury is process achieved by the 
coordinated action of multiple cell types including 
hepatocytes, bile duct cells, LSECs, hepatic stellate 
cells, and Kupffer cells. Zonal liver injury could be 
observed in alcoholic- and non-alcoholic fatty liver 
diseases, drug-induced hepatotoxicity, or 
hepatocellular carcinoma. In our study, the 
concentration of sunitinib established gradients from 
hepatic portal vein to surrounding hepatocytes 
(Figure 1A), which spatially injured LSECs, bile duct 
cells, and hepatocytes around the hepatic portal vein. 
The hepatotoxicity of sunitinib in specific liver 
zonation was evaluated through H&E (bleeding), 
co-location of immunofluorescence, TEM for different 
cells, primary cell separation (hepatocytes, bile duct 
cells, and LSECs), spatial metabolome in our study. 
The zonated hepatotoxicity of Mdr2-/- mice was 
evaluated using co-location of immunofluorescence, 
spatial metabolome, intravital imaging after 

intravenous injection of cholyl-lysyl-fluorescein [38]. 
Liver regeneration in specific liver zonation was 
evaluated using spatial transcriptomics and 
co-location of immunofluorescence [56]. 

At the single-cell level, spatial metabolomics was 
used to explore the spatial metabolic profile and 
tissue histology [57]. Matrix-assisted laser 
desorption/ionization mass spectrometry imaging 
(MALDI-MSI) [38] and AFADESI-MSI [37, 58] were 
used to evaluate bile acid, amino acid, xanthine, 
carnitine, choline, MG, glucose, LPE, nucleic acid, and 
xenobiotic metabolite in mice liver or HepG2 
spheroids. In our study, bile acid, lipid, acylcarnitine, 
choline, glucose, amino acid, nucleic acid, and 
sunitinib xenobiotic metabolites were observed after 
sunitinib treatment base on AFADESI-MSI. 

LSECs are the first line of defense against toxins 
and metabolites [59], therefore we believe LSECs are 
the focus in sunitinib-induced liver injury. The loss of 
transcellular pores in LSEC injury has been reported 
in the previous study, which played a crucial role in 
the progression of liver injury [59]. Of course, there 
are cross-talks between LSECs, bile duct cells and 
hepatocytes: (1) The metabolic function (e.g., iron 
homeostasis) and zonation of hepatocytes are 
regulated by LSECs through Wnt signaling and 
releasing bone morphogenetic protein 2/6 [59]. (2) 
The cross-talks between LSECs and bile duct cells 
have been poorly studied. LSECs can secrete the 
Notch signaling ligands, and the Notch signaling 
pathway is important for biliary repair [59]. (3) 
Transdifferentiation between hepatocytes and bile 
duct cells has been recognized upon severe liver 
injury through Notch and Wnt signaling [60]. 

Autophagy was observed in carbon tetrachloride 
(CCl4)-, ischemia reperfusion-, or bile duct ligation 
(BDL)-induced liver injury, and concanavalin 
A-induced hepatitis [61]. Various TKIs induced 
autophagy such as gefitinib, crizotinib, dasatinib, 
regorafenib, and sunitinib. Autophagy aggravated 
gefitinib- and crizotinib-induced liver injury [34, 62] 
and improved dasatinib- and regorafenib-induced 
liver injury [63, 64]. Knocking down Beclin 1 to inhibit 
autophagy in H9c2 cells [65], using autophagy 
inhibitors 3-MA, bafilomycin A1, NH4Cl in H9c2 cells 
[33], and blocking autophagy using cardiomyocyte 
specific heterozygous autophagy-related protein 7 
(Atg7)-deficient mice [66] improved sunitinib-induced 
cardiotoxicity. Sunitinib-induced autophagy has been 
observed in L02 cells (a hepatocyte) after 10 μM 
sunitinib treatment [67], but sunitinib-induced 
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autophagy has not been observed in mouse liver in 
previous study. Sunitinib displayed a punctate 
pattern and was co-localized with LC3B protein in 

sunitinib-treated primary hepatocytes (Figure 1M), 
suggesting autophagy was closely related to the 
accumulation of sunitinib.  

 

 
Figure 9. The diurnal variation of sunitinib-induced hepatotoxicity was associated with gut microbiota and FXR pathway. (A) H&E staining in mouse liver. (B) Clock gene 
expression in mouse liver. (C) Serum AST, ALT, and ALP levels. (D) FXR gene expression in mouse liver. (E) Bile acid level in mouse serum, liver and cecum content. (F) P. 
distasonis level in the cecum content of mice. LCA, isoLCA, and 3oxoLCA levels in cecum content of mice. (G) H&E staining of mouse liver. (H) Serum AST and ALT levels. (I) 
H&E staining of mouse liver. (J) Serum AST and ALT levels. *P < 0.05, **P < 0.01, ***P < 0.001. 
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In our study, inhibiting autophagy using 3-MA 
and NH4Cl improved sunitinib-induced hepatic cell 
toxicity (Figure 5O-Q). FXR inhibited autophagy 
through binding to sites in autophagic gene promoter 
[45]. Another research found that FXR-CREB 
regulated the hepatic autophagy [46]. In our study, 
FXR was inhibited and autophagy was activated after 
sunitinib treatment in mice, and FXR was negative 
correlated with autophagy. Nearly all TKIs induced 
cell apoptosis. 400 mg/kg regorafenib induced 
apoptosis and mitochondrial dysfunction in liver as 
shown by H&E and TUNEL staining, and 
MitoTracker staining [43]. Our study found that 
sunitinib also induced hepatocyte apoptosis and 
mitochondrial damage in mice which was consistent 
with previous study [68]. 

Circadian rhythm plays an important role in 
DILI through regulating multiple steps including 
drug transport, metabolism, diet, and molecular 
targets. Key clock genes Clock and Bmal1 were 
decreased and Dbp was increased at 12 h in our study 
(Figure 9B) [69]. Circadian timing can modify 
2-10-fold the tolerability of anticancer medications in 
clinical patients [50]. APAP-induced liver injury was 
increased at 12 h compared with 0 h [51]. Gut 
microbiota Saccharomyces cerevisiae and bacterial 
metabolite (1-phenyl-1,2-propanedione) played an 
important role in modulating APAP-induced 
circadian rhythmic hepatotoxicity [51]. CCl4 given in 
the morning produced no toxicity, and given in the 
evening resulted in elevation of toxicity in mice [70]. 
Chloroform-induced hepatotoxicity was higher after 
the evening administration compared to the morning 
one in mice [71]. Circadian rhythmic hepatotoxicity of 
Tripterygium wilfordii was observed in mice; with the 
highest level of hepatotoxicity at 2 h and the lowest at 
14 h [72]. The altered pharmacokinetics of triptolide 
participated in its toxicity [72]. Morning 
administration of cis-platin was associated with worse 
nausea and vomiting than afternoon administration in 
clinical practice [73]. Bile acid-related genes also 
displayed distinct circadian variations: Shp gene 
expression was decreased and Cyp7a1 gene expression 
was increased at 12 h compared with 0 h (Figure 9D) 
[69]. Our study found that gut microbiota and FXR 
pathway involved in circadian rhythmic 
hepatotoxicity induced by sunitinib. The difference in 
bedtime and feeding time between mice and human 
should be considered. 

IsoLCA and 3oxoLCA were decreased in feces of 
submassive hepatic necrosis patients [74] and 
increased in centenarians [48]. IsoLCA and 3oxoLCA 
could protect inflammatory arthritis [22], colitis [23, 
75], and psoriasiform dermatitis [76] in previous 
studies. LCA improves Klebsiella pneumonia-induced 

liver abscess [77] and CCl4-induced inflammatory and 
liver fibrosis in mice [78]. IsoLCA and 3oxoLCA 
exerted potent antimicrobial effects against 
gram-positive pathogens, including Clostridioides 
difficile and Enterococcus feacium [48]. Another 
mechanism found that isoLCA and 3oxoLCA 
inhibited the differentiation of TH17 cells through 
inhibiting retinoic acid receptor-related orphan 
nuclear receptor-γt [23]. Finally, 3oxoLCA inhibited 
the production of interleukin-17 (IL-17A) and 
blockade chemokine (C-C motif) ligand 20 
(CCL20)-mediated trafficking [76]. The relationship 
between 3oxoLCA and ileum FXR has not been 
evaluated. Our study found that 3oxoLCA protected 
sunitinib-induced liver injury through activating 
ileum FXR, inhibited bile acid alternative pathway 
(Cyp27a1 and Cyp7b1 gene expression), and finally 
decreased serum bile acid level. Ileum FGF15 protein 
was secreted into serum and inhibited hepatic bile 
acid synthesis alternative pathway (Cyp7b1) 
compared with bile acid synthesis classic pathway 
(Cyp7a1) [79]. Activation of ileum FXR signaling using 
melatonin protected against aflatoxin B1-induced 
liver injury [80], and using the probiotic Lactobacillus 
rhamnosus GG treatment alleviated Mdr2-/- induced 
hepatic fibrosis [7]. Therefore, activation of ileum FXR 
and inhibition of bile acid synthesis may improve 
sunitinib-induced liver injury. 

P. distasonis improved hepatic fibrosis by 
increasing intestinal bile salt hydrolase (BSH) activity 
[5], improved non-alcoholic steatohepatitis through 
regulating metabolite pentadecanoic acid [81], 
improved metabolic dysfunctions through regulating 
secondary bile acid [82]. B. bifidum protected against 
liver injury in animal and clinical experiments: B. 
bifidum improved non-alcoholic fatty liver in mice 
through regulating intestinal sterol biosynthesis [6]; B. 
bifidum improved human alcohol-induced liver injury 
[83] and non-cirrhotic hepatitis C virus patient [84]. 
Although 3αHSDH and 3βHSDH activities have not 
been reported in B. bifidum, the activities have been 
observed in B. faecale, B. longum, and B. 
pseudocatenulaum [23, 49]. In our study, sunitinib 
decreased B. bifidum and P. distasonis probiotics in vitro 
(Figure 6I-L) and only P. distasonis could protect 
sunitinib-induced liver injury (Figure 8J-K). 

The nuclear receptor FXR is a bile acid sensor 
that regulates bile acid homeostasis, lipid homeostasis 
and drug metabolism. FXR improved chronic and 
acute liver injury, such as cholestasis, alcoholic and 
non-alcoholic liver disease, and hepatic fibrosis [85]. 
Various FXR agonists such as OCA have been 
development in clinical research to improve liver 
injury. FXR regulated bile acid synthesis, transport, 
and reabsorption process through hepatic SHP, 
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hepatic BSEP and intestinal FGF19/15 [19]. In our 
study, metabolomics analysis found that bile acids 
were disordered in enterohepatic circulation (Figure 
2I), so FXR pathway in sunitinib-induced liver injury 
was evaluated. 

FxrΔL and FxrΔIE mice were used to demonstrate 
the role of hepatic and intestinal FXR in 
sunitinib-induced hepatotoxicity. In our study, the 
global FXR disruption is required for sunitinib- 
induced hepatotoxicity (Figure 5C-D). Both liver- 
specific and intestine-specific FXR disruption in mice 
resulted in a very low incidence of liver injury 
induced by sunitinib (Figure 5H-L). Previous study 
also observed the weak liver injury in tissue-specific 
Fxr-null mice compared with global FXR knockout 
mice: (1) The incidence of hepatic tumors was 90%, 
20%, and 5% in 20-month-old global FXR knockout, 
FxrΔL and FxrΔIE mice, respectively [86]. Serum AST 
and ALT activities and liver bile acids were increased 
in 20-month-old mice global FXR knockout but not in 
FxrΔL and FxrΔIE mice [86]. (2) Serum bile acid levels 
were increased in global FXR knockout mice but not 
in FxrΔL and FxrΔIE mice; and TCA levels in bile acid 
pool (liver, gallbladder, and small intestinal) 
increased 2.6-, 1.4-, and 1.2-fold in global FXR 
knockout, FxrΔL, and FxrΔIE mice, respectively [21]. 
Furthermore, FXR could also influence various 
non-gastrointestinal organs, such as immune system, 
central nervous system, kidney, cardiovascular sys-
tem, and pancreatitis [87]. Therefore, FXR in various 
organs may jointly induce the liver injury of sunitinib. 

The limitations of the study included the 
following aspects: (1) Various TKIs including 
imatinib, erlotinib, sorafenib, sunitinib, pazopanib, 
anlotinib, and loratinib influenced lipid metabolism 
[9]. Sunitinib influenced TG, TC, and decreased 
various lipid metabolites (e.g., LPC, LPE, MG, 
docosahexaenoic acid, and linoleic acid) (Figure 1D-E, 
Figure 3B), therefore lipidomics would be the further 
directions. (2) 16 bile acids in Figure 2I are not 
comprehensive as amino-conjugated bile acids [88], 3- 
succinylated bile acids [89], and 3-O-acyl-bile acids 
[90] are gradually discovered in recent years. The 
standards of these new bile acids are still 
noncommercial, therefore, these new bile acids would 
be the further directions. (3) Metagenomics analysis 
found that 1171 species were changed after sunitinib 
treatment (Figure 6G), and the function of other 
species apart from P. distasonis and B. bifidum would 
be the further directions.  

Conclusion 
Sunitinib spatially injured LSECs, bile duct cells 

and hepatocytes around the hepatic portal vein 
because the concentration of sunitinib is heterogeneity 

in mouse liver. Inhibition of FXR-autophagy pathway 
and gut microbiota depletion aggravated 
sunitinib-induced liver injury. Circadian rhythmic 
hepatotoxicity induced by sunitinib was markedly 
enhanced at night compared with that at day, which 
was regulated by gut microbiota and FXR pathway. 
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