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Abstract

Background Acute-on-chronic liver failure (ACLF) is a syndrome characterized by systemic inflammation with a high
short-term mortality rate. Syndecan-1 (SDC-1) can independently predict the 90-day mortality of patients with septic
shock. However, the role of SDC-1 in ACLF remains unknown.

Methods In this study, serum SDC-1 levels were examined in 2 cohorts, which included 174 ACLF patients.
And a mouse ACLF model induced by tetrachloride, lipopolysaccharide, and D-galactosamine was established,
to evaluate the effects of sulodexide and heparan sulfate (side chains of SDC-1) on ACLF in vivo.

Results Baseline serum SDC-1 levels in 101 ACLF patients (847.72,499.79-1511.37 ng/ml) were significantly higher
than in healthy controls (33.58, 27.08-43.34 ng/ml) (P <0.0001). The baseline SDC-1 levels of patients who died

or accepted a liver transplantation within 90 days were markedly higher than those of patients who survived (P<0.05).
A novel prognostic model (UIAS) based on upper gastrointestinal bleeding, INR, age, and SDC-1 was developed. The
AUROC of the UIAS score for 28-day deterioration in ACLF patients was 0.884, indicating an obviously greater predic-
tive performance for the outcomes of ACLF than those of the Child-Pugh (AUROC =0.646), MELD (AUROC=0.713),
and COSSH-ACLF Il scores (AUROC=0.713). Moreover, we found that heparan sulfate and sulodexide could increase
the expression of SDC-1 and attenuate liver injury, by promoting liver regeneration and inhibiting cell apoptosis
through the activation of JAK1/STAT3 signalling.

Conclusions Collectively, our findings suggest that SDC-1 represents a potential prognostic and therapeutic target
for ACLF and should be further investigated.
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Background
Acute-on-chronic liver failure (ACLF) is a syndrome
characterized by systemic inflammation, and the func-
tional failure of one or more organ systems (liver, kid-
ney, coagulation, brain, respiration, and circulation),
in patients with chronic liver disease or cirrhosis [1]. In
Asia—Pacific regions, including China, 70-80% of all
cases of ACLF are due to hepatitis B virus (HBV) infec-
tion (HBV-ACLF) [2]. The mortality rate of ACLF may
reach 30-50% at 28 days and 50-80% at 90 days [3-5].
However, a large percentage of ACLF patients may
recover from this disorder if timely treatments are pro-
vided (e.g., liver transplantation) [5, 6]. Hence, accurate
and early prognostic factors and scoring systems are vital
to optimize the management of HBV-ACLF [5].
Syndecans constitute a major family of heparan sulfate
proteoglycans present on endothelial cells and hepato-
cytes [7, 8]. Syndecan-1 (SDC-1) is a member of the syn-
decan family. In the liver, SDC-1 is expressed mainly on
hepatocytes and is especially localized at the basolateral
surface [9, 10]. SDC-1 is known to act predominantly as
a binding partner for integrins or a co-receptor for vari-
ous growth factors, which regulate various cell behaviors,
such as adhesion, invasion, motility, and intracellular sig-
nalling [11]. Previous studies have reported that SDC-1
can be shed from the cell surface and produce soluble
syndecan ectodomains in both physiological and patho-
logical states [7, 12, 13], which may indicate the prog-
nosis of some diseases. For instance, plasma SDC-1 was
significantly increased over 7 days in patients with sep-
tic shock, and higher plasma SDC-1 independently pre-
dicted 90-day mortality, incident coagulation failure, and
the need for renal replacement therapy [14]. Previously,
some studies investigated the physiological and patho-
logical functions of SDC-1 in liver diseases. Arnold et al.
reported that plasma SDC-1 concentrations in patients
with APAP-induced acute liver failure were significantly
increased, reaching approximately 2500 ng/ml [15].
SDC-1 may serve as a co-receptor for various growth fac-
tors, to activate the phosphorylation of protein kinase
B (Akt) and promote liver regeneration, to promot-
ing the phosphorylation of glycogen synthase kinase-3f
and reduce hepatocyte apoptosis [7, 16]. However, prior
studies have not focused on the correlation between the
prognosis of acute liver failure and SDC-1, and this rela-
tionship has not been studied in patients with ACLF.
SDC-1 consists of a C-terminal cytoplasmic domain, a
transmembrane domain, and an N-terminal ectodomain.
The ectodomain connects with three heparan sulfate
(HS) chains and two chondroitin sulfate chains [7, 17].
Several studies have reported that the amount of HS pre-
sent on SDC-1 core proteins regulates both the shedding
rate of SDC-1 and the synthesis of core proteins [18, 19].
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Sulodexide (SDX) is a heparinoid compound purified
from porcine intestinal mucosa that consists of 80% HS
and 20% dermatan sulfate [20]. SDX provides material
sources for the repair of the glycocalyx, promoting the
reconstruction of the glycocalyx and inhibiting the degra-
dation of the glycocalyx [21], contributing to anti-inflam-
matory, antiaging, antiapoptotic effects, and protecting
endothelial cells and the vascular wall in the microcir-
culation [22]. Huang et al. reported that SDX attenuates
liver fibrosis in mice by inhibiting the endothelial-mesen-
chymal transition of liver sinusoidal endothelial cells [23].
However, the effects of the HS and SDX on ACLF remain
to be determined.

In this study, we aim to uncover the prognostic and
therapeutic value of SDC-1 in ACLF. First, serum SDC-1
was examined in 2 ACLF cohorts to investigate its poten-
tial correlation with short-term mortality in patients with
ACLEF. Next, we established an ACLF model in mice with
carbon tetrachloride (CCl4), lipopolysaccharide (LPS),
and D-galactosamine (D-GalN), and did an explora-
tion of the effects of SDX and HS on ACLF in vivo. Our
results suggest that serum SDC-1 has prognostic func-
tions in ACLF and that targeting SDC-1 is a potential
therapeutic strategy for promoting liver regeneration in
ACLF patients.

Methods

Patients and samples

As shown in Fig. 1, two cohorts of ACLF subjects were
enrolled. Sample size calculation in the health controls
(HCs) and the ACLF group is shown in Additional file 1:
1.1, 34 cases in each group are pretty small in size for our
study. We employed a retrospective cohort of 116 ACLF
patients for deriving cohort; these patients were referred
from April 1, 2019, to June 30, 2023, at admission, and
101 ACLF patients were included for further study. In the
second cohort, we enrolled a prospective cohort of 89
ACLEF patients for validating cohort; these patients were
referred from July 1, 2023, to March 31, 2024, at admis-
sion. A total of 73 ACLF patients were included for fur-
ther study; among them, 36 were HBV-ACLF patients.
Moreover, 34 outpatients with chronic hepatitis B (CHB)
and 38 with liver cirrhosis who were referred from 1
September 1, 2021, to June 30, 2022, were recruited as
pathological controls. In addition, 36 healthy volunteers
were included as HCs. All the subjects were recruited or
enrolled in the Department of Infectious Disease, First
Affiliated Hospital of Xi'an Jiaotong University (Xi'an,
China).

The enrolment criteria for patients with ACLF
were proposed by the Asian Pacific Association for
the Study of the Liver, which defines ACLF as an
occurrence of total bilirubin (TBIL)>5 mg/dL and
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Fig. 1 Enroliment of the patients (HCs, healthy controls; CHB, chronic hepatitis B; LC, liver cirrhosis; ACLF, acute-on-chronic liver failure; SDC-1,

syndecan-1; ELISA, enzyme linked immunosorbent assay)

INR > 1.5, concurrent ascites and/or hepatic encepha-
lopathy (HE) within 4 weeks, in patients with or with-
out previously diagnosed chronic liver disease [24].
The enrolment criteria for patients with HBV-ACLF
were proposed by the Chinese Group on the Study
of Severe Hepatitis B (COSSH-ACLF), and included
patients with CHB, TBIL>12 mg/dL and INR>1.5,
regardless of the presence of cirrhosis [25]. Individuals
with malignant tumor or sepsis, and those lost to fol-
low-up were excluded. CHB was defined on the basis
of the 2017 guidelines of the European Association
for the Study of the Liver (EASL) [26]. The diagnosis
of liver cirrhosis was based on the 2021 guidelines of
the EASL [27]. Table 1 shows the baseline informa-
tion of 101 enrolled patients with ACLF in the deriving
cohort.

Patients with ACLF were classified into three
grades: Grade-1, Grade-2, and Grade-3 (Additional
file 1: Table. S1) [25]. Improvement was defined as a
decrease of > 1 in the ACLF grade within 28 days after
admission. Deterioration was defined as an increase
of>1 in the ACLF grade. Fluctuation was defined as
an unchanged grade [28].

All fresh serum samples from the study participants
were collected at the First Affiliated Hospital of Xi'an
Jiaotong University. The samples were stored in and
delivered from the Biobank of the First Affiliated Hos-
pital of Xi’an Jiaotong University.

Enzyme linked immunosorbent assay (ELISA)

Serum SDC-1 levels were measured using a Human
SDC-1 ELISA kit (Abcam, USA) and Mouse SDC-1
ELISA kit (CUSABIO, Wuhan, China). Sandwich ELI-
SAs for human and mouse SDC-1 were performed
according to the manufacturer’s instructions. Human
and mice serum in the NC group was not diluted.
Serum of patients with ACLF was diluted by 20 xand
examined using Human SDC-1 ELISA kit (Abcam,
USA). Serum of ACLF mice was diluted by 100X and
examined using Mouse SDC-1 ELISA kit (CUSABIO,
Wuhan, China).

A mouse model of ACLF
The mouse model of ACLF is shown in Additional
file 1: 1.2.

Protein extraction and western blotting
Protein extraction and western blotting are shown in
Additional file 1: 1.3.

Histological analyses and immunofluorescence
double-staining

The immunohistochemistry, hematoxylin and eosin
(H&E) staining, and immunofluorescence double-stain-
ing are shown in Additional file 1: 1.4.
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Table 1 Univariate analysis of indicators was performed on the outcome of 101 ACLF patients within 90 days in the deriving cohort

Variables

D90-Survivor (n=45)

D90-Non-Survivor (n=56)

Clinical characteristics

Gender
Male 33 (43.40%)
Female 12 (48.00%)
Age 40.56+11.55
HE
Grade 0 39 (50.60%)
Grade 1 4(33.30%)
Grade 2 0 (0.00%)
Grade 3 2 (25.00%)
UGIB 2 (15.40%)
Cirrhosis 33 (38.80%)
MAP 88.04+11.22
Laboratory parameters
SDCT (ng/ml) 1106.19+986.64
WBC (x 10%/L) 5.28(3.73-8.52)
Lymphocyte 1.10(0.75-1.42)
Monocyte 0.56£0.36
Neutrophil 3.51(2.51-5.54)
RBC (x 10'%/1) 3.82(3.07-4.21)
Hb (g/L) 117.16£24.93
PLT (x 10%/L) 85.00 (52.00-141.00)
ALT (U/L) 123.00 (40.50-376.50)
AST (U/L) 128.00 (60.50-257.00)
TBIL (mg/dL) 13.05 (8.56-19.87)
TP (g/L) 63.10 (60.00-71.20)
ALB (g/L) 31.10 (27.50-33.90)
A/G 0.90 (0.79-1.20)
ALP (U/L) 139.00 (118.00-203.50)
GGT (U/L) 71.00 (42.00-98.00)
CHE (U/L) 2769.00 (2321.50-3702.00)
INR 1.87 (1.68-2.46)
K (mmol/L) 3.73(3.38-3.99)
Na (mmol/L) 137.40 (134.35-140.95)
Cr (mg/dL) 0.62 (0.50-0.72)
BUN (mmol/L) 4.35(3.21-6.29)
CPT 11.00 (10.00-12.00)
COSSH-ACLF 1 6.77+0.97
MELD 19.19+6.75

43 (56.60%)
13 (52.00%)
48.75£11.71 ¥*¥

38 (49.40%)
8 (66.70%)

4 (100.00%)

6 (75.00%)

11 (54.60%) *
52 (61.20%) *
87.76+11.10

1670.38+£1615.82 %
741 (531-995) %
0.72(049-1.27) *
060+0.34
5.71(3.99-7.44) **
3.01(267-3.65)*
106.04£24.75 *

69.00 (39.75-101.25)
86.00 (41.25-232.75)
112.00 (56.00-224.25)
21.00 (14.44-26.08) ***
61.55 (54.90-69.23)
30.65 (25.20-34.28)
1.00 (0.82-1.30)

146.50 (113.25-200.75)
52.50 (41.00-107.00)
3249.50 (1815.75-4367.25)
246 (1.91-2.96) ***
402 (3.47-445)

134.00 (131.55-136.90) **
0.68 (0.51-0.96)

5.74 (407-8.03) *

12.00 (11.00-13.00) ***
7.96+0.98 ***

2590+ 838 ***

UGIB upper gastrointestinal bleeding, MAP mean arterial pressure, WBC white blood cell, RBC red blood cell, Hb hemoglobin, PLT Platelet, ALT alanine aminotransferase,

AST aspartate aminotransferase, TP Total protein, ALB albumin, A/G albumin/globulin, ALP alkaline phosphatase, GGT gamma-glutamyl transpeptidase, CHE
cholinesterase, K Potassium, Na Sodium, Cr creatinine, BUN blood urea nitrogen, CPT Child-Pugh rating

*P <0.05,**P<0.01, ***P<0.001

Proteomics, protein-protein interaction (PPI) network
construction, and enrichment analysis

Three biological replicates from each group were used for
the proteomic experiments. The mass spectrometry prot-
eomics data have been deposited to the ProteomeXchange
Consortium (https://proteomecentral proteomexchange.org)

via the iProX partner repository with the dataset identifi-
ers PXD059999/IPX0010236001. The interaction network
among the differentially expressed proteins between the
ACLF group and the ACLF+SDX group or ACLF+HS
group was constructed using the STRING database (https://
cn.string-db.org/) [29]. Visualization of the PPI networks
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were achieved with the Cytoscape 3.9.1 software. Cluster
analysis was performed using the M-code in the Cytoscape
3.9.1 software. Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment
analyses were performed using the Vishenon platform
(https://www.bioinformatics.com.cn/) [30] and the Majorbil
cloud platform (https://www.majorbio.com/) [31].

Scoring models

The Child-Pugh score was calculated in the basis of TBIL,
serum albumin, prothrombin time, ascites, and the HE
score [32]. The MELD score was calculated using the fol-
lowing formula: MELD=3.78 XIn (TBIL, mg/dL)+11.2XIn
(INR)+9.57xIn (serum creatinine, mg/dL)+ 6.4 X (etiologi-
cal index, alcoholic or biliary is 0; the others are 1) [33]. The
COSSH-ACLF 1I score was calculated as: COSSH-ACLF
II1=1.649%In (INR)+0.457 XHE score+0.425XIn (neutro-
phil count, 10°/L)+0.396xIn (TBIL, pmol/L)+0.576xIn
(blood urea, mmol/L)+0.033 X age (year) [25].

Statistical analysis

GraphPad Prism 8.0.1 (GraphPad Software Inc., San
Diego, California, USA) and SPSS 27.0 (SPSS, Inc., Chi-
cago, IL) software were used. A two-tailed P<0.05 was
considered significant. Continuous data were expressed
as medians + standard errors or medians with interquar-
tile ranges (P25—P75). Comparisons of data between
groups were performed using Student’s ¢ test or the non-
parametric Mann—Whitney U test. Categorical data were
calculated as numbers (%) and were compared by chi-
squared test or Fisher’s exact test. We included individ-
ual factors (P<0.15) to identify independent prognostic
factors for HBV-ACLF with multivariate Cox regression
analysis. A correlation analysis was performed using the
Pearson tests. Cumulative survival rates were determined
via the Kaplan-Meier method. Orthogonal partial least
squares-discriminant analysis (OPLS-DA) was used to
rank the prognostic performance of the parameters in
HBV-ACLF patients using SIMCA 14.1 software (Umet-
rics AB, Umea, Sweden). In addition, non-normally
distributed factors were log,-transformed. The UIAS
prognostic model was developed based on multivariate
logistic regression. The areas under the ROC (AUROC:)
curve of the prognostic scoring systems were compared
via the Z-test using Delong’s method.

Results

Serum SDC-1 was elevated in patients with ACLF,

and higher baseline serum SDC-1 levels indicated a poor
prognosis for patients with ACLF

As shown in Fig. 2A, the baseline serum SDC-1 lev-
els were significantly higher in 101 patients with ACLF
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(847.72, 499.79-1511.37 ng/ml) than in 38 patients with
liver cirrhosis (93.84, 59.16—-129.02 ng/ml), 34 patients
with CHB infection (36.16, 28.00-62.40 ng/ml) and 36
HCs (33.58, 27.08-43.34 ng/ml) (all P<0.0001).

We further explored whether the serum SDC-1 level
could serve as a novel prognostic biomarker for ACLFE.
Correlations between serum SDC-1 levels and several
clinical indicators were analyzed. The serum SDC-1 lev-
els were moderately correlated with TBIL (r=0.528,
P=0.000), aspartate aminotransferase (AST, r=0.435,
P=0.000), neutrophils (r=0.418, P=0.000), and MELD
scores (r=0.409, P=0.000) (as shown in Fig. 2B). These
values were slightly correlated with alanine transami-
nase (ALT, r=0.371, P=0.000), red blood cells (RBCs,
r=0.336, P=0.001), creatinine (Cr, »=0.309, P=0.002),
and the COSSH-ACLF II score (r=0.336, P=0.001)
(Additional file 1: Fig. S1A).

According to our 28-day and 90-day clinical observa-
tions, the baseline SDC-1 levels of patients who died
or accepted a liver transplantation (LT) within 90 days
were markedly greater than those of patients who sur-
vived (P<0.05) (Table 1 and Fig. 2C). The AUROC of
SDC-1 for 90-day mortality was 0.588, with a sensitiv-
ity of 0.536 and specificity of 0.644 at an optimum cut-
off value of 917.420 ng/ml. According to that, patients
in the deriving cohort were divided into a higher SDC-1
group (SDC-1>917.420 ng/ml) or a lower SDC-1 group
(SDC-1<917.420 ng/ml). The survival rate of the lower
SDC-1 group was significantly greater than that of the
higher SDC-1 group (P=0.039) (Fig. 2D). The serum
SDC-1 level in patients who died or accepted a LT within
28 days had an increased tendency compared to patients
who survived (Fig. 2E). Thus, according to 28-day obser-
vations, the patients were further divided into 3 groups
(improvement, fluctuation, and deterioration). We found
that patients who showed deterioration (1359.36, 675.08—
4096.97 ng/ml) had higher baseline serum SDC-1 levels
than did patients who improved (845.13, 609.78-1459.75
ng/ml) (P=0.034; Fig. 2F).

A novel prognostic model (UIAS) was developed to predict
the prognosis of ACLF patients based on SDC-1

In 38 ACLF patients who achieved improvement and 24
patients who showed deterioration, OPLS-DA was used
to rank the ability of the indicators to predict the prog-
nosis of ACLF patients (Fig. 3A,B). As shown in Fig. 3A,
29 clinical and laboratory parameters could better dis-
tinguish patients with improvement from patients with
deterioration. The top 5 predictors with little variability
between the 2 groups were lg, (SDC-1), g, (TBIL), lg,
(INR), 1g, (albumin), and lg, (total protein) (Fig. 3B). The
test permutation indicated that the model fits well (Addi-
tional file 1: Fig. S1B).
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Fig. 2 SDC-1 was dysregulated in patients with ACLF, and higher baseline serum SDC-1 levels indicated a poor prognosis in ACLF patients.

A Baseline serum SDC-1 levels in 101 patients with ACLF, 38 patients with liver cirrhosis, 34 patients with CHB and 36 HCs. B Correlations

between the serum SDC-1 level and total bilirubin (TBIL), aspartate aminotransferase (AST), neutrophil (Neu), and the MELD score. C Baseline

SDC-1 levels of patients who died or accepted a LT within 90 days (D90-Non-Sur, n=56) and patients who survived (D90-Sur, n=45). D Survival rate
of ACLF patients in the lower SDC-1 group (n=55) and higher SDC-1 group (n=46). E Baseline SDC-1 levels of patients who died or accepted a LT
within 28 days (D28-Non-Sur, n=31) and patients who survived (D28-Sur, n=70). F Baseline SDC-1 levels of patients in the improvement (n=38),
fluctuation (n=39), and deterioration groups (n=24) within 28 days. ‘P <0.05, """P< 0.0001

Univariate analysis was performed to assess the influ-
ence of clinical and laboratory indicators on the outcome
of ACLF (Table 1 and Additional file 1: Table. S3). Mul-
tivariate Cox regression revealed that age, upper gastro-
intestinal bleeding (UGIB), SDC-1, and the INR were
independent prognostic predictors in ACLF patients (all
P<0.05, Table 2). Thus, age, UGIB, SDC-1, and the INR
were ultimately identified as potential prognostic indica-
tors. A novel prognostic model (UIAS) was developed as
follows: UIAS=0.076x Age+0.001 X SDC-1+ 1.454 X IN
R+2.854 X UGIB —12.165. UGIB=1 for patients without
UGIB, and 2 for patients with UGIB.

The UIAS score was strongly associated with the
MELD and COSSH-ACLEF II scores (r=0.588, and 0.629,

respectively; all P=0.000), and positively associated
with the Child-Pugh score (r=0.238, P=0.016; Addi-
tional file 1: Fig. S2A). The AUROC of the UIAS score for
28-day deterioration in ACLF patients was 0.884, with a
sensitivity of 0.833 and a specificity of 0.868 at a cut-off
value of —0.174 (Fig. 3C). Compared with the Child-Pugh
(AUROC=0.646), MELD (AUROC=0.713), and COSSH-
ACLF 1II scores (AUROC=0.713), the UIAS clearly
had greater predictive performance for the outcomes
of ACLF (Fig. 3C). The AUROC of the UIAS score for
90-day mortality in ACLF patients was 0.800, with a sen-
sitivity of 0.804 and a specificity of 0.689 at a cut-oft value
of —1.515, which was similar to that of the COSSH-ACLF
II score (Fig. 3D). According to the optimum cut-off
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Fig. 3 Development and evaluation of a new model to predict the prognosis of ACLF patients based on SDC-1. A,B OPLS—DA was used to rank
the ability of the indicators to predict the prognosis of ACLF patients. C AUROCs of the UIAS score, COSSH-ACLF Il score, MELD score, and Child-
Pugh score for 28-day deterioration in ACLF patients in the deriving cohort. D AUROCs of the UIAS score, COSSH-ACLF Il score, MELD score,

and Child-Pugh score for 90-day mortality in ACLF patients in the deriving cohort. E Survival rate of ACLF patients in the lower UIAS score group
and higher UIAS score group in the deriving cohort. F AUROCs of the UIAS score, COSSH-ACLF Il score, MELD score, and Child-Pugh score for 28-day
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value, patients in the deriving cohort were divided into
a higher UIAS group (UIAS score> —1.515) or a lower
UIAS group (UIAS score< —1.515). The survival rate of
the lower UIAS group was significantly greater than that
of the higher UIAS group (P<0.0001) (Fig. 3E). The UIAS
score in the non-survivor group within 90 days was signif-
icantly greater than that in the survivor group in the driv-
ing cohort (P<0.0001; Additional file 1: Fig. S2B).

The validating cohort included 73 ACLF patients for
further study (Fig. 1). Baseline information about the

patients was shown in Table. S4. The AUROC of the
UIAS score for 28-day deterioration in ACLF patients
was 0.780, which showed obviously higher predictive
performance than did the Child-Pugh (AUROC=0.574),
MELD (AUROC=0.639), and COSSH-ACLF II scores
(AUROC=0.667) (Fig. 3F). The AUROC of the UIAS
score for 90-day mortality was 0.834, which showed
obviously higher predictive performance than did the
Child-Pugh (AUROC=0.656), MELD (AUROC=0.672),
and COSSH-ACLF II scores (AUROC=0.698) (Fig. 3G).
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Table 2 Multivariate Cox regression analysis of indicators associated with the deterioration of ACLF patients within 28 days

Variables in the equation

B S.E Wald df Sig Exp (B) 95% Cl for Exp (B)
Lower Upper
Age 0.076 0.035 4.758 1 0.029 1.079 1.008 1.155
UGIB 2.854 1.125 6.432 1 0.011 17.358 1912 157.546
SDC-1 0.001 0.000 6.226 1 0.013 1.001 1.000 1.001
INR 1.454 0.480 9.186 1 0.002 4.281 1.672 10.963
Constant -12.165 3113 15.272 1 0.000 0.000

Because 70—-80% of all Chinese ACLF cases are attrib-
utable to HBV infection, we further analyzed 36 HBV-
ACLF patients in a validating cohort conforming to the
COSSH-ACLF criteria. The AUROC of the COSSH-
ACLEF II score significantly increased, and the AUROCs
of the UIAS score for 28-day deterioration and 90-day
mortality in HBV-ACLF patients were 0.897 and 0.859,
respectively, which showed higher predictive ability than
COSSH-ACLF 1I scores (0.869 and 0.786, respectively)
(Additional file 1: Fig. S3A, C). The survival rate of the
lower UIAS group (UIAS score< —2.737) in the vali-
dating cohort was significantly greater than that of the
higher UIAS group (UIAS score > —2.737) (Fig. 3H).

A mouse model of ACLF was established

To establish a mouse model of ACLE, we used CCl4,
D-GalN, and LPS to induce a liver injury to mimic the
disease progression of ACLF (Fig. 4A). Serum ALT and
AST levels of the ACLF mice were significantly increased
(Fig. 4B). Transmission electron microscopy (TEM)
revealed that necrotic hepatocytes and significantly swol-
len mitochondria were presented in the livers of the mice
in the ACLF group, the cristae of the mitochondria were
lost (Fig. 4C). H&E staining images and corresponding
semiquantitative analysis showed that the mice in ACLF
group presented severe hepatic necrosis and inflamma-
tory infiltration (Fig. 4D, E). The apoptotic hepatocytes
were stained with a commercial Tunel staining kit, and
the results showed that the positive staining area was
increased in the ACLF mice (Fig. 4D, E), which indi-
cated increased cell apoptosis. Moreover, we observed
an increased number of F4/80" macrophages and MPO™
neutrophils in the mice with ACLF, which supported
more severe hepatic inflammation in those mice than in
the NC mice (Fig. 4D, E). In addition, the Masson dying
results showed that hepatic fibrosis was exacerbated
in the livers of the mice treated with CCl4 for 8 weeks
compared with those of the NC mice (Additional file 1:
Fig. S4). As a result, we believe that a mouse model of
ACLF was successfully established and characterized

by hepatocellular injury, exacerbated inflammation, and
hepatic fibrosis.

SDX and HS attenuated ACLF by promoting liver
regeneration and suppressing cell apoptosis

The ACLF+SDX group were administered with SDX
once a day by gastric gavage for 1 month in ACLF mice
(Fig. 5A). The mice in the ACLF+HS group were intra-
peritoneally injected with HS 1 h before the administra-
tion of D-GalN and LPS (Fig. 5B). According to the TEM
results, the livers of the mice with ACLF presented with
apoptotic hepatocytes at different stages, and severely
swollen mitochondria. In contrast, the livers from the
ACLF+SDX and ACLF+HS groups had only slightly
swollen mitochondria, and there was no hepatocellular
apoptosis (Fig. 5C). Semiquantitative analysis of H&E
staining inflammatory and necrotic scores showed that
SDX and HS significantly alleviated liver injury in the
mice with ACLF (Fig. 5D).

Compared with those in the NC group, the levels of
serum SDC-1 were markedly increased in the ACLF
group (Fig. 6A), which was consistent with the serum
SDC-1 levels in ACLF patients (Fig. 2A). As shown in
Fig. 6B, SDC-1 was expressed primarily on hepatocytes
and the hepatic sinusoid in healthy mouse livers, but
expressed decreased (Fig. 6C) and was distributed in a
disordered manner (Fig. 6B) in the livers of the ACLF
mice. Furthermore, SDX and HS decreased the down-
regulation of SDC-1 and decreased the expression of
cytokeratin 18 (CK18) in ACLF mice (Fig. 6B, C), sug-
gesting that SDX and HS attenuated liver injury prob-
ably by decreasing the reduction of SDC-1.

To explore the possible mechanisms by which SDX
and HS improve liver injury, we detected liver regener-
ation indicators by examining cyclin D1, cyclin E1, and
proliferating cell nuclear antigen (PCNA), and exam-
ined hepatocyte apoptotic parameters by performing
Cleaved-caspase3 (C-caspase3), Caspase3, Bcl2, and
Bax in the 4 groups. In the liver tissues of the ACLF
group, cyclin D1, and cyclin E1 were downregulated,
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Fig.4 An ACLF mouse model was developed. A Mice in the ACLF group were intraperitoneally injected with a mixture of carbon tetrachloride
(CCl4) and olive oil twice a week for 8 weeks. At 72 h after the last injection, the mice were intraperitoneally injected with D-galactosamine (D-GalN,
1000 mg/kg) and lipopolysaccharide (LPS, 100 pg/kg), and sacrificed after 6 h. B Levels of serum alanine transaminase (ALT) and AST in the mice
were examined. C Livers of the mice were observed via transmission electron microscopy (TEM). The blue arrows in this image represent necrotic
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Bcl2/Bax was downregulated, and C-caspase3 was
upregulated compared with those in the NC group
(Fig. 6C, D). However, SDX and HS increased the
expression of cyclin D1, cyclin E1, and Bcl2/Bax,
and decreased the expression of C-caspase3 in the
ACLF mice (Fig. 6C, D). A large number of PCNA™
hepatocytes were detected in the NC, ACLF+ SDX,
and ACLF+HS livers, whereas the ACLF group
had a much smaller number of PCNA* hepatocytes
(Fig. 6E). The above data indicate that liver regenera-
tion was suppressed with significant hepatocyte apop-
tosis in the ALCF mice and that SDX and HS obviously
increased liver regeneration and reduced cell apoptosis
in the mice with ACLFE.

SDX and HS promoted liver regeneration and exerted
anti-apoptotic effects, likely through the JAK1/STAT3
signalling pathways

We next performed proteomics to investigate the
possible mechanisms responsible for the promo-
tion of liver regeneration and reduction in apopto-
sis by SDX and HS. We searched for 315 differentially
expressed proteins in the ACLF+SDX group com-
pared with the ACLF group (Fig. 7A, B), and 336 dif-
ferentially expressed proteins in the ACLF +HS group
compared with the ACLF group (Fig. 7D, E). We sub-
sequently identified 132 proteins that were differen-
tially expressed in both the ACLF+SDX group and
the ACLF +HS group (Additional file 1: Fig. S5A). For
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these 132 proteins, a PPI network was constructed
using STRING (https://cn.string-db.org/) [29] and
Cytoscape (Additional file 1: Fig. S5B). GO and KEGG
analyses were conducted using the Vishenon platform
(https://www.bioinformatics.com.cn/) [30] and the
Majorbil cloud platform (https://www.majorbio.com/)
[31] (Additional file 1: Fig. S5C-D).

wxx P

P<0.001,  P<0.0001

Differentially expressed proteins between the ACLF+SDX
and ACLF groups, and between the ACLF+HS and ACLF
groups were further analyzed. For differentially expressed
proteins in the ACLF+SDX group, the PPI network clusters
are shown in Additional file 1: Fig. S5E-F. The KEGG analysis
results showed that the cCAMP signalling, TGF-beta signal-
ling, and MAPK signalling pathways were enriched (Fig. 7C).


https://cn.string-db.org/
https://www.bioinformatics.com.cn/
https://www.majorbio.com/
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Fig. 7 SDX and HS promoted liver regeneration and exerted anti-apoptotic
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effects, likely through the JAK1/STAT3 signalling pathway. A,B A total
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For the differentially expressed proteins in the ACLF+HS
group, the PPI network clusters are shown in Fig. S5G. The
KEGG analysis results showed that the TGF-beta signalling
and JAK/STAT signalling pathways were enriched (Fig. 7F).
The JAK/STAT and MAPK pathways were reportedly to

be involved in the activation of anti-apoptotic and prolifer-
ation-promoting signalling in hepatocytes. Among them,
STAT3 is a key anti-apoptotic factor that alleviates liver
injury through the upregulation of the antiapoptotic pro-
teins Bcl2 [34—36]. Next, we examined the phosphorylation
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levels of P38-MAPK in the 4 groups using western blotting.
We found no significant changes in the phosphorylation
level of P38-MAPK between the ACLF+SDX group and
the ACLF group, or between the ACLF+HS group and the
ACLF group (Additional file 1: Fig. S6). We subsequently
examined the phosphorylation level of JAK/STAT. We found
that phosphorylation levels of both STAT1 and STAT3 were
elevated in the ACLF group compared with those in the NC
group (Fig. 7G, H). SDX increased the phosphorylation level
of JAK1/STAT3 in ACLF mice (Fig. 7G, H). Similarly, HS
also induced the activation of JAK1/STAT3 in ACLF mice
(Fig. 71, J), indicating that SDX and HS promote liver regen-
eration and exert anti-apoptotic effect probably through the
JAK1/STAT3 pathways.

Discussion

At present, many researchers have attempted to optimize
the prognostic scorings of ACLF with the aim of iden-
tifying biomarkers that are already or not yet applied in
clinical practice. These biomarkers include metabolic
markers [5, 37, 38], liver functional reserve biomarkers
[39, 40], and inflammatory biomarkers [41]. There was a
microcirculation disturbance (hepatic microcirculation
was impaired) in liver injury or failure [42, 43]. However,
few studies have identified biomarkers related to micro-
circulation disturbances to evaluate their diagnostic,
prognostic, and therapeutic effects. Piotti et al. reported
that plasma SDC-1 was significantly increased in patients
with endothelial damage in septic shock, and increased
plasma SDC-1 independently predicted the 90-day mor-
tality, the need for renal replacement therapy, and inci-
dent coagulation failure [14]. In this study, we found that
baseline serum SDC-1 levels could serve as a novel prog-
nostic factor for patients with ACLF.

In Asia—Pacific regions, including China, 70-80% of
all patients with ACLF have HBV-ACLF [2]. Patients
with CHB without rational treatment can develop liver
fibrosis, liver cirrhosis, or even ACLF. Thus, we exam-
ined serum SDC-1 levels in HCs and in patients with
CHB, liver cirrhosis, and ACLFE. We found that the serum
SDC-1 levels in patients with CHB, liver cirrhosis, and
ACLF were elevated compared with those in HCs, espe-
cially in ACLF patients. Our study aimed to evaluate the
prognostic value of serum SDC-1 levels in ACLF patients,
and whether SDC-1 can also be used as a biomarker for
CHB and LC needs to be studied further.

Moreover, 29 clinical and laboratory indicators were
thoroughly analyzed using two separate methods (Cox
regression and OPLS-DA) in our study (Table 2 and
Fig. 3B). Among these factors, age, UGIB, SDC-1, and the
INR were identified as the four best factors for predicting
28-day deterioration. Interestingly, the OPLS-DA model
between the improvement and deterioration groups
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demonstrated that TBIL was one of the top 5 powerful
predictors, but Cox regression revealed that it was not
an independent predictor for the prognosis of ACLF.
Furthermore, SDC-1 and TBIL were strongly correlated
(Fig. 2B), suggesting that SDC-1 is likely an indicator
replacing TBIL in the prediction of 28-day deterioration
in patients with ACLF. We developed a simpler prognos-
tic model (UIAS) for ACLF, which was superior to the
Child-Pugh, MELD, and COSSH-ACLF scores for the
prediction of 28-day deterioration, and at least compa-
rable with the COSSH-ACLF score for the prediction of
90-day mortality.

In our study, we employed a retrospective cohort of 116
ACLF patients for deriving cohort from April 1, 2019,
to June 30, 2023, at admission. In the second cohort, we
enrolled a prospective cohort of 89 ACLF patients for the
validating cohort, who were referred from July 1, 2023,
to March 31, 2024, at admission. The serum of patients
in the deriving cohort was stored longer than that of
patients in the validating cohort was, but the UIAS prog-
nostic model developed in the deriving cohort was still
applicable to the validating cohort. The model needs to
be validated in other clinical centers in the future.

Our study revealed that SDC-1 expression is decreased
in the livers of mice with liver injury induced by
LPS+D-GalN and that the serum SDC-1 is increased
in patients and mice with ACLF. Several studies have
reported that SDC-1 can be shed from the cell surface
and produce soluble syndecan ectodomains in both phys-
iological and pathological states [7, 12, 13, 44]. Accord-
ingly, whether SDC-1 is shed from liver tissues to the
microcirculation after liver injury needs further explora-
tion in the future.

As a transmembrane protein, the ectodomain of SDC-1
connects with three HS chains [7, 17]. Several studies
have reported that the amount of HS present on SDC-1
core proteins regulates both the shedding rate of SDC-1
and the synthesis of core proteins [18, 19, 45, 46]. SDX
is a heparinoid compound that consists of 80% HS [20].
Some studies have demonstrated that SDX provides
material sources for the repair of the glycocalyx and
inhibits its degradation [21, 47]. Our study revealed that
SDX and HS decreased the degradation of SDC-1, and
attenuated liver injury by promoting liver regeneration
and inhibiting liver apoptosis (Fig. 6). SDC-1 is known to
act primarily as a co-receptor for various growth factors,
which regulate some cell behaviors, such as adhesion,
invasion, and motility [11, 48]. Hence, SDX and HS pro-
mote liver regeneration and inhibit liver apoptosis likely
by decreasing the degradation of SDC-1.

STATS3 plays crucial roles in hepatocarcinogenesis by
inhibiting apoptosis and promoting cell cycle progres-
sion [49]. The biological functions of STAT1 include
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inhibiting cell growth and promoting cell apopto-
sis [50]. Xiang et al. reported that IL-6/STAT3 was
blocked, and IFN-y/STAT1 was activated in mice with
ACLF induced by CCl4 and Klebsiella pneumoniae,
thereby attenuating liver regeneration [51]. Our study
revealed that STAT3 and STAT1 were both activated
in a mouse model of ACLF induced by CCl4, LPS, and
D-GalN, liver regeneration was ultimately inhibited
and apoptosis occurred in ACLF. Thus, STAT1 was
probably strongly activated (represented by the bold
red arrow in Fig. 8), STAT3 was weakly activated (thin
black arrow in Fig. 8), liver regeneration was ultimately
inhibited, and apoptosis occurred in ACLF. SDX and
HS promote liver regeneration and exert anti-apoptotic
effects through the activation of STAT3 (as shown in
Fig. 8). SDC-1 is known to act predominantly as a bind-
ing partner for integrins or a co-receptor for various
growth factors [11]. The ectodomain of SDC-1 con-
nects with three HS chains and two chondroitin sulfate
chains [7, 17]. HS may activate the JAK1/STAT3 path-
way may through the interaction of cytokine receptors,
such as growth factors. However, the part described
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in the dotted box in Fig. 8 needs to be studied further
in vitro experiments in the future. Nam et al. reported
that SDC-1 serves as a co-receptor for growth factors to
phosphorylate Akt and promote liver regeneration [16].
In the future, on the basis of our study, overexpression
or knockdown of SDC-1 in vivo and vitro is needed to
show its effect on ACLF through JAK/STAT pathways.

There are some limitations in the present study. First,
this was a single-center study, and the sample size of this
study was limited. The prognostic UIAS score should be
validated in multi-center and cross-sectional cohorts in
the future. Second, the mechanisms by which SDX and
HS modulate the activity of the JAK/STAT pathways need
to be further investigated. Third, bacterial infections occur
in up to two-thirds of ACLF patients and contribute to
poor clinical outcomes [51]. The mouse ACLF model used
in this study could only partially mimic the pathological
characteristics of ACLF patients. Therefore, another liver
injury model involving the combination of CCl4 injection
and bacterial infection (Klebsiella pneumoniae) is needed
to validate our findings in the future, to increase the clini-
cal translational potential of this study.
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Fig. 8 Schematic diagram. SDX and HS alleviated liver injury by promoting liver regeneration and inhibiting liver apoptosis. SDX and HS promote
liver regeneration and exert anti-apoptotic effects, probably by activating the JAK1/STAT3 pathways
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Conclusions

In summary, the present study demonstrated that the
expression of SDC-1 in liver tissues was reduced, and
that soluble SDC-1 in the microcirculation was increased
in ACLFE. Baseline serum SDC-1 levels could serve as a
novel prognostic factor for patients with ACLF. The novel
prognostic model (UIAS) showed obviously greater pre-
dictive performance for the outcomes of ACLF than did
the Child-Pugh, MELD, and COSSH-ACLF 1II scores.
SDX and HS promoted liver regeneration through the
JAK1/STAT3 pathway.
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