
Biochemical Pharmacology 190 (2021) 114592

Available online 4 May 2021
0006-2952/© 2021 Published by Elsevier Inc.

UGT1A1 dysfunction increases liver burden and aggravates hepatocyte 
damage caused by long-term bilirubin metabolism disorder 

Dan Liu a,b, Qi Yu a, Zibo Li a, Lin Zhang a, Ming Hu a,c, Caiyan Wang a,*, Zhongqiu Liu a,* 

a Guangdong Key Laboratory for Translational Cancer Research of Chinese Medicine, Joint Laboratory for Translational Cancer Research of Chinese Medicine of the 
Ministry of Education of the People’s Republic of China, International Institute for Translational Chinese Medicine, Guangzhou University of Chinese Medicine, 
Guangzhou, Guangdong 510006, China 
b Affiliated Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine, Nanjing, Jiangsu 210028, China 
c Department of Pharmacological and Pharmaceutical Sciences, College of Pharmacy, University of Houston, Houston, TX 77030, United States   

A R T I C L E  I N F O   

Keywords: 
UGT1A1 
Bilirubin 
Gilbert’s syndrome 
Liver damage 
Schisandrin B 

A B S T R A C T   

UGT1A1 is the only enzyme that can metabolize bilirubin, and its encoding gene is frequently mutated. 
UGT1A1*6 (G71R) is a common mutant in Asia which leads to the decrease of UGT1A1 activity and abnormal 
bilirubin metabolism. However, it is not clear whether low UGT1A1 activity-induced bilirubin metabolism 
disorder increases hepatocyte fragility. ugt1a+/− mice were used to simulate the UGT1A1*6 (G71R) population. 
Under the same CCl4 induction condition, ugt1a+/− mice showed severer liver damage and fibrosis, indicating 
that ugt1a1 dysfunction increased liver burden and aggravated hepatocyte damage. In the animal experiment 
with a continuous intraperitoneal injection of bilirubin, the ugt1a+/− mice livers had more serious unconjugated 
bilirubin accumulation. The accumulated bilirubin leads to hyperphosphorylation of IκB-α, Ikk-β, and p65 and a 
significant increase of inflammatory factor. The α-SMA and Collagen I proteins markedly up-regulated in the 
ugt1a+/− mice livers. Immunofluorescence and confocal microscopy showed that hepatic stellate cells and 
Kupffer cells were activated in ugt1a+/− mice. Comprehensive results show that there was a crosstalk rela
tionship between low UGT1A1 activity-bilirubin-liver damage. Furthermore, cell experiments confirmed that 
unconjugated bilirubin activated the NF-κB pathway and induced DNA damage in hepatocytes, leading to the 
significant increase of inflammatory factors. UGT1A1 knockdown in hepatocytes aggravated the toxicity of 
unconjugated bilirubin. Conversely, overexpression of UGT1A1 had a protective effect on hepatocytes. Finally, 
Schisandrin B, an active ingredient with hepatoprotective effects, extracted from a traditional Chinese medicinal 
herb, which could protect the liver from bilirubin metabolism disorders caused by ugt1a1 deficiency by 
downregulating p65 phosphorylation, inhibiting Kupffer cells, reducing inflammation levels. Our data clarified 
the mechanism of liver vulnerability caused by cross-talk between low UGT1A1 activity bilirubin, and provided a 
reference for individualized prevention of liver fragility in Gilbert’s syndrome.   

1. Introduction 

Hepatocellular carcinoma is a common malignant tumor worldwide 
[1]. More than 90% of liver cancers develop in chronically damaged 
tissues characterized by hepatocellular injury, inflammation, and 

fibrosis [2]. UGT1A1 is an important phase II metabolic enzyme and the 
only enzyme that can metabolize bilirubin [3,4]. Bilirubin is a toxic 
pigment produced by heme cell catabolism, and it is mainly detoxified in 
the liver [5]. A certain concentration of bilirubin can cause irreversible 
damage to the brain and nervous system [6]. However, the effects and 
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mechanism of bilirubin accumulation in the liver on the progression of 
hepatic diseases remain largely unclear. 

UGT1A1 polymorphism causes a decrease in enzyme activity, which 
is summarized in our previously published article [7]. To survey the 
relevance of UGT1A1 to liver disease, we analyzed the expression of 

UGT1A1 in normal people and liver cancer patients by the database of 
the Cancer Genome Atlas (TCGA). Analytical data showed that UGT1A1 
level was significantly lower in the liver hepatocellular carcinoma 
(LIHC) patient than normal group (Fig. 1). Gilbert’s syndrome (GS) is a 
well-known disorder of bilirubin metabolism. G71R mutant is highly 

Fig. 1. UGT1A1 protein levels were significantly lower in the LIHC patients than in the normal group. (A) Comparison of UGT1A1 expression in different normal 
tissues and cancer tissues. (B) Comparison of UGT1A1 expression in normal tissues and Liver cancer tissue. (C) Survival curve analysis of liver cancer patients with 
different UGT1A1 levels. (D) Expression of UGT1A1 in LIHC at different cancer stages. (E) Expression of UGT1A1 in LIHC at different individual tumor stages. 
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prevalent in the Asian population [8,9] and is a single-nucleotide 
polymorphism due to mutation of the glycine residue at position 71 to 
arginine. Tyrosine kinase inhibitor (TKI) drugs are targeted anticancer 
drugs. However, TKI treatment in GS increases the risk of liver damage 
and hyperbilirubinemia, which is closely related to low UGT1A1 activity 
[10]. If GS individuals have diseases or bad habits (smoking, alcohol use, 
or exposure to UGT1A1 inhibitors) that may lead to substantial and 
long-term accumulation of bilirubin in the liver. The elevated bilirubin 
may more easily exacerbate liver injury progression, although this is 
unknown. 

Normal adults produce approximately 250 to 350 mg of bilirubin 
daily. In vivo, UCB is transported into liver cells by organic anion 
transporters (OATP1B1/1B3) and metabolized by UGT1A1 into conju
gated bilirubin (CB). Finally, CB is excreted into the bile and blood 
circulation through an efflux transporter [11]. Current research points 
out that UCB is considered a potent antioxidant when present at mod
erate levels [12]. However, metabolic block of high bilirubin concen
tration can cause neurotoxicity [13,14] and liver toxicity [15,16]. 
Moreover, high levels of UCB are commonly seen in patients with liver 
disease [17]. However, a few data available on the toxic mechanism of 
bilirubin on hepatocytes. 

Schisandrin B is isolated from the fruit of Schisandra chinensis, which 
is a well-known hepatoprotective traditional Chinese herb. Studies re
ported that the hepatoprotective effect of Schisandrin B is related to the 
activation of the pregnane X receptor (PXR) pathway, and promotion of 
liver regeneration [18,19], and induced expression of several core cell 
cycle proteins [20,21], and inhibition of TGF-β1-mediated NF-κB acti
vation [22]. However, does Schisandrin B also have a hepatoprotective 
effect on UGT1A1 deficiency? 

Here, studies have shown that bilirubin stasis induced the increase of 
phosphorylation of IκB-α, Ikk-β, and p65 and activated the NF-κB 
pathway in mice liver. This phenomenon was more pronounced in 
ugt1a1 gene knockdown mice (ugt1a+/− mice). The inflammatory fac
tors and the liver fibrosis marker α-SMA and Collagen I were signifi
cantly increased in ugt1a+/− mice. The cell experiment showed UCB had 
an inhibitory effect on hepatocyte repair and proliferation and caused 
DNA damage in hepatocytes. Collectively, our data reveal a previously 
unappreciated role for UGT1A1 in hepatocellular injury pathogenesis. 
UGT1A1 dysfunction increases the liver burden and aggravates hepa
tocyte damage caused by long-term bilirubin metabolism disorder. 
Finally, we proved that Schisandrin B can protect not only Wild-type 
(WT) mice but also ugt1A1-deficient mice against liver damage. 

2. Materials and methods 

2.1. Animal studies and ethics statements 

WT and ugt1a+/− male mice, weighing 18–22 g, were obtained from 
the Jackson Laboratory, USA. All mice were housed at 25 ± 1 ◦C at a 
humidity of 55 ± 10% and on a 12 h L/12 h D cycle (lights on 8:00 AM to 
8:00 PM) with access to food and water in an SPF animal laboratory 
(Guangzhou University of Traditional Chinese Medicine, Guangzhou, 
China). All mice were on a C57BL/6 genetic background. All experi
ments were conducted according to the Guide for the Care and Use of 
Laboratory Animals of the China National Institutes of Health and were 
approved by the Institutional Animal Care and Use Committee (IACUC) 
of Guangzhou University of Traditional Chinese Medicine (approval 
number 2020R0002). 

2.2. Animal administration 

WT and ugt1a+/− mice were intraperitoneally injected with CCl4 
(300 µl/kg, Macklin, China) three times a week [23]. Four weeks later, a 
subset of ugt1a+/− mice were fed free 15% ethanol. Mice were sacrificed 
24 h after the last dose in the ninth week. In another set of experiments, 
WT and ugt1a+/− mice were injected with bilirubin (i.p., 100 mg/kg, 

Herbest Biotechnology, China) once daily for 12 days. Solutol® HS15 
(GLPBIO, USA), a commonly used non-toxic injection solubilizer [24], 
was dissolved in physiological saline at 10% w/v and warmed to 37 ◦C 
until dissolved. The obtained 10% (w/v) Solutol® HS15 was used to 
prepare 10 mg/mL bilirubin. The control group is a solvent group 
without bilirubin. Schisandirin B administration : Schisandirin B 
(Nanjing Jingzhu Biological Technology, China) was suspended in 0.5% 
(w/v) sodium carboxymethyl cellulose (CMC-Na, St. Louis, MO, USA) 
solution described previously [20]. Mice were administered with Schi
sandirin B (100 mg/kg) by gavage with an interval of 12 h. Plasma 
samples and liver tissue samples were collected for further experimental 
analysis. 

2.3. UCB, CB and cytokine concentration measurement 

Blood samples were collected from the eyelid, and fresh liver samples 
were collected. All samples were stored at − 80 ◦C until ready for use. 
The liver tissue (10 mg) was placed in 1 ml of pH 7.4 phosphate-buffered 
saline (PBS), homogenized by a tissue grinding instrument, centrifuged 
at 3000 rpm/min for 20 min. And the supernatant was collected. UCB 
and CB were detected using ELISA kits according to the manufacturer’s 
protocol, described previously [25]. Serum concentrations of TNF-α, IL- 
1β, and IL-6 levels of all mice were determined via ELISA. All ELISA kits 
were purchased from Meimian Biotechnology (Yancheng, Jiangsu, 
China). The histogram was processed by GraphPad Prism 8.0 software. 

2.4. Quantitative polymerase chain reaction (qPCR) 

Total RNA was extracted from liver or cell samples by TRIzol reagent 
(GLPBIO, USA). Reverse transcription was performed to obtain cDNA by 
using a kit (Thermo Fisher Scientific, USA). RNA levels were assessed in 
an ABI 7500 instrument using SYBR@ Master Mix and the following 
primers (Table 1). The relative mRNA levels were determined by the 
2− ΔΔCT method with the GAPDH gene as the internal control. 

2.5. Western blotting 

All samples were lysed in RIPA buffer (Servicebio, China) containing 
1% phenylmethanesulfonyl fluoride (Gentihold, China) and placed on 
ice for half an hour. Then, samples were centrifuged at 12,000 rpm for 
15 min. The supernatants were collected and the total protein concen
tration was determined by the bicinchoninic acid method. Equal samples 
were subjected to 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene difluoride mem
branes (Millipore, USA). Then, membranes were blocked with 5% BSA 
for 1 h at room temperature, incubated with primary antibodies (specific 
for UGT1A1-Abcam, USA; α-SMA, IκB-α, Ikk-β, and p65-Servicebio, 
China; Collagen I, p-IκB-α, p-Ikk-β, p-p65 and γH2AX-Affinity Bio
sciences, USA; GAPDH and β-actin-Servicebio, China) overnight, and 
washed 3 times for 10 min with TBST. Membranes were incubated at 
room temperature for 1 h with secondary antibodies. Protein bands were 
visualized using an Omega Lum G imaging system (Aplegen) and 
quantified with densitometry using ImageJ software. 

Table 1 
Sequences of all primers analyzed by real-time PCR.  

Gene Forward (5′ → 3′) Reverse (5′ → 3′) 

ugt1a1 GTCATCCAAAGACTCGGGCA GACATTCAGGGTCACCCCAG 
TNF-α TGCTTGTGTCTGTCTTGCGT CCCGTGAATCCACCATGTCT 
IL-1β TGCCACCTTTTGACAGTGATG TGTGCTGCTGCGAGATTTGA 
IL-6 TCCTTCCTACCCCAATTTCCA GCACTAGGTTTGCCGAGTAGA 
α-SMA AGGGAGTAATGGTTGGAATGG GGTGATGATGGCGTGTTCTAT 
GAPDH GGAGAAACCTGCCAAGTATGA CCTGTTGCTGTAGCCGTATT  
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2.6. Histopathological analysis 

Liver tissues were fixed with 4% paraformaldehyde (Servicebio, 
China), dehydrated, transparentized, embedded in paraffin, and 
sectioned. The paraffin sections were dewaxed, dehydrated through a 
gradient alcohol series, washed with PBS for 5 min, immersed in he
matoxylin staining solution for 10 min, washed with water, and stained 
with H&E staining solution. The paraffin sections were dewaxed with 
xylene, dehydrated through a gradient ethanol series, stained with 
Masson staining solution, differentiated with 5% phosphotungstic acid 
(Servicebio, China), and soaked in aniline solution. Then, the stained 
sections were gradually dehydrated with ethanol and cleared with 
xylene. Masson staining was performed to visualize liver fibrosis and 
cirrhosis status. 

2.7. Measurement of AST, ALT and γ-GT 

After collection, blood was placed at room temperature for 2 h or 
overnight at 4 ◦C and was then centrifuged at 3000 rpm and 2–8 ◦C for 
15 min. Then, we used an automatic biochemical analyzer to measure 
those levels of serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and gamma-glutamyltransferase (γ-GT) in a 
Chemray 240 instrument (Shenzhen Leidu Life Technology, China). All 
kits were purchased from Changchun Huili Biotechnology (Changchun, 
Jilin, China). The remaining samples were stored at − 80 ◦C. 

2.8. RNA sequencing 

The livers of WT and ugt1a− /− mice were collected in 3 days after 
birth. RNA was extracted through the TRIzol method, the purity and 
concentration were measured by a Nanodrop 2000 (Thermo Fisher 
Scientific, Wilmington, DE), and the integrity of the RNA was evaluated 
with an Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, 
USA). RNA samples with RNA integrity number > 7.5 and a total 
amount > 1 μg were used for RNA library construction. We used a 
NEBNext® Ultra™ II RNA Library Prep Kit for Illumina (NEB, USA) to 
construct the RNA library. After the library was constructed, a 
Qubit®3.0 fluorometer (Life Technologies, CA, USA) was used for pre
liminary quantification, and the Agilent 2100 system then was used to 
detect the inserts in the library. After the size of the inserts met the re
quirements, qPCR was used to analyze the library. The effective con
centration was accurately quantified to ensure the quality of the library. 
After the library was qualified, the qualified library was sequenced on 
the Illumina NovaSeq 6000 platform (Tsingke, Beijing, China). 

2.9. Immunofluorescence 

Paraffin sections of liver tissue were prepared by the same protocol 
for H&E staining. Sections were sequentially immersed in xylene, ab
solute ethanol, 85% alcohol, 75% alcohol, and distilled water for dew
axing. The microwave method was used for antigen retrieval. Then, the 
slides washed out in PBS. An autofluorescence quencher was added for 5 
min and rinsed with water for 10 min. Slides were placed in 5% BSA 
solution, blocked for 30 min and incubated with the primary antibody 
(α-SMA-Servicebio, China; F4/80, CD68 and CD11b-Affinity Bio
sciences, USA) overnight at 4 ◦C. Then, the corresponding secondary 
antibody was added dropwise to the glass slides, and the tissue was 
incubated in the dark at room temperature for 50 min. Then, nuclei were 

counterstained with DAPI (Solarbio, china). Finally, the slides were 
mounted with an anti-fluorescence quenching mountant. Confocal im
ages were acquired with a Pannoramic MIDI scanner, and images were 
acquired by the built-in software CaseViewer 2.3. 

2.10. Immunohistochemistry 

After the liver tissue sections are deparaffinized, hydrated, antigen 
retrieval, and blocked with 5% BSA, the primary antibody is incubated 
overnight at 4 ◦C. The tissue sections are washed 2–3 times with PBS, 
and then incubated with horseradish peroxidase-labeled secondary 
antibody for 1 h at room temperature. Then, the sections were washed 
with PBS and incubated with streptavidin-peroxidase for 1 h. Finally, the 
slices were developed with DAB and photographed with a microscope 
(Leica ICC50, Germany). 

2.11. Cell culture and MTT assay 

WRL68 was purchased from the Cell Resource Center of Shanghai 
Institutes for Biological Sciences, Shanghai EK-Bioscience Biotech
nology. Cells were cultured at 37 ◦C in an incubator with 5% CO2 in 
MEM supplemented with 10% fetal bovine serum (FBS, GIBCO, USA). 
Cells in logarithmic phase were trypsinized to prepare a cell suspension. 
Cells were counted with a countstar instrument and plated (100 μl) in 
each well of a 96-well culture plate. UCB solution was prepared ac
cording to the previously reported [26]. 5.84 mg of UCB was dissolved in 
2 ml of 0.05 M sodium hydroxide solution, then 2 ml of 10% bovine 
serum albumin (BSA, GLPBIO, USA) was added and mixed well. Finally, 
the prepared UCB solution was filtered and sterilized by a 0.22 μM filter. 
The whole experiment operation needs to be protected from light. The 
edge wells of the 96-well culture plate were filled with sterile PBS. At a 
confluence of 50–70%, medium containing bilirubin at concentrations 
of 25, 50, 100, and 200 μM or vehicle was added. The UCB concentration 
of cell administration refers to the previous report [27]. Then, the pre
treated cells were incubated with 10 μl of MTT reagent per well for 4 h, 
and the optical density (OD) was measured at a wavelength of 490 nm 
using a SPECTRA MAX 190 microplate reader (Molecular Devices, USA). 
The cell viability (%) was calculated as OD490 value in the experimental 
group/OD490 value in the control group × 100%. 

2.12. Analysis of hepatocyte morphological changes 

Cells were treated with bilirubin at concentrations of 25, 50, 100 and 
200 μM or with vehicle. Then, cells were cultured at 37 ◦C in 5% CO2 for 
12 h. Untreated and bilirubin-treated WRL68 cells were examined for 
morphological changes by light microscopy (Leica DM500, 
Switzerland). To evaluate morphology, cells were harvested, transferred 
to cytospin slides, fixed with 75% ethanol for 1 min, and stained with 
H&E. Cells were photographed with a microscope. 

2.13. Regeneration and proliferation of hepatocytes 

EdU assay was performed as previously described [28]. In brief, the 
UCB concentrations were 50 and 100 μM. The same amount of solvent 
was added to the control group. Then, cells were cultured at 37 ◦C in 5% 
CO2 for 12 h. Finally, cells were labeled with Hoechst 33342 and EdU. A 
fluorescence microscope was used for image analysis. 

2.14. Small interfering RNA transfection 

Log-phase WRL68 cells were trypsinized to prepare a cell suspension. 
Cells were counted with a Countstar instrument. After preparing the cell 
suspension, cells were plated (200 μl per well) in a 6-well culture plate. 
Transfection was performed when the cell confluence was 40–50%. Two 
tubes were prepared: 125 µl of Opti-MEM™ (GIBCO, USA) and 7.5 µl of 
Lipofectamine™ 3000 reagent (Invitrogen, USA) were added to one 

Table 2 
Sequences of SiRNA.  

Gene Sense (5′ → 3′) Antisense (5′ → 3′) 

Si-1 GGAUCAAUGGUCUCAGAAATT UUUCUGAGACCAUUGAUCCTT 
Si-2 CCUUGGACGUGAUUGGUUUTT AAACCAAUCACGUCCAAGGAA 
Si-3 CCACAAAUCCAAGACCCAUTT AUGGGUCUUGGAUUUGUGGTT  
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Fig. 2. Negative effects of ugt1a+/− mice on chronic liver injury. (A) The ugt1a1 protein and RNA expression in ugt1a+/− and WT mouse livers, as measured by 
western blotting and qPCR. In the lower left and right are statistical analysis of RNA relative expression and protein expression fold changes, respectively. (B) ELISA 
detection of UCB and CB in the liver and serum of ugt1a+/− and WT mice. (C) Timeline of the induction of chronic liver injury. The time point of intraperitoneal 
injection of CCL4, three times a week. (D) The appearance of liver tissues in the different groups of mice. C-control, E-Ethanol. (E) H&E staining, (10 × Scale bar, 50 
μm; 40×, Scale bar, 20 μm, left panel) and Masson staining (10 × Scale bar, 50 μm; 40×, Scale bar, 20 μm, right panel) of liver tissue of mice in different groups. (F) 
Determination of serum ALT, AST and γ-GT level in each group of mice. (G) Liver index statistics of mice in each group. Each group contained at least 6 mice. 
Statistical significance is shown as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 
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tube, and 125 µl Opti-MEM™, 5 µg of siRNA and 10 µl of P3000™ re
agent were added to the other tube. Then, the solutions in the two tubes 
were mixed well and incubated at room temperature for 15 min. Finally, 
they were added to the cell culture medium to be transfected into 
WRL68 cells. The small interfering RNA sequences are shown in Table 2. 

2.15. Construction and transfection of recombinant UGT1A1-pCDNA3.1 
and mutant G71R-pCDNA3.1 plasmid 

The gene encoding UGT1A1 was amplified by PCR from cDNA from 
human 7721 cells. The gene sequence was cloned into the pCDNA3.1 
vector. The G71R mutation was introduced by using a site-directed 

Fig. 3. Bilirubin-induced liver damage by activating the canonical NF-κB pathway in ugt1a1 deficiency. (A) Volcano plot showing differences in gene expression in 
the livers of WT and ugt1a− /− mice. Blue indicates high relative expression, yellow indicates low relative expression, and black indicates no significant difference. (B) 
KEGG pathway enrichment analysis. Different colors represent different related functions analysis. (C) The appearance and H&E staining of liver tissue after 
accumulation of bilirubin in mice. 10×, scale bar, 200 μm (left pane); 40×, scale bar, 25 μm (right panel). (D) The content of UCB in mice liver tissue. (E) The 
concentrations of ALT and AST in the serum of mice were measured. (F) Measurement of IκB-α, Ikk-β, p65, p-IκB-α, p-Ikk-β and p-p65 protein levels in mice livers by 
western blot (standardized by p65, Ikk-β, IκB-α, respectively). The right figure shows the significance of statistical analysis. Each group contained at least 6 mice. 
Statistical significance is shown as * (p < 0.05), ** (p < 0.01), *** (p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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mutagenesis method with the following nucleotide substitution: 211G >
A (G71R). WRL68 cells were seeded separately in 6-well plates. When 
the cell confluence was 60%, the cell culture medium was replaced with 
serum-free Opti-MEM™ (GIBCO, USA). The plasmid and Lipofectamine 
3000 (Invitrogen, USA) were added to the medium at a ratio of 4 μg: 6 μl. 
After 12 h, the cell culture medium was replaced with a high-glycemic 
medium containing 10% fetal bovine serum without dual antibodies. 
After culture for 48 h, cells were harvested by scraping for subsequent 
experiments. 

2.16. Molecular docking model of bilirubin and UGT1A1 

The structure of UGT1A1 was obtained from the protein prediction 
database. ChemDraw 16.0 was used to draw the structures of bilirubin 
and UDPGA (uridine diphosphate glucuronic acid). All torsions of small 
molecules were checked, and gasteiger charges were assigned. Finally, 
AutoDock 4.2 software was used to generate the docking model of the 
UGT1A1 and bilirubin proteins. According to the docking integration 
principle, the docking model with the lowest energy value was selected. 

2.17. Statistical analysis 

Those data were analyzed with Student’s t test or ANOVA to test the 
significance of differences between two groups. Unless otherwise stated, 
variations are indicated using the standard error of the mean (SEM) and 
expressed as mean ± SEM. Statistical significance is shown as * (p <
0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001). 

3. Results 

3.1. The ugt1a1 deficiency aggravated liver damage in the process of 
simulating chronic liver injury 

CCl4 induced chronic liver injury leading to the accumulation of 
bilirubin metabolism has been reported in many studies [29–31]. To 
study the effect of UGT1A on the process of liver injury, we used the CCl4 
induced chronic liver injury model to simulate the process of liver 
damage. Firstly, the low expression of ugt1a1 in ugt1a+/− mice was 
verified. The ugt1a1 relative mRNA level and protein level in ugt1a+/−

mice have decreased approximately by 50% compared with that in WT 
mice (Fig. 2A). The UCB in ugt1a+/− mice liver was obviously higher 
than that of WT mice (Fig. 2B). From the appearance of mouse liver 
tissue, the degree of liver cirrhosis was more severe in the ugt1a+/− -CCl4 
group. And in the ugt1a+/− -CCl4-ethanol group, the liver was atrophied. 
The livers in the WT and ugt1a+/-control groups were smooth and 
normal. The WT-CCl4 group showed slight hyperplasia. However, the 
ugt1a+/− -CCl4 group had severe hyperplasia, with a tendency toward 
cirrhosis, and the capsule was uneven. The ugt1a+/− -CCl4- ethanol 
group showed severe atrophy (Fig. 2D). Histological analysis showed 
that the characteristics of the livers in the WT- and ugt1a+/− -control 
groups were similar and that the cells were neatly arranged. The hepa
tocytes in the WT− CCl4 group and ugt1a+/− -CCl4 group were not 
distributed in a trabecular pattern, but were clustered. And each lesion 
had a surrounding inflammatory ring. The phenotypes in the ugt1a+/ 

− -CCl4 and ugt1a+/− -CCl4-ethanol groups were even more disrupted 
(Fig. 2E). The Masson staining results verified the same patterns 
(Fig. 2E). In the WT -CCl4 and ugt1a+/− -CCl4 group, the structure of liver 
lobules comprising hepatocytes was disordered, the hepatic cord was 

congested, and the volume of hepatocytes was significantly increased. 
The fibrosis in the ugt1a+/− -CCl4 and ugt1a+/− -CCl4 ethanol groups 
were more severe than that in the other groups. In the liver injury model 
of CCl4 single factor and CCl4-ethanol dual factor mice, ugt1a+/− mice 
reduced the proportion of liver to body weight (Fig. 2G), and increased 
those levels of ALT, AST and γ-GT in serum, and aggravated degrees of 
liver inflammation and fibrosis in mice (Fig. 2F). The total weight of the 
mice had no significant difference. These results indicate that ugt1a 
deficiency contributes to liver damage and liver fibrosis. 

3.2. The ugt1a1 deficiency accompanied by long-term massive bilirubin 
stasis leads to liver damage by activating Kupffer cells and hepatic stellate 
cells 

The liver is the main organ for detoxification of bilirubin and other 
exogenous substances. UGT1A1 is the only metabolic enzyme that de
toxifies bilirubin, so the lack of UGT1A will promote the process of liver 
damage. It is not clear that whether the metabolism of bilirubin is more 
likely to cause liver damage in the absence of UGT1A. Of note, the body 
color of the ugt1a1 gene knockout mice (ugt1a− /− mice) indicated 
jaundice. The RNA sequencing data showed that ugt1a− /− mice caused 
upregulation of 442 genes and downregulation of 729 genes (Fig. 3A). 
The correlation was divided into three major categories based on the 
RNA sequencing data combined with the possible pathways of chronic 
inflammation in liver injury. The NF-κB pathway was found to be a 
functionally different pathway shown in Fig. 3B. A large amount of 
literature also pointed out that the activation of NF-κB pathway is 
closely related to liver injury [32]. Therefore, the NF-κB-related path
ways were selected for further research. 

Long-term continuous injection of bilirubin in WT and ugt1a+/− mice 
increased UCB level in liver. The UCB level in ugt1a+/− mice livers 
increased approximately 2-fold (Fig. 3D). The AST and ALT levels in 
ugt1a+/− mice increased significantly by 1.9- and 1.45-fold, respec
tively, compared with those in WT mice (Fig. 3E). In addition, the 
appearance of liver tissues indicated bilirubin stasis, as shown in Fig. 3C. 
And the results showed that hepatocyte nuclei in ugt1a+/− mice had 
local inflammation and chemotactic egress (Fig. 3C). Those results 
indicated that the liver tissue of ugt1a+/− mice had a lower tolerance to 
bilirubin than that of WT mice. The relative mRNA and protein levels of 
IL-1β, IL-6, and TNF-α were markedly increased in ugt1a+/− mice 
(Fig. 4A-B). The α-SMA and Collagen I protein levels were also signifi
cantly increased (Fig. 4D), which may imply activation of hepatic stel
late cells, a group of cells that can induce liver fibrosis [33–35]. F4/80 
was initially used to label macrophages, and the immunofluorescence 
showed that the macrophage population was increased in ugt1a+/− mice 
livers and the intensity of red fluorescence-labeled α-SMA was increased 
(Fig. 4E). To confirm our hypothesis, we examined whether these effects 
were related to the activation of Kupffer cells. Kupffer cells were further 
labeled with F4/80, CD11b and CD68. It was observed under a confocal 
microscope that the labeled Kupffer cells in the liver slices of the ugt1a+/ 

− mice group were indeed significantly higher than the control group 
(Fig. 4C). Therefore, the increase in inflammatory factors may be due to 
the activation of Kupffer cells. The western blotting results confirmed 
the intensified induction of IκB-α and Ikk-β phosphorylation in ugt1a+/−

mice livers (Fig. 3F). In addition, p65 was also hyperphosphorylated 
after bilirubin intervention (Fig. 3F). These results suggest that bilirubin 
accumulation in ugt1a1-deficient mice livers activated Kupffer cells to 
release inflammatory factors, stimulated the NF-κB pathway and caused 

Fig. 4. Metabolic block of bilirubin activated Kupffer cells. (A) TNF-α, IL-6, and IL-β levels in the serum of ugt1a+/− and WT mice, as detected by ELISA kits. (B) 
Relative RNA expression levels of TNF-α, IL-6, and IL-β in ugt1a+/− and WT mice livers, as measured by qPCR. (C) High-magnification confocal images of ugt1a+/−

and WT mouse liver tissue damaged by bilirubin, demonstrating that macrophages (Kupffer) identified by F4/80 (green), CD68 (red), and CD11b (pink) are activated 
(20×, scale bar, 50 μm). (D) Relative protein levels of α-SMA and collagen I in ugt1a+/− and WT mice livers, as measured by western blot (standardized by GADPH). 
(E) Immunohistochemical fluorescence in images of ugt1a+/− and WT mice liver tissue damaged by bilirubin, showing increased macrophage activity (green) and 
slight activation of α-SMA (red). 20×, scale bar, 25 μm. Each group contained at least 6 mice. Statistical significance is shown as * (p < 0.05), ** (p < 0.01), *** (p <
0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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liver damage. In addition, the increase of α-SMA expression indicated 
that hepatic stellate cells were activated. Therefore, compared with 
normal individuals, UGT1A1 deficiency has more fragile liver. 

3.3. Bilirubin-induced p65 hyperphosphorylation and DNA damage led to 
hepatotoxicity 

The neurotoxicity of bilirubin has been extensively studied. How
ever, there are few studies on bilirubin-induced normal liver cell 
toxicity. To further determine the direct effect of bilirubin on hepato
cytes, the bilirubin was added directly to the normal liver cells (WRL68). 
First, we observed the effects of bilirubin on WRL68 cells, including cell 
morphology, state, and viability. The results showed that low concen
tration bilirubin had little effect on WRL68 cells (Fig. 5A). However, 
when the bilirubin concentration was higher than 100 µM, WRL68 cells 
exhibited significant swelling (Fig. 5B). High concentration bilirubin 
(100 µM) inhibited hepatocyte proliferation. Further EdU experiment 

also confirmed that bilirubin (100 µM) inhibited the self-repair and 
regeneration ability of WRL68 cells (Fig. 5C). After bilirubin treatment, 
the phosphorylation levels of IκB-α, Ikk-β, and p65 in WRL68 cells were 
measured via western blotting (Fig. 5D). The results confirmed our hy
pothesis that the phosphorylation levels of IκB-α, Ikk-β, and p65 in the 
bilirubin-treated group were visibly increased, which indicated that the 
accumulation of bilirubin in the liver caused excessive protein phos
phorylation, activating the NF-κB pathway. Repeated stimulation of 
external molecules, including oxidative stress, can damage cell macro
molecules, especially DNA. For example, long-term alcohol abuse can 
cause hepatocyte DNA damage [36]. Therefore, after UCB was exposed 
to WRL68 cells, the expression of γH2AX increased significantly (Fig. 5E, 
F). 

Fig. 5. Molecular mechanism of bilirubin-induced hepatocytes damage in cell. (A) MTT assay of bilirubin-treated WRL68 cells. (B) H&E staining of the effect of 
bilirubin on WRL68 cell morphology. 20×, scale bar, 20 μm. (C) The effect of bilirubin on the self-repair and proliferation of WRL68 cells, as detected by an EdU kit. 
20×, scale bar, 25 μm. (D) Measurement of p65, p-p65, Ikk-β, p-Ikk-β, IκB-α, and p-IκB protein levels in WRL68 cells by western blotting (standardized by p65, Ikk-β, 
IκB-α, respectively). (E) γH2AX protein levels in WRL68 cells detected by western blotting (standardized GAPDH). (F) Immunofluorescence detection of γH2AX 
protein in WRL68 cells. At least 3 replicate samples were used for each experiment. Statistical significance is shown as * (p < 0.05), ** (p < 0.01). 
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3.4. GS-related mutant UGT1A1 and knockdown UGT1A1 aggravate 
bilirubin-induced hepatocytes injury. 

We then sought to explain the specific mechanism that low activity of 
UGT1A1 causes bilirubin accumulation to damage hepatocytes. The 
G71R mutation in UGT1A1 is a common low-activity mutant in the 
Asian population. We investigated the tolerance of hepatocytes against 
UCB toxicity after knocking down UGT1A1, overexpressing UGT1A1 
and G71R, respectively. After silencing UGT1A1 in WRL68 cells, bili
rubin treatment (100 μM) resulted in the increase of p65 phosphoryla
tion and inflammatory factors (Fig. 6A,B). Conversely, UGT1A1 
overexpression reduced the increase of inflammatory factors and p65 
phosphorylation caused by bilirubin (Fig. 6C,D). Overexpression of GS- 
related mutant UGT1A1 (G71R) in WRL68 cells, the inflammatory fac
tors and p65 phosphorylation were increased, comparing with the 
overexpression-UGT1A1 group (Fig. 6E). Collectively, those evidence 
suggested that hepatocytes with low UGT1A1 activity have decreased 
tolerance to bilirubin, which may lead to liver vulnerability. 

Furthermore, we analyzed the effect of G71R mutation on the 
interaction between UDPGA and bilirubin from the perspective of pro
tein and molecular interaction. The G71R mutation results in a longer 
side chain of 71st amino acid residue. When bilirubin reacted with 
UDPGA, longer side chains of residues caused steric hindrance by 
deflection, resulting in a decrease in the activity of the G71R mutant. 
Fig. 6F showed the UGT1A1 residues that bind bilirubin, including S65, 
Y67, and R69 located near G71. Bilirubin has two binding sites that can 
be glucuronated, as shown in Fig. 6F. It also indirectly indicates that the 
mutant protein may retain some activity because one of these sites is not 
affected by steric hindrance. In short, UGT1A1 dysfunction may lead to 
the accumulation of UCB. When a certain amount of UCB is exposed to 
liver cells, it stimulates the activation of the NF-κB pathway and induces 
DNA damage to cause liver cell damage (Fig. 6G). 

3.5. The protective effect of Schisandrin B against liver damage caused by 
long-term bilirubin stasis induced by ugt1a1 deficiency 

Schisandra has been widely used as a traditional herbal medicine to 
treat various diseases in many countries. Its main pharmacological 
functions include neuroprotection [37], immunity enhancement [38], 
and liver protection [39]. Schisandrin B is an active ingredient of 
Schisandra. ugt1a+/− mice and WT mice were intragastrically admin
istered with Schisandrin B to prevent and treat liver damage caused by 
bilirubin stasis. The dosing regimen is shown in Fig. 7A. The control 
group was administered with the same solvent to eliminate interference. 
The appearance of liver tissue and the results of H&E staining proved 
that Schisandrin B had a certain hepatoprotective effect in WT and 
ugt1a+/− mice, as shown in Fig. 7B. The chemotaxis of hepatocytes and 
nuclei in Schisandrin B mice group were reduced. Schisandrin B treat
ment significantly reversed the serum ALT levels in ugt1a+/− and WT 
mice. The serum AST levels and the p65 phosphorylation in the ugt1a+/ 

− and WT mice group with Schisandrin B treatment were also decreased 
(Fig. 7C,D). In addition, we further investigated whether Schisandrin B 
affects the activation of liver immune cells. The results showed that F4/ 
80 infiltration and the significant increase of CD68 and CD11b occurred 
in ugt1a+/− mice liver tissue administered with bilirubin (Fig. 7E). This 

also confirmed our previous immunofluorescence results. Previous 
studies pointed out that Schisandrin B can inhibit oxidative stress by 
activating Nrf2 and nuclear receptor PXR to promote the expression of 
ugt1a1. We found that Schisandrin B can synergistically reduce 
inflammation by inhibiting the phosphorylation of p65 and the activa
tion of Kuffer cells to protect the liver from damage (Fig. 7F). These 
comprehensive results confirmed that Schisandrin B can protect against 
liver damage in individuals with low ugt1a1 activity. 

4. Discussion and conclusion 

UGT1A1 has been widely studied in the field of drug metabolism for 
decades. In our previous studies, we have found that the activity of 
UGT1A1 in tumor-derived human liver microsomes (HLMs) was lower 
than that in adjacent normal HLMs, and the relative UGT1A1 protein 
and gene expression levels in tumor tissue were significantly reduced 
[40]. We speculated that UGT1A1 may be a dominant factor in liver 
damage progression. In this research, preliminary experiments showed 
that during the induction of chronic liver damage, the ugt1a+/− mice has 
more serious liver injury, indicating that the reduction of ugt1a aggra
vated the liver damage process. 

UGT1A1 has been proven to be the only enzyme that can detoxify 
bilirubin. Liver damage is often accompanied by an increase in bilirubin, 
and it is unclear whether bilirubin will aggravate liver damage. 
Although Veel et al. reported that intravenous infusion of bilirubin can 
cause hepatocyte cytoplasmic vacuolation and tubule cholestasis [16]. 
The current research on bilirubin toxicity is focused on the neurological 
field. To further study the crosstalk relationship between low UGT1A1 
activity, bilirubin and hepatocyte damage. WT and ugt1a+/− mice were 
intraperitoneally injected with bilirubin continuously. The ugt1a+/−

mice liver showed more severe accumulation of UCB, indicating that 
ugt1a+/− mice had significantly lower bilirubin metabolic tolerance 
than WT mice. In this study, Kupffer cells were obviously activated in 
ugt1a+/− mice groups. Kupffer cells are phagocytic cells located on the 
inner surface of liver sinusoids, accounting for 80–90% of the macro
phages colonized throughout the body. Once the liver is damaged, 
Kupffer cells will be activated and proliferated, accompanied by secre
tion of the cytokines TNF-α, IL-1β and IL-6 [41]. This may also partially 
explain why the levels of inflammatory factors in UGT1A1-deficient 
mice were higher than those in WT mice. In addition, the consistent 
result was obtained in the subsequent immunohistochemical staining 
experiment (shown in Fig. 8). 

A research pointed out that the inflammatory cytokine TNF-α can 
promotes the long-term expansion of primary hepatocytes, which may 
also be a warning of liver fibrosis [42]. Herein, the levels of α-SMA and 
Collagen I were increased significantly in ugt1a+/− mice, indicating that 
hepatic stellate cells were also activated. These results proved that the 
accumulation of UCB in ugt1a+/− mice can stimulate Kupffer cells to 
release inflammatory factors, and further activated hepatic stellate cells. 
Under the stimulation of bilirubin, the IκB-α, Ikk-β and p65 in ugt1a+/−

mice livers were hyperphosphorylated resulted in the activation of NF- 
κB. Furthermore, studies have reported that the activation of NF-κB can 
inhibit the expression of UGT1A1, thereby aggravating hyper
bilirubinemia in the inflammatory process [43]. These two pathways 
may form a vicious circle with each other, exacerbating the disease of 

Fig. 6. The effect of UGT1A1 in hepatocytes on the bilirubin-induced injury. (A) UGT1A1 protein expression was silenced in WRL68 and small interfering RNA-3 
cells in the subsequent UGT1A1 gene silencing experiment. (B) Western blot detection of p65 and p-p65. UGT1A1 silencing increased the phosphorylation of p65 in 
WRL68 cells. (C) UGT1A1 and GS-related mutant G71R were overexpressed in WRL68 cells, OE indicates overexpressed target protein. (D) Western blot detection of 
p65 and p-p65. (E) TNF-α, IL-6, and IL-β levels in WRL68 cells, as detected by ELISA kits. At least 3 replicate samples were used for each experiment. (F) Molecular 
docking of bilirubin and UGT1A1. The upper shows the schematic diagram of bilirubin glucuronidation. In the docking image, the yellow skeleton represents 
bilirubin, and the red skeleton represents cofactor UDPGA. The blue residues represent the N-terminal domain residues of UGT1A1, and the green residues represent 
the C-terminal domain residues of UGT1A1. The red dotted line represents the hydrogen bonding interaction between bilirubin and UGT1A1, and the black dotted 
line represents the hydrogen bonding interaction between UDPGA and UGT1A1 (Distance<3.5 Å). (G) Overview mechanism of UCB involvement in liver cell injury. 
Statistical significance is shown as * (p < 0.05), ** (p < 0.01), *** (p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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the organism. Collectively, this evidence confirmed that ugt1a1 defi
ciency was more likely to cause liver damage than normal ugt1a1 ac
tivity mice. 

In current studies, UCB-induced neuronal cytotoxicity is mainly 
related to oxidative stress [44,45], DNA damage [46,47], histone acet
ylation [48], proteasome inhibition [49]. Only two research literature 
reports on the effect of bilirubin in promoting the apoptosis and 

increasing reactive oxygen species of Hepa1c1c7 have been retrieved 
[50,51]. Little is known about the effect of UCB on normal and UGT1A1 
knockdown / UGT1A1 mutate liver cells. In our cellular study, UGT1A1 
knockdown increased vulnerability to liver damage based on bilirubin- 
induced protein hyperphosphorylation. It is widely recognized that 
increased oxidative stress could result in severe damage to cellular 
macromolecules, especially to DNA [46]. We found that 100 μM UCB 

Fig. 7. Protective effect of Schisandrin B on bilirubin-induced liver injury in ugt1a1 deficiency (A) Photograph of a Schisandra chinensis plant and chemical structural 
formula of Schisandrin B (upper panel). Timeline of Schisandrin B and bilirubin administration. (B) Photograph and H&E staining of mice liver tissues treated with 
Schisandrin B. 40×, scale bar, 20 μm. S is short for Schisandrin B. (C) The concentration of TNF-α in the serum. (D) Measurement of p65 and p-p65 protein levels in 
the livers of ugt1a+/− and WT mice by western blotting. The right panel shows the statistical difference between the densities of the bands on the blots, as analyzed by 
t test. (E) The concentration of ALT and AST in the serum. (F) Immunohistochemical detection of F4/80, CD68 and CD11 protein expression in mice liver tissues. 
Scale bar, 20 μm. (G) Summary mechanism of Schisandrin B on bilirubin-induced liver injury in ugt1a1 deficiency. At least 4 mice per group were evaluated. 
Statistical significance is shown as * (p < 0.05), ** (p < 0.01), *** (p < 0.001). 
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can induce DNA damage in WRL68 cells by detecting γH2AX. In sum
mary, Bilirubin-induced oxidative stress and DNA damage cause liver 
cell damage. 

There is a hypothesis that the ugt1a1 expression could be increased 
by activating the PXR, CAR, FXR, and Nrf2 target genes in individuals 
with low expression of ugt1a1 [52], thereby combating liver injury. 
Current studies have shown that ginsenoside Rg1 [53], vitamin C [54], 
picroside II [55], carinoside [56] and Schisandrin B [18,19] can increase 
the protein level of UGT1A1 through the above mentioned pathways and 
exert hepatoprotective effects. And Schisandrin B can reverse the lith
ocholic acid-induced increase of serum bilirubin level by activating PXR 
to up-regulate UGT1A1 expression [57]. Therefore, we investigated the 
preventive and therapeutic effects of Schisandrin B on ugt1a+/− mice. In 
our study, the results confirmed that Schisandrin B can reduce liver 
damage caused by bilirubin accumulation in ugt1a+/− mice based on 
reducing the inflammatory response and inhibiting the activation of 
Kupffer cells and hepatic stellate cells. This is the first report to reveal 
the mechanism that UGT1A1 dysfunction may lead to hepatic vulnera
bility induced by the accumulation of bilirubin in the liver. The Schi
sandrin B prevention provides a personalized treatment to protect liver 
from fragility in UGT1A1 deficiency people. 
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