
Citation: Xue, Q.; Wang, Y.; Liu, Y.;

Hua, H.; Zhou, X.; Xu, Y.; Zhang, Y.;

Xiong, C.; Liu, X.; Yang, K.; et al.

Dysregulated Glucuronidation of

Bilirubin Exacerbates Liver

Inflammation and Fibrosis in

Schistosomiasis Japonica through the

NF-κB Signaling Pathway. Pathogens

2024, 13, 287. https://doi.org/

10.3390/pathogens13040287

Academic Editors: Fabrizio Bruschi

and Siddhartha Das

Received: 29 January 2024

Revised: 16 March 2024

Accepted: 22 March 2024

Published: 28 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pathogens

Article

Dysregulated Glucuronidation of Bilirubin Exacerbates Liver
Inflammation and Fibrosis in Schistosomiasis Japonica through
the NF-κB Signaling Pathway
Qingkai Xue 1,2,3,†, Yuyan Wang 4,†, Yiyun Liu 1,3,4, Haiyong Hua 1,3, Xiangyu Zhou 1,3, Yongliang Xu 1,3,
Ying Zhang 1,3, Chunrong Xiong 1,3, Xinjian Liu 5,*, Kun Yang 1,3,4,* and Yuzheng Huang 4,*

1 National Health Commission Key Laboratory of Parasitic Disease Control and Prevention, Jiangsu Provincial
Key Laboratory on Parasite and Vector Control Technology, Jiangsu Institute of Parasitic Diseases,
117 Meiyuan Yangxiang, Wuxi 214064, China; xueqingkai@azyfy.com (Q.X.); xuyongliang@jipd.com (Y.X.)

2 Experimental Center of Clinical Research, The First Affiliated Hospital of Anhui University of Chinese
Medicine, Hefei 230031, China

3 Tropical Diseases Research Center, Nanjing Medical University, Wuxi 214064, China
4 School of Public Health, Nanjing Medical University, Nanjing 211166, China; wangyuyan@jipd.com
5 Department of Pathogen Biology, Key Laboratory of Antibody Techniques of National Health Commission,

Nanjing Medical University, Nanjing 211166, China
* Correspondence: liuxinjian@njmu.edu.cn (X.L.); yangkun@jipd.com (K.Y.); huangyuzheng@jipd.com (Y.H.)
† These authors contributed equally to this work.

Abstract: Hepatic fibrosis is an important pathological manifestation of chronic schistosome in-
fection. Patients with advanced schistosomiasis show varying degrees of abnormalities in liver
fibrosis indicators and bilirubin metabolism. However, the relationship between hepatic fibrosis in
schistosomiasis and dysregulated bilirubin metabolism remains unclear. In this study, we observed
a positive correlation between total bilirubin levels and the levels of ALT, AST, LN, and CIV in
patients with advanced schistosomiasis. Additionally, we established mouse models at different
time points following S. japonicum infection. As the infection time increased, liver fibrosis escalated,
while liver UGT1A1 consistently exhibited a low expression, indicating impaired glucuronidation
of bilirubin metabolism in mice. In vitro experiments suggested that SEA may be a key inhibitor
of hepatic UGT1A1 expression after schistosome infection. Furthermore, a high concentration of
bilirubin activated the NF-κB signaling pathway in L-O2 cells in vitro. These findings suggested that
the dysregulated glucuronidation of bilirubin caused by S. japonicum infection may play a significant
role in schistosomiasis liver fibrosis through the NF-κB signaling pathway.
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1. Introduction

Schistosomiasis is a parasitic disease that is widely prevalent in tropical and subtropical
regions, and it poses a serious health risk to humans [1,2]. The World Health Organization
has estimated that approximately 779 million people are at risk of schistosomiasis infection
worldwide, and more than 250 million people are infected with schistosomiasis [3,4]. The
primary schistosomes affecting humans include Schistosoma mansoni, Schistosoma japonicum
(S. japonicum), and Schistosoma haematobium, with S. japonicum being particularly prevalent
in China [5,6]. S. japonicum infection primarily causes liver damage in the host [7], in
which advanced schistosomiasis, a fibrosing portal hypertensive syndrome, develops after
long-term repeated infection with schistosome cercariae, and the disease continues to
progress in the absence of timely or complete anthelmintic treatment [8,9]. Complications
such as liver fibrosis and ascites are significant contributors to mortality in patients with
advanced schistosomiasis [10]. Serum biochemical tests have indicated that some patients
with advanced schistosomiasis may exhibit abnormal changes in bilirubin metabolism,
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thus suggesting a potential absence of compensatory functions during liver fibrosis [11].
However, there is limited research on the association between alterations in bilirubin
metabolism and liver fibrosis during schistosome infection.

The liver is an important metabolic organ of the body, containing metabolic enzymes
that catalyze most phase I and phase II metabolic reactions and play important roles in the
metabolism of endogenous and exogenous substances [12–14]. UDP-glucuronosyltransferases
(UGTs), the important phase II metabolic enzymes in living organisms, are most actively
expressed in the liver and catalyze glucuronidation reactions [15,16]. UGTs are regulated
by various upstream nuclear receptors, including the pregnane X receptor (PXR) and the
constitutional androstane receptor (CAR). Liver damage caused by schistosome infection is an
important pathological manifestation of schistosomiasis [17]. In our previous study, through
serum metabolomic analysis of S. japonicum-infected mice, we observed a decrease in the levels
of serum glucuronic acid and its derivatives after schistosome infection [18]. We hypothesized
that liver injury caused by S. japonicum infection might affect the glucuronidation reactions.

Bilirubin is a heme metabolism end product and is metabolized primarily by the
liver [19]. The liver enzyme UGT1A1, one of the most important UGT isoforms, is the
only enzyme that catalyzes the metabolic clearance of bilirubin. UGT1A1 is responsible
for catalyzing the transfer of glucuronic acid from UDP-GlcUA to a receptor molecule
(unconjugated bilirubin, UCB), resulting in the formation of a glucuronide conjugate of
the receptor molecule (conjugated bilirubin, CB), which is subsequently excreted from the
body [20,21]. Normally, moderate concentrations of bilirubin are considered antioxidant
and beneficial to organisms [20,22]. However, abnormal bilirubin clearance in the body can
trigger hyperbilirubinemia, thus leading to liver damage [23] and even irreversible brain
damage [24,25]. Patients with liver disease and mutations in the UGT1A1 gene usually
show abnormal bilirubin metabolism with hyperbilirubinemia [26]. Impaired bilirubin
metabolism caused by S. japonicum infection may contribute to liver injury and fibrosis
in schistosomiasis.

In this study, we investigated the impact of schistosome infection on bilirubin metabo-
lism, building upon the identification of glucuronic acid metabolism in conventional mouse
serum metabolomics and recognizing abnormal bilirubin metabolism in patients with
advanced schistosomiasis. By analyzing the correlation between bilirubin metabolism
and liver injury in patients with advanced schistosomiasis, we hypothesized that the high
concentration of bilirubin might have an important role in liver fibrosis in schistosomiasis.
Moreover, the mechanism of hepatocyte injury caused by the high bilirubin concentration
was revealed through cellular experiments. This study provided new ideas for amelio-
rating the pathogenic mechanism of liver fibrosis in schistosomiasis by providing a new
perspective on the relationship between liver metabolism and liver fibrosis.

2. Methods
2.1. Analysis of Blood Biochemical Examination Data for Patients with Advanced Schistosomiasis

Patients diagnosed with advanced schistosomiasis in Jiangsu Province underwent
standardized assessments for advanced schistosomiasis status, and clinical blood biochemi-
cal examinations were conducted in accordance with ethical review number JIPD-2019-008.
Inclusion criteria for cases were as follows: (i) The patients were identified and diagnosed
as advanced schistosomiasis cases by rescue management organization of advanced schisto-
somiasis in Jiangsu Province. (ii) The cases are from areas where transmission of the disease
was interrupted before 2000. Cases with failed audits and incomplete data were excluded.
SPSS 22.0 was used for statistical analysis of the data. A Shapiro–Wilk normality test was
conducted for each index. Normally distributed data variations are indicated with the
mean ± standard deviation (SD). For data not following a normal distribution, variations
are indicated by median and inter-quartile range (Q) (P25–P75). The correlation between
total bilirubin (TBIL) and the four indicators of liver fibrosis were analyzed separately.
Correlation analysis was performed with Pearson’s or Spearman’s correlation analysis, and
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positive rates were compared with χ2 tests with a test level of α = 0.05. A p value <0.05
indicates a statistically significant difference.

2.2. Cell Culture

LX-2 cells and L-O2 cells, previously stored in our laboratory, were utilized for this
study. The cells were reconstituted from a tube in liquid nitrogen resuspended in DMEM
(Hyclone, SH3002201, South Logan, OH, USA) containing 10% fetal bovine serum (Gibco,
10270106, Grand Island, NE, USA) and 1% penicillin-sulfur streptomycin, transferred to
culture flasks, and incubated at 37 ◦C in an incubator containing 5% CO2. The cells were
harvested when they reached 80% growth, and other cell experiments were performed.

2.3. Experimental Animals

Thirty-two female ICR mice (age: 6 weeks, weighing 20 ± 2 g) were purchased from
Zhejiang Viton Lihua Experimental Animal Technology Co., Ltd. (Jiaxing, China) (license
number: SCXK (Hangzhou, China) 2019-0001). The experimental animals were kept in
the same environment at the Experimental Animal Center of Jiangsu Institute of Parasitic
Diseases (license number: SYXK (Su) 2017-0050); ethical review number: JIPD-2020-002.
Thirty-two mice were randomly divided into four groups of eight mice each: an unin-
fected group (control), 6-week infected group (6 w), 8-week infected group (8 w), and
10-week infected group (10 w). They were given free access to food and water and were
acclimated for 1–2 weeks before infection. The mice in the infected group were percuta-
neously infected with 15 ± 2 cercariae per mouse [27]. The survival status of the mice was
observed periodically.

2.4. Preparation of Cercariae

S. japonicum (Jiangsu strain) was preserved by the Jiangsu Institute of Parasitic Diseases.
The cercariae released from infected Oncomelania snails in our laboratory were collected
for animal experiments.

2.5. Soluble Egg Antigen (SEA) Preparation

S. japonicum eggs were collected from the livers and mesenteric venous plexus of
New Zealand rabbits infected with cercariae at 42 d post-infection. The SEA was prepared
according to the literature as follows [28]. The eggs were mixed with a PBS solution and
ground for 20–30 min. After grinding, the supernatant was collected by centrifugation at
10,000× g for 10 min, and the process was repeated two or three times. The supernatant
was filtered through a 0.22 µm pore-size filter membrane. The protein concentration was
measured with a BCA protein quantification kit (Nanjing Vazyme Biotechnology, E112–01,
Nanjing China) and stored at −80 ◦C for later use.

2.6. CCK-8 Method to Detect Cell Proliferation

LX-2 and L-O2 cells in the logarithmic growth phase were collected and counted and
then seeded in 96-well plates at 2000 cells per well. Experimental wells contained different
concentrations of SEA and bilirubin, whereas control wells contained cells and DMEM,
and blank wells contained DMEM without cells. After incubation for 6–8 h, the medium
in the experimental wells was replaced with DMEM containing different concentrations
of SEA (0, 2.5, 5, 10, 20, or 40 µg/mL) and bilirubin (0, 20, 50, 100, or 200 µM, prepared as
previously reported [29]). After treatment for 48 h and 16 h, respectively, 10 µL of CCK-8
reagent (Nanjing Vazyme Biotechnology, A311-01, Nanjing China) was added to each well,
the cells were incubated, and the absorbance at 450 nm was measured with a microplate
reader after 30 min, 1 h, 2 h, and 4 h. The best absorbance was selected, and the cell survival
rate was calculated.
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2.7. Detection of Apoptosis by Flow Cytometry

LX-2 and L-O2 cells in the logarithmic growth phase were collected, and cells were
counted and seeded into six-well plates at 3 × 105 cells per well. After cell attachment,
the medium in each well was replaced with DMEM complete medium containing dif-
ferent concentrations of SEA (0, 5, 10, or 20 µg/mL), and subsequent flow cytometric
assays were performed after 48 h of stimulation (Nanjing Vazyme Biotechnology, A211-01,
Nanjing, China). Cells in 6-well plates were collected in flow tubes; cells were washed
twice with precooled PBS; and supernatants were removed by centrifugation at 4 ◦C. Sub-
sequently, 100 µL of 1× binding buffer was added, and cells were gently pipetted to form
a single cell suspension. Then 5 µL Annexin V-FITC and 5 µL PI staining solution were
added to each experimental-group tube, whereas untreated cell samples were used as a
negative control. The experimental group tubes were stimulated with 20 µg/mL SEA for
Annexin V-FITC and PI single staining for compensation adjustment, while gently blowing
on the well; cells were incubated at room temperature in the dark for 10 min, and 400 µL
1× binding buffer was added and gently mixed. The stained samples were then detected
by flow cytometry within 1 h.

2.8. ELISA for Serum Concentrations of Conjugated and Unconjugated Bilirubin

ELISA kits (Meimian, MM-0947M1, Nanjing, China; Meimian, MM-44711M1,
Nanjing, China) and the samples to be tested were equilibrated to at room temperature for
20 min. To set up the standard wells and sample wells, we added 50 µL of each standard
at different concentrations, or 10 µL of the sample to be tested plus 40 µL of the sample
dilution buffer; no sample was added to the blank wells. To the blank, standard, and sample
wells, we added 100 µL of horseradish peroxidase-labeled detection antibody, sealed the
plate with sealing film, and incubated it for 60 min at 37 ◦C. The liquid was then discarded,
and the plate was patted dry on blotting paper. Each well was filled with washing solution,
which was allowed to stand for l min. The washing solution was then shaken off, and
the plate was patted dry on blotting paper and washed five times. Subsequently, 50 µL
each of substrates A and B was added to each well and incubated at 37 ◦C for 15 min in
the dark. Then 50 µL of termination solution was added to each well, and the absorbance
of each well was measured at 450 nm within 15 min. The bilirubin concentration of the
corresponding sample was calculated according to the standard curve.

2.9. Histopathological Examination of Liver Samples

Small pieces of liver tissue from the right lobe in mice were fixed in a 4% paraformal-
dehyde solution for 24 h. After steps including gradient dehydration, transparency,
wax immersion, embedding, sectioning, drying, dewaxing, rehydration, HE staining
(Biosharp Biotechnology, BL700B, Hefei, China), and Masson staining (Solarbio Technol-
ogy, G1340, Beijing, China), the sections were sealed, observed under a light microscope,
and photographed.

2.10. The mRNA Expression Levels of the Genes Were Assessed Using Fluorescence
Quantitative PCR

Total RNA from cells or tissues was extracted with RNA-easy Isolation Reagent
(Nanjing Vazyme Biotechnology, R701, Nanjing China), and an RNA purity (OD260/OD280
ratio in the range of 1.8–2.2) was verified with a NanoDrop 2000 instrument. The cDNA
was obtained through reverse transcription with a kit (Nanjing Vazyme Biotechnology,
R323-01, Nanjing China). RNA levels were assessed with a LightCycler 480 instrument with
SYBR qPCR Master Mix (Nanjing Vazyme Biotechnology, Q711-02, Nanjing China) and
the indicated primers (Table S1). After the threshold cycle (Ct) was obtained, the relative
expression of the target gene was calculated with the 2−∆∆Ct method with β-actin as the
internal reference.

The primers were synthesized by Shanghai Bioengineering Co., Ltd. (Shanghai, China),
and the relevant primer sequences are shown in Table S1.
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2.11. Western Blot Assays

The total protein from cells or liver tissues was extracted, and the protein concentra-
tion was detected with the BCA method. Protein samples were mixed with 6× SDS pro-
tein loading buffer at a ratio of 5:1 and boiled for 10 min at 95–100 ◦C. Each well was
loaded with 30 µg of protein and subjected to SDS-PAGE gel electrophoresis. The protein
was transferred to a PVDF membrane, which was blocked with 5% skim milk powder for
1–2 h. Primary antibodies (specific for UGT1A1, Proteintech, 23495-1-AP, Wuhan, China; p65,
Abcam, ab16502, Cambridge, UK; IκB-α, Abcam, ab32518, Cambridge, UK; IKK-β, Abcam,
ab124957, Cambridge, UK; p-IκB-α, Abcam, ab133462, Cambridge, UK; p-IKK-β, Affinity,
AF3013,Nanjing, China; p-p65, Cell Signaling, 3033T, Boston, USA; GAPDH, Absin, abs132004,
Shanghai, China; and β-actin, Biosharp, BL005, Hefei, China) were added and incubated
overnight at 4 ◦C. The blots were then washed three times for 10 min with TBST. Secondary
antibodies were added and incubated for 1–2 h on a shaker at room temperature. After
extensive washing of the membrane, protein bands were visualized with a Bio-Rad ChemiDoc
XRS+ imaging system and quantified through densitometry in Image J V. 1.52 software.

2.12. Data Processing and Statistical Analysis

Variations in the experimental data are indicated as mean ± SD. SPSS 22.0 was used
for statistical analysis, and one-way ANOVA and a Dunnett-t test were used to compare
the significance of differences in data among multiple groups with a significance level of
α = 0.05. A p value <0.05 indicated a statistically significant difference (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). Data visualization was performed with GraphPad Prism 9.0.

3. Results
3.1. Changes and Correlation Analysis of Total Bilirubin and Indicators of Liver Injury and Liver
Fibrosis in Patients with Advanced Schistosomiasis

Previous studies have reported bilirubin decompensation in patients with advanced
schistosomiasis. To comprehensively understand this phenomenon, a detailed analysis
was conducted using data from blood biochemical examinations conducted on a cohort of
745 patients with advanced schistosomiasis in Jiangsu Province. This analysis focused on
an array of pertinent indicators encompassing liver injury indicators (ALT and AST), liver
fibrosis markers (HA, LN, PIIIP, and CIV), and the total bilirubin levels detected within the
patient’s bloodstream. A Shapiro–Wilk normality test was conducted for each indicator,
showing that all data did not follow a normal distribution. The median levels of TBIL, ALT,
AST, HA, LN, PIIIP, and CIV were 12.8 µmol/L, 14.2 U/L, 29.00 U/L, 154.59 ng/mL, 68.71
ng/mL, 14.15 ng/mL, and 25.14 ng/mL, respectively. In addition, the positivity rates for
TBIL, ALT, AST, HA, LN, PIIIP, and CIV in the population were 24.16%, 4.97%, 16.51%,
66.71%, 59.46%, 11.95%, and 41.74%, respectively (Table 1). Patients with abnormal TBIL
also had significant abnormalities in blood indicators, such as AST, LN, and CIV (all p <
0.001) (Tables S2–S7). Spearman’s correlation analysis was performed between TBIL and
liver injury and liver fibrosis-associated indicators (ALT, AST, HA, LN, PIIIP, and CIV)
separately. TBIL was positively correlated with AST, ALT, LN, and CIV (all p < 0.001)
(Table 2). These findings suggest a connection between impaired bilirubin metabolism and
liver fibrosis in patients with advanced schistosomiasis.

Table 1. Test results for blood total bilirubin, liver injury, and liver fibrosis indicators in patients with
advanced schistosomiasis in Jiangsu Province.

TBIL
(2–20 µmol/L)

ALT
(5–45 U/L)

AST
(5–45 U/L)

HA
(<100 ng/mL)

LN
(<50 ng/mL)

PIIIP
(<30 ng/mL)

CIV
(<30 ng/mL)

Median 12.8 14.2 29 154.59 68.71 14.15 25.14
Upper quartile 8.65 8 22.05 82.39 38.28 7.15 17.36
Lower quartile 19.9 24 38.08 304.83 157.92 23.00 48.33

Number of positives 180 37 123 497 443 89 311
Total number of tests 745 745 745 745 745 745 745

Positivity rate 24.16% 4.97% 16.51% 66.71% 59.46% 11.95% 41.74%
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Table 2. Analyzing the correlation between TBIL and indicators of liver injury and fibrosis.

ALT AST LN HA PIIIP CIV

r 0.433 0.416 0.349 0.023 −0.277 0.311
p <0.001 <0.001 <0.001 0.528 <0.001 <0.001

3.2. SEA Inhibits LX-2 and L-O2 Cell Proliferation and Promotes Apoptosis In Vitro

SEA plays a pivotal role as a pathogenic factor in schistosomiasis-related liver injury.
It induces damage to liver cells, triggers an immune-inflammatory response, and subse-
quently activates liver stellate cells, ultimately resulting in liver fibrosis. Therefore, we
studied the effects of SEA on LX-2 and L-O2 cells in vitro. LX-2 and L-O2 cells were treated
with different concentrations of SEA in vitro, and cell morphology, proliferation, and apop-
tosis were observed. As the SEA concentration increased, the cell morphology underwent
varying degrees of alteration. Particularly in the high concentration group (40 µg/mL),
some cells exhibited distinct changes, such as wrinkling, rounding, and poor definition
(Figure 1A,B). SEA significantly inhibited the proliferation of both LX-2 and L-O2 cells
in vitro (p < 0.01, p < 0.0001) (Figure 1C,D). Apoptosis was assessed using flow cytometry,
where Annexin V-FITC+/PI+ indicated apoptotic and necrotic cells. The grouping for apop-
tosis assays was based on the results of the cell proliferation assay, and intermediate SEA
concentrations (5, 10, and 20 µg/mL) were selected to stimulate LX-2 and L-O2 cells in vitro.
SEA caused apoptosis in LX-2 cells in vitro (p < 0.05) (Figure 1E,G), whereas the percentage
of Annexin V-FITC+/PI+ cells was 2.11 ± 0.41% in the control group and 2.81 ± 0.25% in
the 20 µg/mL concentration group. Similarly, SEA induced apoptosis in L-O2 cells in vitro
(p < 0.05) (Figure 1F,H). In the control group, the percentage of Annexin V-FITC+/PI+ cells
was 1.60 ± 0.19%, and in the 20 µg/mL concentration group, it increased to 2.51 ± 0.47%.
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Figure 1. Regulatory effect of SEA on LX-2 and L-O2 cells in vitro. (A) Changes in cell morphology
of LX-2 cells stimulated by SEA at different concentrations for 48 h in vitro (20×). (B) Changes in
cell morphology of L-O2 cells stimulated by SEA at different concentrations for 48 h in vitro (20×).
(C) Changes in cell proliferation of LX-2 cells stimulated by SEA at different concentrations for 48 h
in vitro. (D) Changes in cell proliferation of L-O2 cells stimulated by SEA at different concentrations
for 48 h in vitro. (E) Statistical analysis of cell apoptosis in LX-2 cells after 48 h stimulation by SEA
at different concentrations in vitro. (F) Statistical analysis of cell apoptosis in L-O2 cells after 48 h
stimulation by SEA at different concentrations in vitro. (G) Flow cytometry detection in LX-2 cells
after 48 h stimulation by SEA at different concentrations in vitro. (H) Flow cytometry detection in
L-O2 cells after 48 h stimulation by SEA at different concentrations in vitro. At least three replicate
samples were used for each experiment. Statistical significance is shown as * p < 0.05, *** p < 0.001,
**** p < 0.0001.

3.3. SEA Inhibits the mRNA Expression of UGT1A1 in LX-2 Cells and L-O2 Cells In Vitro

In our previous study, we found through metabolomics studies that schistosome
infection can affect liver glucuronidation. UGT1A1, as one of the most important metabolic
enzymes that catalyze liver glucuronidation, may be affected in different degrees during
schistosome infection. We observed the effects of different concentrations of SEA (0 µg/mL,
5 µg/mL, 10 µg/mL, and 20 µg/mL) on the expression of the UGT1A1 gene in L-O2 cells
and LX-2 cells. SEA treatment significantly inhibited the mRNA expression of UGT1A1 in
LX-2 cells after SEA treatment for 48 h (p < 0.01), as compared with control group levels
(Figure 2A). Similarly, compared with the control group, mRNA expression of UGT1A1
in L-O2 cells was significantly inhibited 48 h after SEA treatment (p < 0.0001) (Figure 2B).
These findings suggest that SEA may play a crucial role in inducing the suppression of
hepatic UGT1A1 expression after S. japonicum infection.
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Figure 2. Effects of SEA treatment on the mRNA expression of UGT1A1 in L-O2 and LX-2 cells
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of SEA for 48 h in vitro. (B) mRNA expression of UGT1A1 in L-O2 cells stimulated by different
concentrations of SEA for 48 h in vitro. At least three replicate samples were used for each experiment.
Statistical significance is shown as ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.4. S. japonicum Infection Suppresses Hepatic UGT1A1 Expression, Thereby Impairing
Glucuronidation of Bilirubin

After S. japonicum infection, the SEA released from the eggs can induce the formation
of egg granulomas and the secondary formation of liver fibrosis. The hepatic pathological
changes were observed in mouse models of different times (6, 8, and 10 weeks) after
S. japonicum infection (Figure 3A). HE staining showed the egg granulomas of the liver, and
Masson staining showed deposition of collagen fibers in the liver. HE staining indicated that
the egg granulomas started to form approximately 6 weeks after schistosome infection, and
the granuloma area of the eggs in the liver increased with infection time (Figure 3B). Masson
staining indicated that the collagen fibers began to deposit around 6 weeks after infection,
fibrosis started to form, and the collagen fibers in the liver showed substantial deposition at
10 weeks after infection. Fibrosis also began to develop (Figure 3B). The expression of liver-
associated liver fibrosis factors (collagen I, collagen III, and α-SMA) in S. japonicum-infected
mice, detected by qRT-PCR, reflected the progression of liver fibrosis. The expression of
liver fibrosis indicators in mice increased with time after infection. Compared with that
in the control group, the expression of mRNA of collagen I and α-SMA in the liver in
mice 6, 8, and 10 weeks after infection had significantly increased (p < 0.0001, p < 0.0001),
and the expression of collagen III had significantly increased at 10 weeks after infection
(p < 0.0001) (Figure 3C). Chronic stimulation by eggs deposited in the liver after schistosome
infection led to liver fibrosis, and the liver fibrosis damage gradually increased with time,
in agreement with the results of Masson staining for liver pathology.
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Figure 3. Relationship between dysregulated glucuronidation of bilirubin and liver fibrosis in
S. japonicum-infected mice. (A) Schematic diagram of the experimental design of the mouse model
infected with S. japonicum. (B) HE and Masson staining results of liver pathology (200×). (C) mRNA
expression of α-SMA, collagen I, and collagen III in the liver of mice. (D) mRNA expression of
UGT1A1 in the liver of mice. (E) Measurement of UGT1A1 protein levels in the liver of mice by
Western blotting (normalized to GAPDH). (F) The mRNA expression of PXR and CAR in the liver of
mice. (G) Serum levels of unconjugated bilirubin and conjugated bilirubin in mice. At least three
replicate samples were used for each experiment. Statistical significance is shown as * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

SEA inhibited the expression of UGT1A1 in liver-associated cells in vitro, whereas
the changes in hepatic UGT1A1 expression and its catalyzed bilirubin metabolism in
S. japonicum-infected states in vivo were unclear. Therefore, we conducted qRT-PCR to
detect the expression of UGT1A1 in the liver of mice at different times after S. japonicum
infection. The mRNA expression of UGT1A1 in the liver of mice at 6, 8, and 10 weeks after
infection was consistently lower than that in the control group (p < 0.0001) (Figure 3D).
Western blotting detection of the expression of UGT1A1 protein yielded results consistent
with the qRT-PCR results (p < 0.0001) (Figure 3E). We also detected the mRNA expression
of PXR and CAR, crucial transcriptional regulators upstream of UGT1A1, by qRT-PCR.
Compared with that in the control group, the mRNA expression of PXR and CAR in the
liver at 6, 8, and 10 weeks after infection was significantly lower, and the changing trend
was the same as that of UGT1A1 (p < 0.0001, p < 0.0001) (Figure 3F). The metabolism of
bilirubin is catalyzed by UGT1A1 in the liver. The levels of conjugated and unconjugated
bilirubin in the serum in schistosome-infected mice were measured by ELISA. The serum
levels of conjugated bilirubin in mice showed a significant decrease (p < 0.0001), whereas
those of unconjugated bilirubin showed a significant increase (p < 0.0001) with increasing
time after infection (Figure 3G). This evidence suggested that bilirubin metabolism is
impaired in mice after S. japonicum infection, consistent with the inhibition of hepatic
UGT1A1 expression following infection.

3.5. Bilirubin Inhibits the Proliferation of L-O2 Cells While Activating the NF-κB Signaling
Pathway In Vitro

Impaired bilirubin metabolism may cause hyperbilirubinemia, and excessive bilirubin
levels may increase the risk of cytotoxicity. To investigate the relationship between bilirubin
and liver injury, we next directly treated L-O2 cells with various concentrations of bilirubin
in vitro to investigate its effects. The low concentration (20 µM) of bilirubin had no clear
effect on the morphology of L-O2 cells, whereas the high concentration (>50 µM) of bilirubin
resulted in a round, wrinkled appearance, and other morphological changes (Figure 4A).
Meanwhile, CCK-8 assays indicated that a high concentration of bilirubin inhibited the
proliferation of L-O2 cells (p < 0.0001) (Figure 4B). The effects of bilirubin treatment on the
NF-κB-associated signaling pathway in L-O2 cells were detected with qRT-PCR, which
indicated that 50 µM of bilirubin significantly upregulated the mRNA expression of p65,
IκB-α, and IKK-β (p < 0.001, p < 0.01, p < 0.001) (Figure 4C). Western blotting was performed
to detect the expression of related phosphorylated proteins and also confirmed that the
expression of p65, IκB-α, and IKK-β protein phosphorylation levels significantly increased
after bilirubin treatment in L-O2 cells (p < 0.01, p < 0.001, and p < 0.001, respectively)
(Figure 4D,E). These findings suggest that excessive bilirubin can cause liver injury and
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activate NF-κB, the core signaling pathway in liver fibrosis. Therefore, the inhibition of
bilirubin metabolism due to dysregulated glucuronidation reactions after S. japonicum
infection may exacerbate schistosomiasis liver fibrosis by activating the NF-κB signaling
pathway (Figure 5).
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morphology (100×). (B) CCK-8 assay of bilirubin-treated L-O2 cells. (C) mRNA expression of p65,
IκB-α, and IKK-β in L-O2 cells stimulated by bilirubin. (D) Measurement of p65, p-p65, IKK-β,
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4. Discussion and Conclusions

Emerging evidence suggests that alterations in metabolism are not only a feature
of but also may play a significant role in the pathogenesis of fibrosis. Recent studies
have highlighted increased glycolysis and glutamine metabolism as modulators of fibrosis,
with a particular emphasis on their potential application in novel therapeutic approaches.
Therefore, analyzing metabolic changes in hepatic disease states is valuable for compre-
hending the disease process [30]. In this study, we focused on the relationship between the
glucuronidation metabolism of the endogenous substance bilirubin and schistosomiasis
liver fibrosis. The objective was to uncover potential mechanisms of metabolic disorders
participating in the process of schistosomiasis liver fibrosis.

Schistosomiasis liver fibrosis is an important clinical manifestation of the chronic
development of schistosomiasis and an important complication leading to death in patients
with advanced schistosomiasiss [31]. The four indicators of liver fibrosis (HA, LN, PIIIP,
and CIV) in the serum have important application value in the diagnosis of schistosomiasis
fibrosis. Analysis of clinical biochemical examination findings for existing patients with
advanced schistosomiasis in Jiangsu Province indicated that all patients had abnormalities
in the four indicators of liver fibrosis to different degrees. We simulated the development
process of schistosomiasis liver fibrosis by establishing mouse models of different times
after S. japonicum infection and evaluated the severity of liver fibrosis. Liver damage in
mice increased after S. japonicum infection, as did the symptoms of liver fibrosis. Previous
studies have generally concluded that liver fibrosis in schistosomiasis was due primarily
to SEA stimulation of hepatic stellate cells, thereby eliciting an immune response leading
to excessive deposition of extracellular matrix and ultimately liver fibrosis [32]. We also
showed that SEA inhibited LX-2 and L-O2 cell proliferation in vivo and promoted apoptosis
in vitro, thus suggesting that SEA may be an important inducing factor promoting liver
injury in schistosome infection.

With the rise in the application of metabolomics, the link between liver metabolism
and liver fibrosis injury has received increasing attention [33–35]. Previously, through
metabolomics, we screened and identified glucuronic acid metabolism as a distinct metabolic
pathway linked to schistosomiasis infection. UGT1A1 utilizes UDP-GlcUA, a signif-
icant product generated in glucuronic acid metabolism, as a co-substrate to catalyze
the glucuronidation reaction, and it is also associated with the progression of multiple
diseases [36–38]. In addition, there are two main causes of hepatotoxicity caused by low
activity of the UGT1A1 gene: drug-induced and bilirubin-induced [39]. The UGT1A1 en-
zyme is the only enzyme known to catalyze bilirubin metabolism in the body, and patients
with advanced schistosomiasis show varying degrees of abnormal bilirubin metabolism.
The biological role of the UGT1A1 enzyme in endogenous bilirubin metabolism in the body
has been well established in the past decades [40], and changes in UGT1A1 expression
in liver disease states have been studied. In liver injury caused by Schistosoma mansoni
infection, the expression of hepatic UGTs did not change significantly in the early stages of
Schistosoma mansoni infection, whereas the mRNA expression of hepatic UGT1A1 decreased
in the chronic infection period [41,42]. Although the pathogenesis of S. japonicum and S.
mansoni is similar, in our study, the mRNA expression of hepatic UGT1A1 was consistently
low from the beginning of the granuloma formation of S. japonicum eggs (6 weeks after
infection) to the development of chronic fibrosis (10 weeks after infection), as also veri-
fied by Western blotting. A low expression of UGT1A1 inhibited bilirubin metabolism in
mice, thus manifesting as increased serum unconjugated bilirubin levels and decreased
conjugated bilirubin levels. Notably, SEA inhibited the mRNA expression of UGT1A1 in
LX-2 cells and L-O2 cells, thus suggesting that SEA may be an important inducing factor
inhibiting the expression of UGT1A1 in the liver. On the basis of the above results, we
elucidated the effect of schistosome infection on bilirubin metabolism.

Schistosome egg granulomas are the basis for the formation of liver fibrosis and result
from an inflammatory response due to continual stimulation by the egg antigen, which
usually accompanies the entire process of liver fibrosis [43]. We found that the formation
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of schistosome egg granulomas and liver fibrosis appeared to temporally coincide with
the inhibition of hepatic UGT1A1 expression. The activation of inflammation-associated
signaling factors has been suggested to inhibit the expression of UGT1A1 [44]. The inhi-
bition of hepatic UGT1A1 expression caused by S. japonicum infection may be induced
directly by the action of SEA on hepatocytes on the one hand, and indirectly through the
SEA-induced inflammatory response in the liver on the other hand. In addition, several
transcriptional regulators in vivo play important roles in hepatic UGT1A1 expression, such
as PXR, CAR, FXR, Nrf2, and AhR. Our animal experiments showed that the decrease in
hepatic UGT1A1 expression caused by S. japonicum infection was accompanied by the sup-
pression of PXR and CAR expression. A combination of factors mediates the suppression
of hepatic UGT1A1 expression after schistosome infection and further causes impaired
metabolism of endogenous substances, and the hepatic accumulation of substances can
lead to hepatocyte toxicity and aggravate liver injury. In S. japonicum, liver fibrosis for-
mation is the result of a vicious cycle formed by two pathways, the hepatic inflammatory
response and metabolic disorders, which may play important roles in promoting each
other during the development of liver fibrosis. Moreover, by activating the expression of
target genes such as PXR, CAR, and FXR in individuals with low UGT1A1 expression,
the expression of UGT1A1 has been suggested to be upregulated and to counteract liver
injury [45]. A variety of clinical drugs are used to increase the expression of UGT1A1 by
acting on the above regulatory pathways to achieve hepatoprotective effects [46–48], thus
showing that increasing the expression of liver-associated metabolic enzyme UGT1A1 has
an important role in the treatment of related liver diseases. Therefore, increasing hepatic
UGT1A1 expression to promote substance metabolism may be important in alleviating
S. japonicum liver fibrosis.

Elevated bilirubin in patients with liver disease has long been considered a serological
indicator of disease severity. In our study, by correlating TBIL abnormalities with indicators
of liver fibrosis in patients with advanced schistosomiasis, we found correlations among
TBIL and ALT, AST, LN, and CIV, as well as significant differences in AST, LN, and CIV
levels in the blood of patients with impaired bilirubin metabolism, thus indicating that
abnormal bilirubin metabolism correlates with schistosomiasis liver fibrosis. On the one
hand, alterations in metabolic substrates can disrupt the normal physiological function of
hepatocytes; on the other hand, it can also exert an immunomodulatory effect. It has been
suggested that physiological or moderate concentrations of bilirubin can exert negative
immunomodulatory effects by inhibiting the NF-κB signaling pathway [49]. In contrast,
our in vitro study did not reveal a significant effect of moderate concentrations of bilirubin
on the NF-κB signaling pathway in hepatocytes. However, intriguingly, our data suggest
that high concentrations of bilirubin activate the NF-κB signaling pathway in hepatocytes,
corroborating a previous study’s perspective [26], which also suggests that bilirubin may
play a role in bi-directional immune regulation within the body. The NF-κB signaling
pathway, the core signaling hub of hepatocytes, integrates the activity of various stress-
associated and inflammatory mediators and is also a central pathway in schistosomiasis
liver fibrosis [50,51]. The excessive accumulation of unconjugated bilirubin in the liver
because of the low expression of hepatic UGT1A1 caused by S. japonicum infection may
further promote the progression of S. japonicum liver fibrosis by activating the NF-κB
signaling pathway.

In conclusion, we provided evidence of the underlying impaired bilirubin metabolism
in patients with schistosomiasis and revealed the relationship between pathogenic infection-
induced liver injury and dysregulated glucuronidation of bilirubin due to inhibition of
hepatic metabolizing enzyme (UGT1A1) expression. We additionally investigated the
effects of impaired hepatic metabolism on liver fibrosis in schistosomiasis from the perspec-
tive of liver metabolism. This study also provided a foundation for further investigation of
hepatic glucuronic acid metabolism in the pathogenesis of liver fibrosis in schistosomiasis.



Pathogens 2024, 13, 287 13 of 15

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens13040287/s1. Table S1. Sequences of all
primers analyzed by real-time PCR; Table S2. Comparison of ALT positive rate in patients with nor-
mal and abnormal TBIL; Table S3. Comparison of AST positive rate in patients with normal and ab-
normal TBIL; Table S4. Comparison of HA positive rate in patients with normal and abnormal TBIL;
Table S5. Comparison of LN positive rate in patients with normal and abnormal TBIL;
Table S6. Comparison of PIIIP positive rate in patients with normal and abnormal TBIL;
Table S7. Comparison of CIV positive rate in patients with normal and abnormal TBIL.

Author Contributions: Q.X., Y.W. and Y.H. conceived the project and designed the study; H.H.
collected the clinical data; Q.X., Y.W., Y.L., X.Z. and Y.Z. performed the cell experiment. Q.X., Y.W.,
Y.L., X.Z., Y.X. and C.X. performed animal experiments. Q.X. and Y.W. analyzed the data; Q.X., Y.W.
and Y.H. wrote the manuscript; Y.H., X.L. and K.Y. reviewed and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Key Project of Jiangsu Health Research (No. ZDB2020037);
the Natural Science Foundation of China (grant No. 81673673, 31201893); a Project of the Public Health
Research Center of Jiangnan University (grant No. JUPH201811); the Jiangsu Provincial Department
of Science and Technology (No. BM2018020) and the Jiangsu Health International Exchange Program
to Y Huang.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
(or Ethics Committee) of JIPD (JIPD-2019-008 and JIPD-2020-002).

Informed Consent Statement: Verbal and written informed consent from the participants was
obtained before the study.

Data Availability Statement: All data supporting the conclusions of this study are included in
the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

UGT1A1: UDP-glucuronosyltransferases 1A1; TBIL: Total bilirubin; ALT: Alanine aminotransferase;
AST: Aspartate aminotransferase; HA: Hyaluronic acid; LN: Laminin; CIV: Type IV Collagen;
PIIINP: Type III procollagen; SEA: Soluble egg antigen; UCB: Unconjugated bilirubin; CB: Con-
jugated bilirubin; PXR: Pregnane X receptor; CAR: Constitutive androstane receptor; Collagen I: Type
I collagen; Collagen III: Type III collagen; α-SMA: Alpha-smooth muscle actin; NF-κB: Nuclear factor
kappa-B; IκB: Inhibitory protein of NF-κB; IKK: IκB kinase; qRT-PCR: Quantitative real-time PCR;
ELISA: Enzyme-linked immunosorbent assay; HE: Hematoxylin-eosin; FXR: Farnesoid X receptor;
Nrf2: Nuclear factor erythroid-2-related factor 2; AhR: Aryl hydrocarbon receptor.

References
1. Gryseels, B.; Polman, K.; Clerinx, J.; Kestens, L. Human schistosomiasis. Lancet 2006, 368, 1106–1118. [CrossRef] [PubMed]
2. McManus, D.P.; Dunne, D.W.; Sacko, M.; Utzinger, J.; Vennervald, B.J.; Zhou, X.N. Schistosomiasis. Nat. Rev. Dis. Primers 2018,

4, 13. [CrossRef]
3. Ross, A.G.; Chau, T.N.; Inobaya, M.T.; Olveda, R.M.; Li, Y.; Harn, D.A. A new global strategy for the elimination of schistosomiasis.

Int. J. Infect. Dis. IJID Off. Publ. Int. Soc. Infect. Dis. 2017, 54, 130–137. [CrossRef] [PubMed]
4. Xue, Q.; Deng, Y.; Liu, Y.; Wang, Y.; Hu, W.; Huang, Y.; Yang, K. A retrospective analysis of schistosomiasis related literature from

2011–2020: Focusing on the next decade. Acta Trop. 2022, 238, 106750. [CrossRef] [PubMed]
5. Huang, Y.; Li, W.; Liu, K.; Xiong, C.; Cao, P.; Tao, J. New detection method in experimental mice for schistosomiasis: ClinProTool

and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Parasitol. Res. 2016, 115, 4173–4181. [CrossRef]
[PubMed]

6. Huang, Y.; Lu, J.; Xu, Y.; Xiong, C.; Tong, D.; Hu, N.; Yang, H. Xiaochaihu decorction relieves liver fibrosis caused by Schistosoma
japonicum infection via the HSP47/TGF-β pathway. Parasites Vectors 2020, 13, 254. [CrossRef] [PubMed]

7. McManus, D.P.; Bergquist, R.; Cai, P.; Ranasinghe, S.; Tebeje, B.M.; You, H. Schistosomiasis—From immunopathology to vaccines.
In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2020; pp. 355–371.

https://www.mdpi.com/article/10.3390/pathogens13040287/s1
https://doi.org/10.1016/S0140-6736(06)69440-3
https://www.ncbi.nlm.nih.gov/pubmed/16997665
https://doi.org/10.1038/s41572-018-0013-8
https://doi.org/10.1016/j.ijid.2016.09.023
https://www.ncbi.nlm.nih.gov/pubmed/27939558
https://doi.org/10.1016/j.actatropica.2022.106750
https://www.ncbi.nlm.nih.gov/pubmed/36372254
https://doi.org/10.1007/s00436-016-5193-0
https://www.ncbi.nlm.nih.gov/pubmed/27469535
https://doi.org/10.1186/s13071-020-04121-2
https://www.ncbi.nlm.nih.gov/pubmed/32410640


Pathogens 2024, 13, 287 14 of 15

8. Li, C.; Ren, G.; Deng, W.; Li, S.; Hu, B.; Shi, Y.; Wang, Y.; Dong, S.; Zhang, N.; Zheng, Y. Prevalence and incidence of advanced
schistosomiasis and risk factors for case fatality in Hunan Province, China. Acta Trop. 2021, 217, 105862. [CrossRef]

9. Dong, P.; Mei, C.; Yang, Y.; Zhou, Y.; Xu, Y.; Song, L.; Yu, C. Blocking BAFF Alleviates Hepatic Fibrosis in Schistosoma
japonicum-Infected Mice. Pathogens 2023, 12, 793. [CrossRef] [PubMed]

10. Zheng, L.; Wang, L.; Hu, Y.; Yi, J.; Wan, L.; Shen, Y.; Liu, S.; Zhou, X.; Cao, J. Higher frequency of circulating Vδ1 γδT cells in
patients with advanced schistosomiasis. Parasite Immunol. 2021, 43, e12871. [CrossRef] [PubMed]

11. Wu, W.; Feng, A.; Huang, Y. Research and control of advanced schistosomiasis japonica in China. Parasitol. Res. 2015, 114, 17–27.
[CrossRef] [PubMed]

12. Xing, H.; Jia, K.; He, J.; Shi, C.; Fang, M.; Song, L.; Zhang, P.; Zhao, Y.; Fu, J.; Li, S. Establishment of the tree shrew as an
alcohol-induced Fatty liver model for the study of alcoholic liver diseases. PLoS ONE 2015, 10, e0128253. [CrossRef] [PubMed]

13. Hardwick, R.N.; Ferreira, D.W.; More, V.R.; Lake, A.D.; Lu, Z.; Manautou, J.E.; Slitt, A.L.; Cherrington, N.J. Altered UDP-
glucuronosyltransferase and sulfotransferase expression and function during progressive stages of human nonalcoholic fatty
liver disease. Drug Metab. Dispos. 2013, 41, 554–561. [CrossRef] [PubMed]

14. Xu, L.; Zheng, R.; Xie, P.; Guo, Q.; Ji, H.; Li, T. Dysregulation of UDP-glucuronosyltransferases in CCl4 induced liver injury rats.
Chem. Biol. Interact. 2020, 325, 109115. [CrossRef] [PubMed]

15. Hu, D.G.; Nair, P.C.; Haines, A.Z.; McKinnon, R.A.; Mackenzie, P.I.; Meech, R. The UGTome: The expanding diversity of UDP
glycosyltransferases and its impact on small molecule metabolism. Pharmacol. Ther. 2019, 204, 107414. [CrossRef] [PubMed]

16. Allain, E.P.; Rouleau, M.; Lévesque, E.; Guillemette, C. Emerging roles for UDP-glucuronosyltransferases in drug resistance and
cancer progression. Br. J. Cancer 2020, 122, 1277–1287. [CrossRef] [PubMed]

17. Zhao, J.; Liu, X.; Chen, Y.; Zhang, L.-S.; Zhang, Y.-R.; Ji, D.-R.; Liu, S.-M.; Jia, M.-Z.; Zhu, Y.-H.; Qi, Y.-F. STAT3 promotes
schistosome-induced liver injury by inflammation, oxidative stress, proliferation, and apoptosis signal pathway. Infect. Immun.
2021, 89, e00309–e00320. [CrossRef]

18. Huang, Y.; Wu, Q.; Zhao, L.; Xiong, C.; Xu, Y.; Dong, X.; Wen, Y.; Cao, J. UHPLC-MS-Based Metabolomics Analysis Reveals the
Process of Schistosomiasis in Mice. Front. Microbiol. 2020, 11, 1517. [CrossRef] [PubMed]

19. Chang, J.H.; Plise, E.; Cheong, J.; Ho, Q.; Lin, M. Evaluating the in vitro inhibition of UGT1A1, OATP1B1, OATP1B3, MRP2, and
BSEP in predicting drug-induced hyperbilirubinemia. Mol. Pharm. 2013, 10, 3067–3075. [CrossRef]

20. Vítek, L. Bilirubin as a signaling molecule. Med. Res. Rev. 2020, 40, 1335–1351. [CrossRef] [PubMed]
21. Iyanagi, T. Molecular mechanism of phase I and phase II drug-metabolizing enzymes: Implications for detoxification. Int. Rev.

Cytol. 2007, 260, 35–112. [PubMed]
22. Surendran, S.P.; Thomas, R.G.; Moon, M.J.; Park, R.; Lee, J.H.; Jeong, Y.Y. A bilirubin-conjugated chitosan nanotheranostics system

as a platform for reactive oxygen species stimuli-responsive hepatic fibrosis therapy. Acta Biomater. 2020, 116, 356–367. [CrossRef]
[PubMed]

23. Laskar, A.A.; Khan, M.A.; Rahmani, A.H.; Fatima, S.; Younus, H. Thymoquinone, an active constituent of Nigella sativa seeds,
binds with bilirubin and protects mice from hyperbilirubinemia and cyclophosphamide-induced hepatotoxicity. Biochimie 2016,
127, 205–213. [CrossRef] [PubMed]

24. McDonagh, A.F. Bilirubin toxicity to human erythrocytes: A more sanguine view. Pediatrics 2007, 120, 175–178. [CrossRef]
[PubMed]

25. Karimzadeh, P.; Fallahi, M.; Kazemian, M.; Taleghani, N.T.; Nouripour, S.; Radfar, M. Bilirubin induced encephalopathy. Iran. J.
Child Neurol. 2020, 14, 7. [PubMed]

26. Liu, D.; Yu, Q.; Li, Z.; Zhang, L.; Hu, M.; Wang, C.; Liu, Z. UGT1A1 dysfunction increases liver burden and aggravates hepatocyte
damage caused by long-term bilirubin metabolism disorder. Biochem. Pharmacol. 2021, 190, 114592. [CrossRef] [PubMed]

27. Huang, Y.; Yang, G.; Kurian, D.; Xu, M.; Dai, Y.; Zhou, Y.; Xu, Y.; Wang, J.; Zhang, Y.; Gao, Q. Proteomic patterns as biomarkers for
the early detection of schistosomiasis japonica in a rabbit model. Int. J. Mass Spectrom. 2011, 299, 191–195. [CrossRef]

28. Zhu, T.; Xue, Q.; Liu, Y.; Xu, Y.; Xiong, C.; Lu, J.; Yang, H.; Zhang, Q.; Huang, Y. Analysis of Intestinal Microflora and Metabolites
From Mice With DSS-Induced IBD Treated With Schistosoma Soluble Egg Antigen. Front. Cell Dev. Biol. 2021, 9, 777218. [CrossRef]

29. Gao, X.; Yang, X.; Zhang, B. Neuroprotection of taurine against bilirubin-induced elevation of apoptosis and intracellular free
calcium ion in vivo. Toxicol. Mech. Methods 2011, 21, 383–387. [CrossRef] [PubMed]

30. Selvarajah, B.; Azuelos, I.; Anastasiou, D.; Chambers, R.C. Fibrometabolism—An emerging therapeutic frontier in pulmonary
fibrosis. Sci. Signal. 2021, 14, eaay1027. [CrossRef] [PubMed]

31. Zheng, B.; Zhang, J.; Chen, H.; Nie, H.; Miller, H.; Gong, Q.; Liu, C. T Lymphocyte-Mediated Liver Immunopathology of
Schistosomiasis. Front. Immunol. 2020, 11, 61. [CrossRef] [PubMed]

32. Carson, J.P.; Ramm, G.A.; Robinson, M.W.; McManus, D.P.; Gobert, G.N. Schistosome-induced fibrotic disease: The role of hepatic
stellate cells. Trends Parasitol. 2018, 34, 524–540. [CrossRef] [PubMed]

33. Chang, H.; Meng, H.-Y.; Liu, S.-M.; Wang, Y.; Yang, X.-X.; Lu, F.; Wang, H.-Y. Identification of key metabolic changes during liver
fibrosis progression in rats using a urine and serum metabolomics approach. Sci. Rep. 2017, 7, 11433. [CrossRef] [PubMed]

34. Huang, J.; Yin, X.; Zhang, L.; Yao, M.; Wei, D.; Wu, Y. Serum proteomic profiling in patients with advanced Schistosoma
japonicum-induced hepatic fibrosis. Parasites Vectors 2021, 14, 232. [CrossRef] [PubMed]

35. Huang, Y.; Xu, Y.; Huang, Y.; Sun, F.; Tian, H.; Hu, N.; Shi, L.; Hua, H. Identification of newly developed advanced schistosomiasis
with MALDI-TOF mass spectrometry and ClinProTools analysis. Parasite 2019, 26, 33. [CrossRef] [PubMed]

https://doi.org/10.1016/j.actatropica.2021.105862
https://doi.org/10.3390/pathogens12060793
https://www.ncbi.nlm.nih.gov/pubmed/37375483
https://doi.org/10.1111/pim.12871
https://www.ncbi.nlm.nih.gov/pubmed/34037255
https://doi.org/10.1007/s00436-014-4225-x
https://www.ncbi.nlm.nih.gov/pubmed/25403379
https://doi.org/10.1371/journal.pone.0128253
https://www.ncbi.nlm.nih.gov/pubmed/26030870
https://doi.org/10.1124/dmd.112.048439
https://www.ncbi.nlm.nih.gov/pubmed/23223517
https://doi.org/10.1016/j.cbi.2020.109115
https://www.ncbi.nlm.nih.gov/pubmed/32380060
https://doi.org/10.1016/j.pharmthera.2019.107414
https://www.ncbi.nlm.nih.gov/pubmed/31647974
https://doi.org/10.1038/s41416-019-0722-0
https://www.ncbi.nlm.nih.gov/pubmed/32047295
https://doi.org/10.1128/IAI.00309-20
https://doi.org/10.3389/fmicb.2020.01517
https://www.ncbi.nlm.nih.gov/pubmed/32760365
https://doi.org/10.1021/mp4001348
https://doi.org/10.1002/med.21660
https://www.ncbi.nlm.nih.gov/pubmed/32017160
https://www.ncbi.nlm.nih.gov/pubmed/17482904
https://doi.org/10.1016/j.actbio.2020.09.014
https://www.ncbi.nlm.nih.gov/pubmed/32927089
https://doi.org/10.1016/j.biochi.2016.05.020
https://www.ncbi.nlm.nih.gov/pubmed/27265787
https://doi.org/10.1542/peds.2007-0438
https://www.ncbi.nlm.nih.gov/pubmed/17606575
https://www.ncbi.nlm.nih.gov/pubmed/32021624
https://doi.org/10.1016/j.bcp.2021.114592
https://www.ncbi.nlm.nih.gov/pubmed/33961837
https://doi.org/10.1016/j.ijms.2010.10.013
https://doi.org/10.3389/fcell.2021.777218
https://doi.org/10.3109/15376516.2010.546815
https://www.ncbi.nlm.nih.gov/pubmed/21250777
https://doi.org/10.1126/scisignal.aay1027
https://www.ncbi.nlm.nih.gov/pubmed/34429381
https://doi.org/10.3389/fimmu.2020.00061
https://www.ncbi.nlm.nih.gov/pubmed/32132991
https://doi.org/10.1016/j.pt.2018.02.005
https://www.ncbi.nlm.nih.gov/pubmed/29526403
https://doi.org/10.1038/s41598-017-11759-z
https://www.ncbi.nlm.nih.gov/pubmed/28900168
https://doi.org/10.1186/s13071-021-04734-1
https://www.ncbi.nlm.nih.gov/pubmed/33933138
https://doi.org/10.1051/parasite/2019032
https://www.ncbi.nlm.nih.gov/pubmed/31166908


Pathogens 2024, 13, 287 15 of 15

36. Wagner, K.-H.; Shiels, R.G.; Lang, C.A.; Seyed Khoei, N.; Bulmer, A.C. Diagnostic criteria and contributors to Gilbert’s syndrome.
Crit. Rev. Clin. Lab. Sci. 2018, 55, 129–139. [CrossRef] [PubMed]

37. Sun, L.; Li, M.; Zhang, L.; Teng, X.; Chen, X.; Zhou, X.; Ma, Z.; Qi, L.; Wang, P. Differences in UGT1A1 gene mutations and
pathological liver changes between Chinese patients with Gilbert syndrome and Crigler-Najjar syndrome type II. Medicine 2017,
96, e8620. [CrossRef]

38. Ma, X.; Zheng, X.; Liu, S.; Zhuang, L.; Wang, M.; Wang, Y.; Xin, Y.; Xuan, S. Relationship of circulating total bilirubin, UDP-
glucuronosyltransferases 1A1 and the development of non-alcoholic fatty liver disease: A cross-sectional study. BMC Gastroenterol.
2022, 22, 6. [CrossRef] [PubMed]

39. Liu, D.; Yu, Q.; Ning, Q.; Liu, Z.; Song, J. The relationship between UGT1A1 gene & various diseases and prevention strategies.
Drug Metab. Rev. 2022, 54, 1–21. [PubMed]

40. Tukey, R.H.; Strassburg, C.P. Human UDP-glucuronosyltransferases: Metabolism, expression, and disease. Annu. Rev. Pharmacol.
Toxicol. 2000, 40, 581. [CrossRef] [PubMed]

41. Mimche, S.M.; Nyagode, B.A.; Merrell, M.D.; Lee, C.-M.; Prasanphanich, N.S.; Cummings, R.D.; Morgan, E.T. Hepatic cytochrome
P450s, phase II enzymes and nuclear receptors are downregulated in a Th2 environment during Schistosoma mansoni infection.
Drug Metab. Dispos. 2014, 42, 134–140. [CrossRef]

42. Manhães-Rocha, D.A.; Conte, F.P.; Fidalgo-Neto, A.A.; De-Oliveira, A.C.; Ribeiro-Pinto, L.F.; Paumgartten, F.J. Alterations of
hepatic microsomal enzymes in the early phase of murine schistosomiasis. Acta Trop. 2005, 95, 58–66. [CrossRef] [PubMed]

43. Aziz, N.A.; Musaigwa, F.; Mosala, P.; Berkiks, I.; Brombacher, F. Type 2 immunity: A two-edged sword in schistosomiasis
immunopathology. Trends Immunol. 2022, 43, 657–673. [CrossRef] [PubMed]

44. Shiu, T.-Y.; Huang, T.-Y.; Huang, S.-M.; Shih, Y.-L.; Chu, H.-C.; Chang, W.-K.; Hsieh, T.-Y. Nuclear factor κB down-regulates human
UDP-glucuronosyltransferase 1A1: A novel mechanism involved in inflammation-associated hyperbilirubinaemia. Biochem. J.
2013, 449, 761–770. [CrossRef]

45. Sugatani, J. Function, genetic polymorphism, and transcriptional regulation of human UDP-glucuronosyltransferase (UGT) 1A1.
Drug Metab. Pharmacokinet. 2013, 28, 83–92. [CrossRef] [PubMed]

46. Zeng, H.; Jiang, Y.; Chen, P.; Fan, X.; Li, D.; Liu, A.; Ma, X.; Xie, W.; Liu, P.; Gonzalez, F.J. Schisandrol B protects against cholestatic
liver injury through pregnane X receptors. Br. J. Pharmacol. 2017, 174, 672–688. [CrossRef] [PubMed]

47. Li, T.; Xu, L.; Zheng, R.; Wang, X.; Li, L.; Ji, H.; Hu, Q. Picroside II protects against cholestatic liver injury possibly through
activation of farnesoid X receptor. Phytomedicine 2020, 68, 153153. [CrossRef] [PubMed]

48. Yi, Y.-X.; Ding, Y.; Zhang, Y.; Ma, N.-H.; Shi, F.; Kang, P.; Cai, Z.-Z.; Zhang, T. Yinchenhao decoction ameliorates alpha-
naphthylisothiocyanate induced intrahepatic cholestasis in rats by regulating phase II metabolic enzymes and transporters. Front.
Pharmacol. 2018, 9, 510. [CrossRef] [PubMed]

49. Li, Y.; Huang, B.; Ye, T.; Wang, Y.; Xia, D.; Qian, J. Physiological concentrations of bilirubin control inflammatory response by
inhibiting NF-κB and inflammasome activation. Int. Immunopharmacol. 2020, 84, 106520. [CrossRef] [PubMed]

50. Luedde, T.; Schwabe, R.F. NF-κB in the liver—Linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev. Gastroenterol.
Hepatol. 2011, 8, 108–118. [CrossRef] [PubMed]

51. Ben-Neriah, Y.; Karin, M. Inflammation meets cancer, with NF-κB as the matchmaker. Nat. Immunol. 2011, 12, 715–723. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/10408363.2018.1428526
https://www.ncbi.nlm.nih.gov/pubmed/29390925
https://doi.org/10.1097/MD.0000000000008620
https://doi.org/10.1186/s12876-021-02088-7
https://www.ncbi.nlm.nih.gov/pubmed/34986792
https://www.ncbi.nlm.nih.gov/pubmed/34807779
https://doi.org/10.1146/annurev.pharmtox.40.1.581
https://www.ncbi.nlm.nih.gov/pubmed/10836148
https://doi.org/10.1124/dmd.113.054957
https://doi.org/10.1016/j.actatropica.2005.04.013
https://www.ncbi.nlm.nih.gov/pubmed/15862583
https://doi.org/10.1016/j.it.2022.06.005
https://www.ncbi.nlm.nih.gov/pubmed/35835714
https://doi.org/10.1042/BJ20121055
https://doi.org/10.2133/dmpk.DMPK-12-RV-096
https://www.ncbi.nlm.nih.gov/pubmed/23089802
https://doi.org/10.1111/bph.13729
https://www.ncbi.nlm.nih.gov/pubmed/28128437
https://doi.org/10.1016/j.phymed.2019.153153
https://www.ncbi.nlm.nih.gov/pubmed/32018210
https://doi.org/10.3389/fphar.2018.00510
https://www.ncbi.nlm.nih.gov/pubmed/29867509
https://doi.org/10.1016/j.intimp.2020.106520
https://www.ncbi.nlm.nih.gov/pubmed/32325405
https://doi.org/10.1038/nrgastro.2010.213
https://www.ncbi.nlm.nih.gov/pubmed/21293511
https://doi.org/10.1038/ni.2060
https://www.ncbi.nlm.nih.gov/pubmed/21772280

	Introduction 
	Methods 
	Analysis of Blood Biochemical Examination Data for Patients with Advanced Schistosomiasis 
	Cell Culture 
	Experimental Animals 
	Preparation of Cercariae 
	Soluble Egg Antigen (SEA) Preparation 
	CCK-8 Method to Detect Cell Proliferation 
	Detection of Apoptosis by Flow Cytometry 
	ELISA for Serum Concentrations of Conjugated and Unconjugated Bilirubin 
	Histopathological Examination of Liver Samples 
	The mRNA Expression Levels of the Genes Were Assessed Using Fluorescence Quantitative PCR 
	Western Blot Assays 
	Data Processing and Statistical Analysis 

	Results 
	Changes and Correlation Analysis of Total Bilirubin and Indicators of Liver Injury and Liver Fibrosis in Patients with Advanced Schistosomiasis 
	SEA Inhibits LX-2 and L-O2 Cell Proliferation and Promotes Apoptosis In Vitro 
	SEA Inhibits the mRNA Expression of UGT1A1 in LX-2 Cells and L-O2 Cells In Vitro 
	S. japonicum Infection Suppresses Hepatic UGT1A1 Expression, Thereby Impairing Glucuronidation of Bilirubin 
	Bilirubin Inhibits the Proliferation of L-O2 Cells While Activating the NF-B Signaling Pathway In Vitro 

	Discussion and Conclusions 
	References

