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Abstract

BACKGROUND

Uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) plays a crucial role
in metabolizing and detoxifying endogenous and exogenous substances.
However, its contribution to the progression of liver damage remains unclear.

AIM
To determine the role and mechanism of UGT1A1 in liver damage progression.

METHODS
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We investigated the relationship between UGT1A1 expression and liver injury through clinical research.
Additionally, the impact and mechanism of UGT1A1 on the progression of liver injury was analyzed through a
mouse model study.

RESULTS

Patients with UGT1A1 gene mutations showed varying degrees of liver damage, while patients with acute-on-
chronic liver failure (ACLF) exhibited relatively reduced levels of UGT1A1 protein in the liver as compared to
patients with chronic hepatitis. This suggests that low UGT1A1 levels may be associated with the progression of
liver damage. In mouse models of liver injury induced by carbon tetrachloride (CCl,) and concanavalin A (ConA),
the hepatic levels of UGT1A1 protein were found to be increased. In mice with lipopolysaccharide or liver
steatosis-mediated liver-injury progression, the hepatic protein levels of UGT1A1 were decreased, which is
consistent with the observations in patients with ACLF. UGT1A1 knockout exacerbated CCl,- and ConA-induced
liver injury, hepatocyte apoptosis and necroptosis in mice, intensified hepatocyte endoplasmic reticulum (ER)
stress and oxidative stress, and disrupted lipid metabolism.

CONCLUSION

UGT1A1 is upregulated as a compensatory response during liver injury, and interference with this upregulation
process may worsen liver injury. UGT1A1 reduces ER stress, oxidative stress, and lipid metabolism disorder,
thereby mitigating hepatocyte apoptosis and necroptosis.

Key Words: Uridine diphosphate glucuronosyltransferase 1A1; Liver injury progression; Endoplasmic reticulum stress;
Oxidative stress; Lipid metabolism disorders
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Core Tip: The role and mechanism of hepatic uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) in the progression
of liver injury are still not fully understood. This study found that inhibiting compensatory upregulation of UGT1A1
promotes the progression of liver injury. The mechanism may be related to low levels of UGT1A1 exacerbating endoplasmic
reticulum stress and oxidative stress, and disrupting lipid metabolism, thereby exacerbating hepatocyte apoptosis and
necroptosis.
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INTRODUCTION

Uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) is a member of the phase II metabolic enzyme family; it is
involved in the metabolism and detoxification of both endogenous and exogenous substances[1]. UGT1A1 can metabolize
bilirubin and 7-ethyl-10-hydroxycamptothecin, which are well-known endogenous and exogenous substrates,
respectively[2]. Bilirubin is produced from the breakdown of hemoglobin, and is primarily metabolized in the liver[3].
UGT1A1 mutation can cause bilirubin metabolism disorders and accumulation. Current research indicates that UGT1A1
mutation is a benign condition with no significant pathological response, and will not lead to hepatocyte death or chronic
liver disease[4]. Moderate levels of bilirubin are effective physiological antioxidants[5], and may reduce oxidative stress,
alleviate inflammation, prevent fibrosis, and ultimately affect the development of non-alcoholic fatty liver disease[6,7].
Furthermore, elevated levels of bilirubin can inhibit lipid oxidation and delay the development of atherosclerosis, thereby
helping to prevent and counteract cardiovascular diseases such as coronary heart disease[8]. These findings suggest that
the elevation of bilirubin, which has antioxidant effects, in individuals with UGT1A1 mutation is beneficial to the human
body.

However, high-frequency mutations in the UGT1A1 gene can lead to hereditary hyperbilirubinemia[9], while a
complete loss of UGT1A1 function may be fatal, as UGT1A1 knockout (KO) mice can survive for only approximately 20 d.
Metabolic disorders associated with high bilirubin concentrations can cause neurotoxicity, resulting in irreversible
damage to the brain and nervous system[10]. Animal experiments have shown that the intravenous infusion of bilirubin
leads to hepatocellular cytoplasmic vacuolation and canalicular bile stasis[11], and high concentrations of accumulated
bilirubin can cause liver toxicity[12]. Impaired UGT1A1 function increases the workload of the liver and can exacerbate
liver damage caused by long-term bilirubin metabolism disorders[13]. In addition to metabolizing endogenous bilirubin,
UGT1AL1 participates in the metabolism of various exogenous drugs and harmful substances, thereby serving a detoxi-
fication role[14]. Decreased UGT1A1 activity in the body can cause drug metabolism disorders and drug accumulation,
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which increases the drug exposure time and renders patients susceptible to drug-induced liver damage[15]. UGT1A1
gene polymorphism and its gene product levels can serve as biomarkers for drug-induced liver injury[4]. Patients with
Gilbert syndrome (GS) may be more susceptible to drug-induced liver injury after taking certain medications or
undergoing biological therapies[16]. Research has shown that UGT1AL1 is the major pathway for the glucuronidation of
acetaminophen in the liver, and patients with low UGT1A1 enzyme activity are at risk for developing acute liver failure
after the oral administration of acetaminophen[17]. First-line anti-tuberculosis drugs are commonly associated with
hepatotoxicity, and UGT1A1 gene mutation increases the risk of drug-induced liver disease from anti-tuberculosis drugs
[18]. Tyrosine kinase inhibitors (TKIs) are substrates of UGT1A1 and compete with bilirubin for binding to UGT1A1.
Pazopanib is a TKI that is used to treat advanced renal cell carcinoma. Studies have shown that in the presence of
UGT1A1 gene mutation, treatment with pazopanib for metastatic renal cell carcinoma increases the likelihood of hepato-
toxicity, which can lead to the temporary or permanent discontinuation of the drug[19]. Other studies have confirmed
that hyperbilirubinemia is observed in GS patients who receive TKI therapy, which increases the risk of liver damage and
is closely related to low UGT1Al1 activity[20]. We have previously reported the case of a patient with a UGT1A1 mutation
who developed significant bilirubin metabolism disorders and liver injury[21]. Therefore, the specific role of UGT1A1
dysfunction or low UGT1A1 levels in the progression of liver disease is yet to be elucidated.

The progression of liver disease is usually associated with persistent exposure to hepatotoxic factors, and in certain
cases, it can manifest as a severe acute exacerbation (SAE) of liver disease[22]. SAE of liver disease is defined as the rapid
deterioration of liver function within a short period of time, leading to the development of liver failure or decompensated
cirrhosis against a background of pre-existing liver disease[23,24]. SAEs of liver disease usually involve 2 aspects:
Sustained and relatively stable liver damage caused by various etiologies (such as hepatitis B virus infection and
metabolic abnormalities), in conjunction with other factors that trigger acute liver damage, leading to the rapid deteri-
oration of liver function.

Endotoxemia is commonly involved in the progression of liver diseases. Lipopolysaccharide (LPS), a primary
component of endotoxins, can trigger cellular inflammatory responses and ultimately lead to liver-cell damage[25]; LPS
can also directly damage hepatocytes[26]. Nevertheless, it is uncommon for LPS alone to cause significant liver injury
[27]. LPS is often used as a trigger to exacerbate liver injury. Fatty liver is usually a disease that progresses slowly, but the
presence of fatty degeneration in the liver increases the sensitivity of liver cells to injury; thus, fatty liver is a risk factor
for the progression of liver damage[28]. It is unclear whether UGT1Al is involved in the LPS- or liver steatosis-mediated
exacerbation of liver injury.

Various pathogenic factors can damage the liver, leading to the programmed cell death of liver cells. Continued
programmed cell death of the liver cells, which includes apoptosis and necroptosis, drives the progression of liver disease
[29]. Apoptosis and necroptosis of liver cells are interconnected; each can influence and even transform into the other
during the occurrence and development of various liver diseases. Caspase-3 is an essential executor in apoptosis, and its
activation is regarded as a biomarker of cell apoptosis[30]. Necroptosis is a form of cell death that resembles necrosis in
terms of morphological changes and shares similar regulatory mechanisms with apoptosis. Necroptosis is regulated by
inflammatory signals, and is characterized by activation through the phosphorylation of the mixed lineage kinase
domain-like pseudokinase (MLKL) region[31]. Endoplasmic reticulum (ER) stress and oxidative stress are defense
responses that occur before hepatocyte apoptosis and programmed necrosis[32].

To clarify the relationship between UGT1A1 and the progression of liver damage, we analyzed the expression levels of
UGT1AL1 in patients with liver damage. In addition, we used a mouse model of liver damage to investigate the role and
mechanism of UGT1A1 in the progression of liver damage at the systemic, cellular, and subcellular levels.

MATERIALS AND METHODS

Clinical research

The clinical data of patients with UGT1A1 gene mutation detected by genetic testing for hereditary diseases were
collected through our hospital’s electronic medical record system. The relationship between UGT1A1 gene mutation and
liver damage was analyzed through liver-function tests, imaging studies, and pathological examinations.

In addition, liver tissue samples were obtained from patients with chronic hepatitis and those undergoing liver
transplantation for acute-on-chronic liver failure (ACLF). These samples were subjected to proteomics analysis to
evaluate variations in the expression levels of UGT1A1 protein in the liver. This clinical study was approved by the
medical ethics committee of our hospital [approval numbers: ZYFYLS(2018)28 and ZYLS(2022)1-059], and informed
consent was obtained from the patients prior to the collection of liver tissue samples.

Animal experiments

All animal studies were approved by the Animal Laboratory Studies Ethics Review Committee of Zunyi Medical
University (ZMU21-2107-003 and ZMU11-2203-314). Healthy and clean male BALB/c mice (weight, 23.63 g + 2.24 g) were
purchased from the Animal Center of Zunyi Medical University [SYXK (Qian) 2021-0004, Guizhou, China]. The mice
were kept in a pathogen-free facility at a controlled temperature of 20 °C-24 °C. They had unlimited access to food and
water, and were maintained on a 12-h light/dark cycle. Once the mice had acclimated to their new environment, they
were randomly assigned to different experimental groups by using a random number table. At least 12 mice per group
were used for all studies, unless noted otherwise.
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Induction of liver injury in mice

Carbon tetrachloride-induced liver injury: Carbon tetrachloride (CCl,) is a widely known hepatotoxic substance that is
frequently utilized as an agent to induce acute and chronic chemical liver injury[33]. BALB/c mice were randomly
divided into 5 groups (of 12 mice each). The 0 h (control) group did not receive any treatment, while the 12h, 24 h, 48 h,
and 72 h groups received an intramuscular injection of a CCl, solution (Shanghai Macklin Biochemical Technology Co.
Ltd., Shanghai, China) at a dose of 1.0 mL/kg. The mice were deprived of food and water for 6 h before the injection.
Anesthesia was induced at 12 h, 24 h, 48 h, and 72 h following the CCl, injection, and orbital blood and liver tissue
samples were collected from all the mice in all 5 groups.

Concanavalin A-induced liver injury: Concanavalin A (ConA) a lectin derived from jack bean, is frequently used to
induce acute immune-mediated liver injury in mice[34]. BALB/c mice were randomly divided into 4 groups (of 12 mice
each): The 12 h, 24 h, and 48 h groups, in which mice were intravenously injected with a 20 mg/kg dose of a ConA
(Solarbio, Beijing, China) solution, and the 0 h (control) group, in which mice were intraperitoneally injected with an
equal dose of normal saline. The mice were deprived of food and water for 6 h before the injections. The ConA solution
was prepared by mixing ConA in a normal saline solution; the prepared solution was stored at 4 °C-8 °C until use.
Anesthesia was induced at 0, 12 h, 24 h, and 48 h following the ConA /normal saline injections, and orbital blood and
liver tissue samples were collected from all the mice.

LPS and CCl,-induced SAE of liver injury: Mouse models of SAE of liver injury are usually established using long-term
or chronic CCl, injections to induce chronic liver injury[35], followed by treatment with LPS or acetaminophen, or
infection with Klebsiella pneumoniae to induce acute exacerbation of the liver injury[36,37]. In this study, BALB/c mice
were randomly divided into 2 groups: The CCl, + LPS and the CCl, groups. In the CCl, + LPS group, mice were
subcutaneously injected with 1.0 mL/kg of a CCl, solution, twice per week, for a duration of 8 wk. Additionally, they
were intraperitoneally injected with 0.5 mg/kg LPS during the final CCl, injection. In the CCl, group, mice were
administered only the CCl, solution, according to the same regimen as above. In both groups, the mice were deprived of
food and water for 6 h before each injection. Anesthesia was induced at 24 h after the final injection, and orbital blood and
liver tissue samples were collected from the mice.

Hepatosteatosis worsened liver injury caused by CCl,: BALB/c mice were randomly divided into 4 groups. The control
group received a normal diet for 8 wk. The high-fat diet (HFD; XTHF60; Jiangsu Xietong Pharmaceutical Bio-engineering
Co. Ltd., Jiangsu Province, China) group received a diet consisting of 20% protein, 20% carbohydrates, and 60% fat for 8
wk. The CCl, group received a normal diet for 8 wk along with subcutaneous injections of a CCl, solution (1.0 mL/kg,
twice weekly for 8 wk). The CCl, + HFD group received both the HFD and subcutaneous CCl, injections as above.
Anesthesia was induced at 24 h after the final injection, and orbital blood and liver tissue samples were collected from the
mice.

Ugt1a1 KO in vivo

BALB/c mice were randomly divided into 3 groups: The normal control group (untreated), the control group [control
single guide ribonucleic acid (sgRNA)], and the Ugtlal sgRNA group (Ugtlal sgRNA1, Ugtlal sgRNA2, and Ugtlal
sgRNA3). In the control group and Ugtlal sgRNA group, the mice were administered recombinant adenovirus
(GeneChem, Beijing, China) containing control sgRNA and Ugtlal sgRNA, respectively, via tail vein injections (5 x 10%-1
x 10" viral gene copies/mouse). The sequences of the sgRNAs used are shown in Table 1. At 6 wk after transfection, the
protein levels of UGT1A1 were detected using western blot analysis, and the results were used to screen for the specific
Ugtlal sgRNA that knocked out the Ugtlal gene.

To explore the effect of UGT1A1 on liver injury, we conducted research on animal models of acute liver injury induced
by CCl, and ConA as well as on animal models of chronic liver injury induced by CCl,. In the case of the acute CCl,-
induced liver injury model, a total of 48 mice were divided into 4 groups based on different sgRNAs: The control group
(control sgRNA), Ugtlal KO group (Ugtlal-targeting sgRNA), CCl, group (control sgRNA + CCl,), and Ugt1a1-KO + CCl,
group (Ugtlal-targeting sgRNA + CCl,). In the case of the chronic CCl,-induced liver injury model, a total of 24 mice were
divided into 2 groups based on different sgRNAs: CCl, group (control sgRNA + CCl,) and Ugt1a1-KO + CCl, group (
Ugtlal-targeting sgRNA + CCl,). In the case of acute ConA-induced liver injury model, a total of 24 mice were divided
into 2 groups based on different sgRNAs: ConA group (control sgRNA + ConA) and Ugt1al-KO + ConA group (Ugtlal-
targeting sgRNA + ConA). Preliminary experiments revealed that the expression of ER stress- and oxidative stress-related
proteins was most significant at the 24-h mark. Therefore, in the acute liver injury model, we selected 24 h after
intramuscular CCl, injection (1.0 mL/kg) or intravenous ConA injection (20 mg/kg) as the observation point. In the
chronic liver injury model, mice were subcutaneously injected with CCl, solution (1.0 mL/kg) twice weekly for 8 wk. The
observation point was 24 h after the final injection. Anesthesia was induced at the appropriate observation time points in
the acute and chronic liver injury models, and orbital blood and liver tissue samples were collected from all the mice.

Serum alanine transaminase, total bilirubin, and indirect bilirubin levels

Blood samples were collected from anesthetized mice, and the serum levels of alanine transaminase (ALT), total bilirubin
(TBil), and indirect bilirubin (IBiL) were measured using a Beckman Coulter autoanalyzer (AU5800, Beckman Coulter,
United States) in accordance with a standard protocol[38]. Specifically, the serum levels of ALT were quantified using the
rate method, and the TBil and IBiL levels were analyzed using the diazo method.
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Histopathological analysis

Liver tissues were fixed in 4% paraformaldehyde (Solarbio, Beijing, China) and then dehydrated, made transparent,
embedded in paraffin, and sliced at 5-pm intervals. The paraffin sections were deparaffinized, dehydrated in gradient
alcohol, washed with phosphate-buffered saline for 5 min, and stained with hematoxylin and eosin. For Masson
trichrome staining, paraffin-embedded sections were deparaffinized with xylene, dehydrated in gradient alcohol, stained
with the Masson staining solution supplemented with 5% phosphotungstic acid (Servicebio, Wuhan, Hubei Province,
China), and then soaked in aniline solution. The stained sections were gradually dehydrated, cleaned with ethanol, and
cleared with xylene. After the completion of the staining procedure, the sections were imaged using a Pannoramic Slicer
(3D HISTECH CaseViewer, Pannoramic SCAN, Budapest, Hungary). The images were analyzed using CaseViewer v 2.4
software at various magnifications (1 % to 1000 x, Budapest, Hungary). For the analysis of necrotic tissue, the target area
was examined under 100 X magnification. Image-Pro Plus 6.0 software was used to measure the total area and the area of
necrotic tissue, and the percentage of necrotic tissue was calculated as follows: Necrotic tissue percentage = necrotic tissue
area/total tissue area x 100.

Apoptosis assay

Hepatocyte apoptosis in the liver tissue sections was detected using a commercially available terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate-nick end labelling (TUNEL) assay kit (Roche, 11684817910), according to
the manufacturer’s instructions. Six areas were randomly selected on each slide to calculate the apoptotic index, which
was determined as follows: Apoptotic index = number of positive cells/total number of cells x 100%.

Western blot analysis

Western blot analysis was conducted according to standard procedures by using lysates of tissue samples from the right
hepatic lobes of the mice, as described previously[39]. In brief, the tissues were solubilized in lysis buffer containing
phosphatase inhibitor (R0010, Solarbio, China). For determining the protein concentration, 40 pg of each sample was
separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride
membranes (Millipore, United States). The membranes were blocked with 5% skim milk and incubated overnight with
the primary antibodies at 4 °C (Table 2). Then, the membranes were incubated with horseradish peroxidase-conjugated
anti-mouse (sc-516102, Santa Cruz Biotechnology, 1:10000) or anti-rabbit (sc-2357, Santa Cruz Biotechnology, 1:10000)
antibodies overnight or for 5 h. The enhanced chemiluminescence reagent was used to develop the membranes, and
images were captured using an imager. Quantum One software (Bio-Rad) and Image J software (NIH) were used to
quantify the expression levels of the proteins. The relative protein expression was reflected as the gray value of the
proteins, and glyceraldehyde 3 phosphate dehydrogenase (GAPDH) was used as the internal control.

Malondialdehyde detection

Malondialdehyde (MDA) represents the end result of lipid peroxidation and can indirectly indicate the extent of free
radical damage in the liver[40]. The levels of MDA were determined using the thiobarbituric acid test, according to the
MDA test kit instructions (cargo number: AOO 3-1; Nanjing Jiancheng, Nanjing, Jiangsu Province, China). Four types of
tubes, namely a blank tube, a standard tube, sample tubes, and a control tube, were each filled with 0.1 mL of absolute
alcohol, standard (10 nmol/mL tetraethyl propane), the sample to be tested, and reagent I, respectively. Subsequently, the
tubes were shaken to mix the samples and reagents. Next, 1.5 mL each of reagent I, reagent III, and 50% glacial acetic
acid were added to the test tubes in that order, according to the kit instructions. The contents were thoroughly mixed
using a vortex mixer and boiled for 40 min with the lid on. After cooling under running water, the tubes were centrifuged
at 3500-4000 rpm for 10 min. Following this, 0.2 mL of the resulting supernatant was transferred to each well of a 96-well
plate. The optical density (OD) at 532 nm was measured using an enzyme-labeled instrument (Gene Technology Co. Ltd.,
Shanghai, China), and the protein concentration (mg/mL) was determined based on the standard curve. Finally, the
MDA content in the liver tissue was calculated using the formula: Hepatic tissue MDA content (nmol/mg protein) =
[(measured OD-control OD)/(standard OD-blank OD)] x (standard concentration/protein concentration of the sample
being tested).

Measurement of liver triglyceride and total cholesterol levels

The liver triglyceride (TG) and total cholesterol (TC) levels were determined using the TG content assay kit (AKFA003C,
Boxbio, Beijing, China) and the TC content assay kit (AKFA002C, Boxbio, China), respectively. Sample preparation and
addition were carried out according to the instructions of the assay kits. The absorbance of TG and TC was measured at
the wavelengths of 420 nm and 500 nm, respectively, by using an enzyme-labeled instrument (Gene Technology Co. Ltd.,
Shanghai, China). The TG and TC contents in the liver were calculated based on the instructions of the assay Kkits.

Statistical analysis

Statistical analysis was conducted using SPSS 29.0 (IBM, Chicago, IL, United States). Continuous variables that conformed
to a normal distribution were analyzed using the one-sample Kolmogorov-Smirnov test, and expressed as means and
standard deviations. An independent ¢-test analysis was used for comparisons between two groups. One-way analysis of
variance was used to determine the statistical significance of comparisons among multiple groups, and if statistically
significant differences were identified, post hoc pairwise comparisons were further performed using the least significant
difference f test method. A P value of less than 0.05 was considered statistically significant.
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RESULTS

UGT1A1 mutation or low UGT1A1 level is closely associated with liver damage

The genetic sequencing results of a total of 7 patients were included in this study. The results revealed mutations at
different sites of the UGTIA1 gene (Figure 1A-G). The results of liver-function tests indicated that the patients had
elevated levels of TBil, mainly IBil (Table 3). Patients 1 and 2 exhibited signs of liver cirrhosis on abdominal magnetic
resonance imaging (Figure 1A and B). Histopathological examination of the liver indicated varying degrees of chronic
inflammatory changes in patients 3, 4, 5, and 6 (Figure 1C-F). Patient 7 did not undergo liver puncture biopsy, so we were
unable to examine his pathology results. Proteomics analysis suggested differential expression of UGT1AL1 in patients
with ACLF, with significantly decreased intrahepatic UGT1A1 expression as compared to patients with chronic hepatitis (
P <0.05; Figure 1H).

Hepatic UGT1A1 protein level is increased in mice with CCl-induced liver injury

At12 h, 24 h, 48 h, and 72 h after CCl,-induced liver injury, the serum ALT and TBil levels in mice were significantly
higher than the levels in the 0 h (control) group. The ALT level peaked at 24 h, while the TBil level peaked at 48 h in the
CCl, group (P < 0.01; Figure 2A and B). The area of liver-tissue necrosis expanded over time, and the necrotic liver cells
were predominantly located around the central vein zone (P < 0.01; Figure 2C and E). Liver-cell apoptosis also increased
over time, and the apoptotic index peaked at 24 h (P < 0.01; Figure 2D and E). Compared with the 0 h group, the CCl,
groups showed significantly increased protein levels of UGT1A1, cleaved caspase-3, and phosphorylated MLKL (p-
MLKL, P < 0.01; Figure 2F and G). The level of UGT1A1 peaked at 48 h, while the levels of cleaved caspase-3 and p-
MLKL peaked at 24 h after the CCl, injection.

Hepatic UGT1A1 protein level is increased in mice with ConA-induced liver injury

Compared to the 0 h (control) group, the ConA groups showed significantly increased serum levels of ALT and TBil at 12
h, 24 h, and 48 h after the induction of liver injury. The ALT level peaked at 24 h, while the TBil level peaked at 48 h (P <
0.01; Figure 3A and B). The area of liver-tissue necrosis expanded over time, and the necrotic liver cells were mainly
located around the portal areas (P < 0.01; Figure 3C and E). Liver-cell apoptosis also increased over time, and the
apoptotic index peaked at 24 h (P < 0.01; Figure 3D and E). Compared to the control group, the ConA group showed
significantly increased protein expression levels of UGT1A1, cleaved caspase-3, and p-MLKL (P < 0.01; Figure 3F and G),
with the cleaved caspase-3 and p-MLKL levels peaking at 24 h after the injection of ConA solution.

LPS exacerbated CCl-induced liver injury and decreased hepatic UGT1A1 expression in mice

Compared to the control group treated with CCl, alone, the LPS + CCl, group showed significantly increased serum
levels of ALT and TBil. Additionally, the area of liver-tissue necrosis and the hepatocyte apoptotic index were increased (
P <0.01; Figure 4A-E). Western blot analysis showed that the expression levels of UGT1A1 in mice were decreased in the
LPS + CCl, group relative to the control group, while those of cleaved caspase-3 and p-MLKL were significantly increased
(P <0.01; Figure 4F and G).

Liver steatosis worsens CCl -induced liver injury and reduces hepatic UGT1A1 protein levels in mice

Compared to mice with chronic liver injury induced by CCl, alone, mice in the CCl, + HFD group exhibited a significant
increase in the levels of ALT and TBil at 24 h (P < 0.01; Figure 5A and B). Additionally, the area of liver-tissue necrosis (P
< 0.01; Figure 5C and E) and the hepatocyte apoptotic index were increased (P < 0.01; Figure 5D and E), indicating that
hepatic steatosis led to the progression of liver injury in the mouse model. In mice with progress of liver injury (i.e., the
CCl, + HFD group), the hepatic expression of UGT1A1 protein was decreased, while the expressions of cleaved caspase-3
and p-MLKL were significantly increased (P < 0.01; Figure 5F and G).

Ugt1a1 KO worsened CCl -induced liver injury in mice

Model mice were transfected with rAAVS carrying control sgRNA, UgtIal sgRNAI, Ugtlal sgRNA2, or Ugtlal sgRNA3.
At 6 wk after transfection, the expression level of UGT1A1 was measured using Western blot analysis. The results
showed that the hepatic UGT1A1 expression was decreased in mice transfected with Ugtlal sgRNA2 and Ugtlal
sgRNAS3, and the decrease was more significant in the Ugtlal sgRNA2 group. Therefore, we selected Ugtlal sgRNA2 as
the specific Ugtlal sgRNA for the KO of the Ugtlal gene (P < 0.01; Figure 6A). The study aimed to investigate the role
and mechanism of UGT1A1 in liver injury by utilizing Ugt1a1-KO mice with acute and chronic liver injury. No mortalities
were observed in the models involving acute liver injury. However, in the case of the chronic liver injury models, 3 mice
in the Ugt1a1-KO group died, resulting in a mortality rate of 25%. In both the acute and chronic liver injury models
involving Ugt1a1-KO, the Ugt1a1-KO + CCl, group exhibited significant increases in the serum ALT and TBil levels
(mainly IBil level), relative to the CCl, group (P < 0.01; Figure 6B, C, I, and ]). The Ugt1a1-KO + CCl, group also showed
increased liver-tissue necrotic area, more pronounced liver fibrosis on Masson trichrome staining (P < 0.01; Figure 6D, F,
K, and M), and a significant increase in the apoptotic index (P < 0.01; Figure 6E, F, L, and M). Moreover, the hepatic level
of UGT1A1 protein was decreased, while the levels of cleaved caspase-3 and p-MLKL were significantly elevated (P <
0.01; Figure 6G, H, N, and O).

Ugt1a1 KO worsened ConA-induced liver injury in mice
Compared to the ConA group, the Ugt1a1-KO + ConA group showed greater increases in the serum ALT and TBil levels
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Figure 1 Uridine diphosphate glucuronosyltransferase 1A1 gene mutation is closely associated with liver injury. A-G: The uridine diphosphate
glucuronosyltransferase 1A1 (UGT1A1) gene sequencing, imaging, and pathological biopsy results for patients 1 to 7; H: Relative protein levels of UGT1A1 in chronic
hepatitis and acute-on-chronic liver failure. 2P < 0.05 vs the chronic hepatitis group. UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1.

Relative protein levels of UGT1A1

(mainly in the IBil level), the area of necrotic liver tissue, and the hepatocyte apoptotic index (P < 0.01; Figure 7A-E).
Additionally, the latter group showed significant reduction in the protein expression of UGT1A1, and elevations in the
protein expressions of cleaved caspase-3 and p-MLKL in the liver (P < 0.01; Figure 7F and G).

Interference with upregulation of UGT1A1 exacerbates hepatic ER stress, oxidative stress, and lipid metabolism
disorder during liver injury

The hepatic MDA, TG, and TC contents in the mice with CCl,-induced liver injury were increased as compared with the 0
h group (P < 0.01; Figure 8A-C). The hepatic expressions of the ER stress-related protein 78-kDa glucose-regulated protein
(GRP78) and the oxidative stress-related protein uncoupling protein-2 (UCP2) were also higher in the CCl, groups than in
the 0 h group (P < 0.01). Additionally, the expressions of the lipid metabolism-related proteins microsomal TG transfer
protein (MTP, which participates in lipid excretion) and medium-chain acyl-CoA dehydrogenase (MCAD, which
participates in fatty acid p-oxidation) were decreased, and the expressions of the transcription factor cleaved sterol
regulatory element-binding protein 1 (SREBP1c, which participates in lipid synthesis) and acyl-CoA synthetase long
chain family member 4 (ACSL4, which promotes lipid peroxidation) were increased (P < 0.01; Figure 8D). Compared to
the CCl, group, the Ugt1a1-KO + CCl, group exhibited a significant increase in the hepatic MDA, TG, and TC contents (P
< 0.01; Figure 8E-G). The GRP78 and UCP2 levels were further elevated, and the decrease in the MTP level was more
significant; the levels of SREBP1c and ACSL4 were significantly increased, and the level of MCAD was unchanged (P <
0.01; Figure 8H).

Similarly, in mice with ConA-induced liver injury, the hepatic MDA, TG, and TC contents (P < 0.05; Figure 8I-K), and
the hepatic expressions of GRP78 and UCP2 were all increased, while the expressions of MTP and MCAD were
decreased; the expressions of SREBP1c and ACSL4 were increased (P < 0.01; Figure 8L). Compared with the ConA group,
the Ugt1al-KO + ConA group exhibited significant increases in the hepatic MDA, TG, and TC contents (P < 0.01;
Figure 8M-0), further elevation of the GRP78 and UCP2 Levels, and a more significant decrease in the MTP level; the
levels of SREBP1c and ACSL4 were significantly increased, and the level of MCAD was unchanged (P < 0.01; Figure 8P).
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Figure 2 Increased uridine diphosphate glucuronosyltransferase 1A1 protein levels in the livers of mice with carbon tetrachloride-

induced liver injury. A: The enzyme rate method was used to detect the serum level of alanine transaminase in mice; B: The diazo method was used to detect the
serum total bilirubin level; C and E: Pathological analysis of liver tissue by hematoxylin and eosin staining; D and E: Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-nick end labelling assay was used to measure hepatocyte apoptosis; F: Western blotting was used to detect the protein levels of uridine
diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; G: Western blotting was used to detect the protein levels of phosphorylated mixed lineage kinase
domain-like pseudokinase. °P < 0.01 vs the 0 h (control) group. UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1; ALT: Alanine transaminase; TBil: Total
bilirubin; H&E: Hematoxylin and eosin; TUNEL: Transferase-mediated deoxyuridine triphosphate-nick end labelling; p-MLKL: Phosphorylated mixed lineage kinase
domain-like pseudokinase; CCl,: Carbon tetrachloride; GAPDH: Glyceraldehyde 3 phosphate dehydrogenase.
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DISCUSSION

This study focuses on the effects of UGT1A1 on the progression of liver injury and the mechanisms underlying these
effects. Through clinical research and animal experiments, we discovered that patients with UGT1A1 gene mutations had
varying degrees of liver injury, and patients with ACLF had relatively decreased hepatic UGT1A1 expression, as
compared to patients with chronic hepatitis. In a mouse model of liver injury, the hepatic expression of UGT1A1 was
increased, while in mouse models of liver injury induced by CCl, and worsened by LPS or hepatosteatosis, the hepatic
expression of UGT1A1 was significantly decreased as compared to the control groups induced solely by CCl,. These
findings are consistent with the observations in the patients with ACLF. Ugtlal KO exacerbated liver injury, heaptocyte
apoptosis, and necroptosis in the mouse model and worsened hepatocyte ER stress, oxidative stress, and lipid
metabolism disorders. The above results indicate that the expression of UGT1A in hepatocytes is upregulated as a
compensatory mechanism during liver injury. The upregulation of UGT1A1 is beneficial for hepatocytes to avoid
apoptosis and necroptosis under conditions of ER stress, oxidative stress, and disrupted lipid metabolism. When this
compensatory upregulation of UGT1A1 is disrupted during liver injury due to, for example, gene mutations, concomitant
endotoxemia, or hepatic steatosis, the progression of liver damage may be accelerated.

Insertion and deletion mutations, and single-nucleotide polymorphisms of the UGT1A1 gene can greatly affect the
metabolism of endogenous and exogenous substances[41]. Thus far, research on UGT1A1 polymorphisms has focused on
endogenous bilirubin metabolism and exogenous drug metabolic detoxification, and especially on disorders in bilirubin
metabolism since UGT1A1 is a liver enzyme that primarily metabolizes glucuronidated bilirubin[4,41]. The most common
congenital genetic diseases involving UGT1A1 are GS and Crigler-Najjar syndrome (CNS)[42]. GS and CNS are charac-
terized by the partial and complete deficiency of UGT1A1 enzyme activity, respectively. In GS patients, the UGT1A1
enzyme activity is reduced to approximately 30% of normal, and the clinical symptoms are mild. However, in type I CNS
patients, the UGT1A1 enzyme activity is severely deficient or even absent, leading to severe jaundice and a high risk of
progression to kernicterus, with a very high mortality rate[43]. GS is most commonly seen in patients with hereditary
hyperbilirubinemia, with a high incidence rate of 2%-10%[44]. GS is a common autosomal dominant genetic disorder, and
mutations in the promoter region of the UGT1A1 gene are an important genetic basis for the development of GS. The
frequency distribution of mutant alleles in the promoter sequence of the UGT1A1 gene varies among different
populations, with a frequency of up to 36% in African populations, only 3% in Asian populations, and as low as 0.13% in
Japan[45]. At present, the most studied mutations are UGT1A1%6 and UGT1A1%28. The polymorphism of the UGT1A1*6
Locus is represented by 211 G>A, forming 3 genotypes: G/G, A/G, and A/ A, which are prevalent in Asian populations
[46]. UGT1A1%28 consists of a sequence of 7 TA repeats, including homozygous and heterozygous mutations[47]. In this
study, we included 7 patients in the clinical study, all of whom had 1 or more mutations in the UGT1A1 gene. All 7
patients had a mutation at the UGT1A1%*6 site, and 2 patients had a mutation at the UGT1A1%28 site. Additionally, all 7
patients showed elevated levels of unconjugated bilirubin (UCB), which is consistent with the characteristics of GS. GS is
believed to be a benign disease that does not require treatment[44]. However, in our study, patients with UGT1A1
mutations had varying degrees of chronic inflammatory changes in the liver. UGT1A1 expression was decreased in
patients with ACLF as compared to patients with chronic hepatitis, suggesting that UGT1A1 mutation or low levels of
UGT1A1 may be associated with liver injury. In the animal experiments, we found that UGT1A1 protein levels were
upregulated in the livers of mice with liver injury induced by CCl, or ConA. However, in mice with CCl,-induced severe
liver injury worsened by LPS or hepatic steatosis, the UGT1A1 Levels were decreased, and hepatocyte apoptosis and
necroptosis were exacerbated. Most importantly, liver injury was aggravated after Ugt1al KO. These results indicate that
UGT1AL1 is upregulated as compensatory response after liver injury, and UGT1A1 deficiency or suppressed expression
may contribute to the progression of liver injury.

Impaired bilirubin metabolism is one of the characteristics of liver injury[48]. High concentrations of UCB cause severe
neurological damage and cell death associated with kernicterus[49], and lead to the cytoplasmic vacuolation of liver cells
and bile duct congestion[11]. Studies have confirmed the close relationship of ER stress, oxidative stress, and lipid
metabolism disorders in liver cells with the progression of liver injury[50,51]. To further clarify the role of UGT1A1 in
liver injury, we will analyze and discuss its effects and related mechanisms from 3 perspectives: ER stress, oxidative
stress, and lipid metabolism.

When cellular homeostasis is disrupted, ER stress is activated[52]. ER stress is mediated by the coordinated pathways
of inositol-requiring enzyme 1, activating transcription factor 6 (ATF6), and protein kinase R-like ER kinase[53]. ATF6,
ATF4, and other transcription factors can increase the expression of molecular chaperones during ER stress. This
facilitates the processing of proteins and maintains normal cell function. However, if ER stress persists or becomes
excessive, it can trigger signals such as apoptosis and necroptosis, leading to damage responses[54]. GRP78 is a molecular
chaperone in the ER, where it is a marker for ER stress activation[55]. When liver damage and UGT1A1 mutation coexist,
the elevation in the level of IBil (i.e., UCB) will be more significant, and high levels of IBil can worsen hepatocyte ER stress
[56]. Studies have reported that UCB activates ER stress and promotes cell apoptosis[57]. UCB has also been found to
activate ER stress in the neurons, promoting cellular inflammation and apoptosis. Four-Phenylbutyric acid is an inhibitor
of ER stress, and can alleviate UCB-induced cell apoptosis[58]. Furthermore, the research by Schiavon et al[59] has
indicated that UCB activates the nuclear factor kappa-B (NF-«xB) pathway in vitro, leading to the mediation of inflam-
matory responses. Our preliminary research found that ER stress activates the apoptosis and necroptosis of liver cells in
the setting of acute liver injury[60,61]. In vitro studies have revealed that UCB intervention increases the apoptosis and
necroptosis of oligodendrocyte precursor cells[58]. In this study, we found that the UGT1A1 expression was downreg-
ulated, and the UCB level was elevated in mice with SAE of liver injury. Ugt1al KO worsened hepatic ER stress, which
was confirmed by elevated GRP78 Levels, and resulted in the increased apoptosis and necroptosis of the liver cells. This
suggests that the disruption of UGT1A1 upregulation during liver injury worsens ER stress, exacerbates the apoptosis
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Figure 3 Increased levels of uridine diphosphate glucuronosyltransferase 1A1 protein in the livers of mice with concanavalin A-induced
liver injury. A: The enzyme rate method was used to detect the serum level of alanine transaminase in mice; B: The diazo method was used to detect the serum
level of total bilirubin; C and E: Pathological analysis of liver tissue by hematoxylin and eosin staining; D and E: terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-nick end labelling assay was used to measure hepatocyte apoptosis; F: Western blotting was used to detect the protein levels of uridine
diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; G: Western blotting was used to detect the protein levels of phosphorylated mixed lineage kinase
domain-like pseudokinase. °P < 0.01 vs the 0 h (control) group. UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1; ALT: Alanine transaminase; TBil: Total
bilirubin; H&E: Hematoxylin and eosin; TUNEL: Transferase-mediated deoxyuridine triphosphate-nick end labelling; p-MLKL: Phosphorylated mixed lineage kinase
domain-like pseudokinase; ConA: Concanavalin A; GAPDH: Glyceraldehyde 3 phosphate dehydrogenase.

and necroptosis of liver cells, and accelerates the progression of liver injury.

Oxidative stress is a stress response that results from the excessive production of reactive oxygen species (ROS) and the
relatively low activity of antioxidants[62,63]. These changes result in mitochondrial dysfunction and promote cell
apoptosis[64]. ROS production has been found to simultaneously mediate ER stress and mitochondrial dysfunction,
which collectively promote liver-disease progression[65]. UCP2 is a member of the superfamily of anion carriers in the
inner mitochondrial membrane; it prevents mitochondrial oxidative damage, and is upregulated during oxidative stress
[66]. A study investigating the effects of bilirubin-induced apoptosis in mouse liver cancer cells revealed that high doses
of UCB disrupt the cellular energy metabolism and result in excessive ROS production within the cells[67]. A study on
the toxicity of UCB-induced liver cancer cells in mice found that approximately 3.5 h after exposing the mouse liver
cancer cells to 50 pmol/L UCB, the classical cell apoptosis-related protein caspase-9 was activated; additionally, the UCB-
mediated apoptosis of liver cancer cells was associated with increased oxidative stress[68]. UCB may interfere with the
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detect the protein levels of uridine diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; G: Western blotting was used to detect the protein levels of
phosphorylated mixed lineage kinase domain-like pseudokinase. %P < 0.01 vs the carbon tetrachloride group. UGT1A1: Uridine diphosphate glucuronosyltransferase
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mitochondrial electron transport chain, release the constraints of oxidative phosphorylation, cause mitochondrial
membrane potential collapse, and thereby initiate apoptosis[69]. Another study has found that bilirubin-induced
oxidative stress causes deoxyribonucleic acid (DNA) damage in human neuroblastoma cells[49]. High ROS levels during
hyperbilirubinemia can promote neuronal cell apoptosis through the phosphorylation of P38 and the activation of
caspase-3[70]. The oxidative stress generated by elevated UCB concentrations is thus a key mechanism underlying
bilirubin-induced cell toxicity[70,71]. Liu et al[13] have also indicated that the reduction of UGT1A1 increases suscept-
ibility to liver injury and exacerbates liver damage; bilirubin-induced oxidative stress and DNA damage are significant
factors that cause liver-cell injury. Their research also suggests that the accumulation of bilirubin activates the NF-«xB
signaling pathway, initiating cellular inflammation and immune responses, thereby inducing liver-cell damage. Many
studies have shown that oxidative stress can lead to mitochondrial apoptosis and necroptosis[72,73]. Our research
indicates that hepatic oxidative stress is increased when Ugt1al is knocked out, as demonstrated by the elevated levels of
MDA and UCP2 in the animal experiments. This suggests that low levels of UGT1A1 exacerbate oxidative stress during
liver injury.
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Figure 5 Liver steatosis worsens carbon tetrachloride-induced liver injury and reduces hepatic uridine diphosphate glucuronosyltrans-
ferase 1A1 protein levels in mice. A: The enzyme rate method was used to detect the serum level of alanine transaminase in mice; B: The diazo method was
used to detect the serum level of total bilirubin; C and E: Pathological analysis of liver tissue by hematoxylin and eosin staining; D and E: The terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-nick end labelling assay was used to measure hepatocyte apoptosis; F: Western blotting was used
to detect the protein levels of uridine diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; G: Western blotting was used to detect the protein levels of
phosphorylated mixed lineage kinase domain-like pseudokinase. °P < 0.01 vs the control group; %P < 0.01 vs the carbon tetrachloride group. UGT1A1: Uridine
diphosphate glucuronosyltransferase 1A1; ALT: Alanine transaminase; TBil: Total bilirubin; H&E: Hematoxylin and eosin; TUNEL: Transferase-mediated deoxyuridine
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UGT1A1, as an important member of the uridine diphosphate glucuronyltransferase metabolic enzyme superfamily,
can directly participate in the metabolism of unsaturated fatty acids such as arachidonic acid and linoleic acid[74]. In
addition, UGT1A1 indirectly affects lipid metabolism through its influence on ER stress and oxidative stress in liver cells
[75]. Research has shown that all 3 branches of the unfolded protein response (UPR) are involved in the regulation of
lipid metabolism[33,76], and that a sustained and severe UPR exacerbates the disruption of lipid metabolism and worsens
hepatocyte lipid degeneration[77,78]. MTP promotes the transfer of lipids to apolipoprotein B, a nascent lipoprotein,
resulting in the formation of the precursor particles of very-low-density lipoprotein[79]. The inhibition of MTP activity
can disrupt the assembly and secretion of very-low-density lipoprotein-TGs, causing the accumulation of TGs in the liver
and resulting in hepatic steatosis[80]. MCAD is a medium-chain fatty acid oxidase, and MCAD deficiency is one of the
most common mitochondrial fatty acid p-oxidation disorders[81]. MCAD deficiency prevents the dehydrogenation step
of B-oxidation in the mitochondria, leading to decreased acetyl-CoA production and the accumulation of acylcarnitine
caused by carnitine transport from medium-chain fatty acids, resulting in disorders of intrahepatic lipid metabolism[82].
SREBPIc is a key adipogenic transcription factor that is activated by insulin in the postprandial state. It regulates the
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Figure 6 Knocking out uridine diphosphate glucuronosyltransferase 1A1 worsened carbon tetrachloride-induced liver injury in mice. A:
Western blotting was utilized to screen for the specific Ugt1a1 sgRNA that induced Ugt1a1 gene knockout; B and I: The enzyme rate method was used to detect the
serum level of alanine transaminase in mice; C and J: The diazo method was used to detect the serum levels of total bilirubin and indirect bilirubin; D, F, K, and M:
Pathological analysis of liver tissue by hematoxylin and eosin (H&E) and Masson staining; E, F, L, and M: The terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-nick end labelling assay was used to measure hepatocyte apoptosis; G and N: Western blotting was used to detect the protein levels of
uridine diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; H and O: Western blotting was used to detect the protein levels of phosphorylated mixed
lineage kinase domain-like pseudokinase. ®P < 0.01 vs the control sgRNA or control group; “P < 0.01 vs the carbon tetrachloride group. UGT1A1: Uridine diphosphate
glucuronosyltransferase 1A1; ALT: Alanine transaminase; TBil: Total bilirubin; IBil: Indirect bilirubin; H&E: Hematoxylin and eosin; TUNEL: Transferase-mediated
deoxyuridine triphosphate-nick end labelling; p-MLKL: Phosphorylated mixed lineage kinase domain-like pseudokinase; CCl,: Carbon tetrachloride; KO: Knockout;
GAPDH: Glyceraldehyde 3 phosphate dehydrogenase.

transcription of genes involved in fatty acid and TG synthesis, and plays an important role in the regulation of hepatic
fatty acid metabolism[83,84]. ACSL4 is a member of the acyl-CoA synthetase family and promotes lipid peroxidation.
Cells lacking ACSL4 resist lipid peroxidation by modifying their cellular lipid composition[85]. Inhibiting the expression
of ACSL4 promotes mitochondrial respiration, enhancing the ability of liver cells to undergo fatty acid p-oxidation and
reducing hepatic lipid accumulation[86]. Disturbances in hepatic lipid metabolism are closely associated with liver injury
[87]. The accumulation of hepatic TGs can also increase ROS production, leading to an augmented oxidative stress
response in liver cells[80]. In the context of liver injury, ER stress and oxidative stress interact with each other, creating a
vicious cycle that facilitates the progression of liver injury[88]. In this study, we demonstrated through an animal model
of fatty liver that alterations in hepatic lipid composition can lead to worsening liver damage. After Ugtlal KO in the
mouse liver, we observed an increased mortality rate in the Ugt1a1-KO group. This was accompanied by an intensi-
fication of ER stress and oxidative stress in the liver cells, resulting in heightened liver-cell apoptosis and programmed
necrosis. These changes promoted the progression of liver fibrosis. This was demonstrated by an increase in the MDA
content in the liver as well as elevated levels of GRP78, UCP2, cleaved caspase-3, and p-MLKL proteins. Furthermore, the
lipid composition of the liver underwent changes, which were characterized by elevated levels of liver TC and TGs,
reduced expression of MTP, and heightened expressions of SREBP1c and ACSL4. These alterations present barriers to
lipid excretion, and promote increased lipid synthesis and lipid peroxidation. This suggests that Ugt1al KO impacts the
progression of liver injury by influencing ER stress and oxidative stress, while also exacerbating lipid metabolism
disorder. These findings suggest that low levels of UGT1A1 may directly or indirectly contribute to the accumulation of
lipids in the liver, delay recovery from liver injury, and promote the progression of liver damage. Thus, lipid metabolism
disorder may be another mechanism by which UGT1A1 deficiency promotes the progression of liver damage.

ER stress, oxidative stress, and lipid metabolism disorders are closely linked to hepatocyte apoptosis and necroptosis.
Reduced activity and low levels of UGT1A1 exacerbate ER stress, oxidative stress, and lipid metabolism disorders,
thereby worsening liver-cell damage and promoting the progression of liver injury (Figure 9). Thus, low UGT1A1 levels
may be one of the reasons for the progression of liver injury. Considering that UCB has an antioxidant effect in mild liver
injury, these changes may be beneficial. However, high levels of IBil alone can also cause damage to hepatocyte
mitochondria, leading to the production of ROS. Furthermore, decreased UGT1A1 activity can hinder the liver’s capacity
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Figure 7 Knocking out uridine diphosphate glucuronosyltransferase 1A1 worsened concanavalin A-induced liver injury in mice. A: The
enzyme rate method was used to detect the serum level of alanine transaminase in mice; B: The diazo method was used to detect the serum level of total bilirubin
and indirect bilirubin; C and E: Pathological analysis of liver tissue by hematoxylin and eosin staining; D and E: The terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-nick end labelling assay was used to measure hepatocyte apoptosis; F: Western blotting was used to detect the protein levels of uridine
diphosphate glucuronosyltransferase 1A1 and cleaved caspase-3; G: Western blotting was used to detect the protein levels of phosphorylated mixed lineage kinase
domain-like pseudokinase. %P < 0.01 vs the concanavalin A group. UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1; ALT: Alanine transaminase; TBIil:
Total bilirubin; IBil: Indirect bilirubin; H&E: Hematoxylin and eosin; TUNEL: Transferase-mediated deoxyuridine triphosphate-nick end labelling; p-MLKL:
Phosphorylated mixed lineage kinase domain-like pseudokinase; CCl,: Carbon tetrachloride; KO: Knockout; GAPDH: Glyceraldehyde 3 phosphate dehydrogenase.

to metabolize other substances, leading to their accumulation in the liver. In severe liver injury, the excessive accumu-
lation of such substances can have profoundly detrimental effects.

The shortcomings of this study should be acknowledged. The Ugtlal gene was not completely knocked out, which
may be related to the fact that the virus did not transfect all the hepatocytes. This research primarily focused on the
subcellular level, and did not thoroughly investigate the specific regulatory mechanisms.

CONCLUSION

In liver injury, UGT1A1 expression is upregulated, and interference with this upregulation process may aggravate liver
damage. The mitigation of liver injury by UGT1A1 may involve the alleviation of hepatocyte apoptosis and necroptosis
mediated by ER stress, oxidative stress, and lipid metabolism disorder.
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Table 1 Sequences of single guide ribonucleic acids used in the mouse experiments

sgRNA sgRNA sequence (5' to 3')

Ugt1al sgRNA1 CACTAACAGCCTCCCAGCGT
Ugtlal sgRNA2 CACTAACAGCCTCCCAGCGT
Ugtlal sgRNA3 GCTGCACAATGCCGAGTTTA
Control sgRNA AATCAACCGTGATAGTCTCG

sgRNA: Single guide ribonucleic acid; UgtIal: Uridine diphosphate glucuronosyltransferase 1A1.

Table 2 Information about primary antibodies

Antibody Source Lot number Manufacturer Reactivity

GAPDH Mouse mAb sc-365062 Santa Cruz Biotechnology, Dallas, TX, = Mouse, human
United States

Cleaved caspase-3 Rabbit mAb 9664 Cell Signaling Technology, Danvers, Mouse, human
MA, United States

GRP78 Rabbit mAb ab108615 Abcam, Cambridge, MA, United States Mouse, human

MTP Mouse mAb sc-515742 Santa Cruz Biotechnology, Dallas, TX, = Mouse, human
United States

UCP2 Mouse mAb sc-390189 Santa Cruz Biotechnology, Dallas, TX, = Mouse, human
United States

p-MLKL Rabbit mAb 373335 Cell Signaling Technology, Danvers, Mouse, human
MA, United States

MCAD Mouse mAb sc-365109 Santa Cruz Biotechnology, Dallas, TX, = Mouse, human
United States

MLKL Rabbit mAb PA5-34733 Thermo Fisher Scientific, Waltham, Mouse, human
MA, United States

SREBP1c Mouse mAb MA5-16124 Thermo Fisher Scientific, Waltham, Mouse, human
MA, United States

ACSL4 Mouse mAb sc-365230 Santa Cruz Biotechnology, Dallas, TX, = Mouse, human
United States

ACSL4: Acyl-CoA synthetase long chain family member 4; GAPDH: Glyceraldehyde 3 phosphate dehydrogenase; GRP78: 78-kDa glucose-regulated
protein; MTP: Microsomal triglyceride transfer protein, MCAD: Medium chain acyl-CoA dehydrogenase; MLKL: Mixed lineage kinase domain-like
pseudokinase; SREBP1c: Cleaved sterol regulatory element-binding protein 1; UCP2: Uncoupling protein-2; p-MLKL: Phosphorylated mixed lineage kinase
domain-like pseudokinase; mAb: Monoclonal antibody.

Table 3 Markers of liver function in patients with uridine diphosphate glucuronosyltransferase 1A1 gene mutations

ALT, UL AST, UL TBil, pmol/L DBil, pmol/L IBil, pmol/L TBA, UL
Ref: 0-40 Ref: 0-34 Ref: 5.1-19.0 Ref: 1.7-6.8 Ref: 1.7-13.2 Ref: 0-50

Patient Gender Age

1 Male 34 761 3231 565.41 269.31 296.11 225.10¢
2 Male 43 26 28 184.21 24.81 155.81 160.001
3 Male 54 2891 1341 78.41 2351 54.91 48.401
4 Female 25 2 28 368.71 186.67 182.11 242547
5 Female 27 6 13 4331 7.5 35.81 43331
6 Male 21 6 15 50.21 10.01 4021 38.931
7 Female 48 34 391 4221 7.21 34.81 14.941

ALT: Alanine transaminase; AST: Aspartate aminotransferase; DBil: Direct bilirubin; IBil: Indirect bilirubin; TBil: Total bilirubin; TBA: Total bile acids.
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Figure 8 Interference with upregulation of uridine diphosphate glucuronosyltransferase 1A1 exacerbates hepatic endoplasmic reticulum
stress, oxidative stress, and lipid metabolism disorder during liver injury. A-C: Malondialdehyde (MDA), triglyceride (TG), and total cholesterol (TC)
contents in the livers of mice with carbon tetrachloride (CCl,)-mediated liver injury; D: Related protein expressions in mice with CCl,-mediated liver injury; E-G: MDA,
TG, and TC contents in the livers of mice were measured in the Ugt1a1 knockout model after treatment with CCl,; H: Related protein expressions in CCl,- mediated
model mice with Ugt1a? knockout; I-K: MDA, TG, and TC contents in the livers of mice with concanavalin A (ConA)-mediated liver injury; L: Related protein
expressions in mice with ConA-mediated liver injury; M-O: MDA, TG, and TC contents in the livers of mice were measured in the Ugt1a? knockout model after
treatment with CCl,; P: Related protein expressions in ConA-mediated model mice with Ugtfa1 knockout. 2P < 0.05, °P < 0.01 vs the 0 h or control group; P < 0.01
vs the CCl, groups or ConA groups. MDA: Malondialdehyde; TG: Triglyceride; TC: Total cholesterol; UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1;
MTP: Microsomal triglyceride transfer protein; MCAD: Medium-chain acyl-CoA dehydrogenase; SREBP1c: Cleaved sterol regulatory element-binding protein 1;
ACSLA4: Acyl-CoA synthetase long chain family member 4; GRP78: 78-kDa glucose-regulated protein; UCP2: Uncoupling protein-2; CCl,: Carbon tetrachloride; ConA:
Concanavalin A; KO: Knockout; GAPDH: Glyceraldehyde 3 phosphate dehydrogenase.
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Figure 9 Uridine diphosphate glucuronosyltransferase 1A1 influences the mechanism of liver injury progression. The reduced activity and low
levels of uridine diphosphate glucuronosyltransferase 1A1 exacerbate endoplasmic reticulum stress, oxidative stress, and disruptions in lipid metabolism, thereby
increasing hepatocyte apoptosis and necroptosis, and promoting the progression of liver injury. UGT1A1: Uridine diphosphate glucuronosyltransferase 1A1; ER:

Endoplasmic reticulum.

ARTICLE HIGHLIGHTS

Research background

Uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) is a member of the phase II metabolic enzyme family, which
plays a significant role in metabolizing and detoxifying endogenous and exogenous substances. However, the role of
UGT1A1 in liver disease remains controversial.

Research motivation
To determine the role and mechanism of UGT1Al in the progression of liver injury.
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Research objectives

To confirm that UGT1A1 prevents the progression of liver injury, and then elucidates the mechanism by which UGT1A1
delays the progression of liver damage from the viewpoints of endoplasmic reticulum (ER) stress, oxidative stress, and
lipid metabolism disorder.

Research methods
We investigated the relationship between UGT1A1 expression and liver injury through clinical research. Additionally, the
impact and mechanism of UGT1A1 on the progression of liver injury was analyzed through a mouse model study.

Research results

The expression of UGT1Al in hepatocytes was upregulated as a compensatory response during liver injury. The upregu-
lation of UGT1A1 was beneficial for hepatocytes to avoid apoptosis and necroptosis under conditions of ER stress,
oxidative stress, and disrupted lipid metabolism. Disruption of this compensatory upregulation of UGT1A1l during liver
injury could potentially expedite the progression of liver damage.

Research conclusions
UGT1A1 prevents the progression of liver injury by reducing hepatocyte apoptosis and necroptosis mediated by ER
stress, oxidative stress, and lipid metabolism disorder.

Research perspectives

This study highlights the role of UGT1A1 in preventing the progression of liver injury. Further investigation is required
to understand the specific mechanisms by which UGT1A1 regulates ER stress, oxidative stress, especially lipid
metabolism, to hinder the progression of liver injury. The research findings enrich the understanding of the mechanism of
liver injury progression and provide potential intervention targets for the treatment of liver injury.
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