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Abstract: End-stage liver diseases, such as cirrhosis and liver cancer caused by hepatitis B, are often combined with hepatic 
encephalopathy (HE); ammonia poisoning is posited as one of its main pathogenesis mechanisms. Ammonia is closely related to 
autophagy, but the molecular mechanism of ammonia’s regulatory effect on autophagy in HE remains unclear. Sialylation is an 
essential form of glycosylation. In the nervous system, abnormal sialylation affects various physiological processes, such as 
neural development and synapse formation. ST3 β-galactoside α2,3-sialyltransferase 6 (ST3GAL6) is one of the significant 
glycosyltransferases responsible for adding α2,3-linked sialic acid to substrates and generating glycan structures. We found that 
the expression of ST3GAL6 was upregulated in the brains of mice with HE and in astrocytes after ammonia induction, and the 
expression levels of α2,3-sialylated glycans and autophagy-related proteins microtubule-associated protein light chain 3 (LC3) 
and Beclin-1 were upregulated in ammonia-induced astrocytes. These findings suggest that ST3GAL6 is related to autophagy in 
HE. Therefore, we aimed to determine the regulatory relationship between ST3GAL6 and autophagy. We found that silencing 
ST3GAL6 and blocking or degrading α2,3-sialylated glycans by way of Maackia amurensis lectin-II (MAL-II) and neuraminidase 
can inhibit autophagy. In addition, silencing the expression of ST3GAL6 can downregulate the expression of heat shock protein 
β8 (HSPB8) and Bcl2-associated athanogene 3 (BAG3). Notably, the overexpression of HSPB8 partially restored the reduced 
autophagy levels caused by silencing ST3GAL6 expression. Our results indicate that ST3GAL6 regulates autophagy through 
the HSPB8-BAG3 complex.
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1 Introduction 

Hepatic encephalopathy (HE) is a common com‐
plication of acute and chronic liver dysfunction. 
HE is mainly characterized by metabolic disorders 
and neuropsychiatric abnormalities, including the 

impairment of motor, sensory, and cognitive func‐
tions at varying severities (Rose et al., 2020); neuro‐
inflammation and neuronal cell death are its main 
pathological features (Ochoa-Sanchez et al., 2021). 
The pathogenesis of HE is complex and remains to 
be fully understood. However, among the many pro‐
posed pathogenesis mechanisms, the ammonia poi‐
soning theory is often generally accepted (Fallahza‐
deh and Rahimi, 2022). This theory suggests that 
impaired liver function leads to impaired ammonia 
clearance and increased blood ammonia; the elevated 
blood ammonia enters the brain through the blood–
brain barrier, interfering with the function and metabo‐
lism of brain cells, especially astrocytes, ultimately 
causing brain cell edema and oxidative stress, triggering 
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a series of neurological symptoms (Sepehrinezhad 
et al., 2020).

Sialylation is one of the most common glycosyl‐
ation processes, which covalently adds sialic acid to 
the termini of glycoconjugates. Sialylation is a bio‐
chemically substantial modification in various cellu‐
lar functions, such as cell adhesion and signal trans‐
duction (Huang et al., 2022). Sialyltransferase (ST) 
includes 20 members and is divided into four sub‐
families: ST3 β-galactoside α2,3-sialyltransferases 1–6 
(ST3GAL1–6; α2,3 link type), ST6 β-galactoside α2,6-
sialyltransferases 1 and 2 (ST6GAL1–2; α2,6 link type), 
ST6 N-acetylgalactosaminide α2,6-sialyltransferases 1–6 
(ST6GALNAc1–6; α2,6 link type), and ST8 α-N-acetyl-
neuraminide α2,8-sialyltransferases 1–6 (ST8SIA1–6; 
α2,8 link type) (Bowles and Gloster, 2021). These 
sialyltransferases are responsible for the transfer of 
sialic acid and participate in post-translational modifi‐
cation of proteins. Many studies have shown that ab‐
normal sialyltransferase expression levels are closely 
related to the occurrence and development of various 
diseases, such as neurodegeneration, tumors, and im‐
mune system diseases (Kim, 2020). ST3GAL6 is one 
of the main enzymes responsible for forming α2,3-
sialylated N-glycans or O-glycans. Most reports on 
ST3GAL6 focus on tumor research, for example, in 
bladder cancer and lung adenocarcinoma (Dalangood 
et al., 2020; Li et al., 2022). In addition, studies have 
pointed out that ST3GAL6 mutations exist in the 
neurodegenerative disease amyotrophic lateral sclerosis 
(ALS) (Togawa et al., 2019). However, the exact regu‐
latory function and mechanism of ST3GAL6 remain 
a mystery in the disease, despite it being an essential 
glycosyltransferase for α2,3-sialylation.

Autophagy refers to the lysosomal degradation of 
damaged or excess components; as an evolutionarily 
conserved mechanism in eukaryotes, autophagy can 
help cells counteract different intracellular and extra‐
cellular stress signals and is essential for maintaining 
cellular homeostasis. In mammals, nervous system cells 
are particularly susceptible to damage, and the func‐
tional integrity of cells and tissues depends largely on 
removing damaged organelles and defective proteins 
to prevent the accumulation of neurotoxicity (Fried‐
man, 2011). Autophagy is a stress response to misfolded 
proteins, damaged organelles, and insoluble protein 
aggregates, and its damage and defects are closely re‐
lated to neurological diseases (Peker and Gozuacik, 

2020). Many studies have pointed out that autophagy 
and lysosomal systems are abnormal in neurodegenera‑
tive diseases, including Alzheimer’s disease (AD), 
tauopathies, and Huntington’s disease (HD) (Filippone 
et al., 2022). Ammonia is a highly diffusible weak 
base that can pass through the blood–brain barrier; 
current research shows that ammonia has a dual effect 
on autophagy. At high concentrations, it will damage 
lysosomal function and lead to defects in the degrad‑
ation of autophagy substrates. At low concentrations, 
ammonia will activate autophagy (Soria and Brunetti-
Pierri, 2019). Astrocytes are critical for detoxifying 
ammonia in the brain, and impaired astrocyte func‐
tion is thought to be a significant cause of neuro‐
nal damage and eventual cognitive and motor symp‐
toms in HE (Sepehrinezhad et al., 2020; Lawrence 
et al., 2023). Although autophagy is closely related 
to neurological diseases, there are few reports on 
whether autophagy is altered in astrocytes and the 
brain during hyperammonemia.

In the present study, the central objective is to ex‐
plore the differential expression patterns of ST3GAL6 
in hepatitis B virus (HBV) transgenic mice and 
ammonia-induced astrocytes. Our research strives to 
deepen the understanding of the regulatory connec‐
tion between ST3GAL6 and autophagy by assessing 
shifts in autophagic activity following the targeted 
silencing of ST3GAL6 in ammonia-induced astrocytes. 
Furthermore, we aim to concurrently silence ST3GAL6 
expression and induce heat shock protein β8 (HSPB8) 
overexpression within these cells. This dual interven‐
tion aims to provide insights into the complex regula‐
tory triad comprising ST3GAL6, HSPB8, and autoph‐
agy under ammonia induction.

2 Materials and methods

2.1 Animal model

HBV transgenic mice C57BL/6J-TG (ALB1HBV) 
44BRI/J and negative control C57BL/6 mice were 
obtained from VITALRIVER (Beijing, China). HBV 
transgenic mouse and C57BL/6 mouse colonies were 
maintained at the Cell Engineering Research Centre 
and Department of Cell Biology of Fourth Military 
Medical University (Xi’an, China). The experimental 
protocol involved used HBV transgenic mice (n=6) 
and C57BL/6 mice (n=6) as study subjects. 
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2.2 Cell culture and treatments

Human brain astrocyte (SVGp12) cells were 
kindly donated by the Cell Engineering Research 
Centre and Department of Cell Biology of the Fourth 
Military Medical University (Xi’an, China). SVGp12 
cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Hyclone, USA) supplemented with 
10% (volume fraction) fetal bovine serum (FBS; Invi‐
trogen, USA) and 1% (volume fraction) penicillin/
streptomycin (ThermoFisher, USA) in an incubator 
with 5% CO2 at 37 ℃ . Bafilomycin A1 (Baf A1; 
5084090001), neuraminidase (derived from Clostridium 
perfringens, N2876), and NH4Cl (213330) were ob‐
tained from Sigma-Aldrich (USA). Maackia amuren‐
sis lectin-II (MAL-II; L-1260) was purchased from 
Vector Laboratories (USA). To achieve HSPB8 over‐
expression, we inserted the homo sapiens full open 
reading frame complementary DNA (cDNA) clone of 
HSPB8 into a pcDNA3.1 vector. Plasmid propagation 
during plasmid construction was carried out using 
Escherichia coli DH5α, and plasmid construction was 
completed by the Transheep Bio Company (Shanghai, 
China). Small interfering RNAs (siRNAs) of ST3GAL6 
were designed and synthesized by Transheep Bio Com‐
pany. SVGp12 cells were transfected with the overex‐
pression plasmid and siRNAs using the Lipo3000 
transfection reagent (Invitrogen). The specific siRNA 
sequences of ST3GAL6 are provided in Table S1.

2.3 Lectin microarrays

The proteins were labeled with Cy3 fluorescent 
dye (GE Healthcare, USA) and purified using Sepha‐
dex G-25 columns (GE Healthcare). Lectins were pur‐
chased from Sigma or Vector laboratories. Epoxy 
silane-coated glass slides were employed to establish 
an array encompassing 37 lectin spots, each targeting 
distinct glycans. The slides were exposed to a diluted 
solution of Cy3-labeled proteins in an incubation 
buffer and were allowed to incubate at room tempera‐
ture for 3 h. Microarrays were scanned utilizing a 
GenePix 4000B confocal scanner (Axon Instruments, 
USA). The resultant images were analyzed for Cy3 
signal detection employing GenePix 3.0 software. The 
experimental group’s normalized fluorescence intensity 
(NFI) was juxtaposed with that of the control group. 
Fold change of >1.50 or <0.67 in pairs indicated up‐
regulation or downregulation, respectively. P values of 
less than 0.05 were considered statistically significant.

2.4 Western blotting analysis

The total protein (30 μg) from mouse brain tis‐
sue or cell samples was separated on 8%‒12% (1%=
0.01 g/mL) sodium dodecyl sulfate (SDS) gels and trans‐
ferred onto polyvinylidene difluoride (PVDF) mem‐
branes. The signals were visualized using western 
enhanced chemiluminescence (ECL) blotting sub‐
strate (Bio-Rad, Hercules, USA) and imaged with the 
Qinxiang imaging system (Qinxiang, Shanghai, China). 
The primary antibodies used in the experiment were 
as follows: microtubule-associated protein light chain 
3B (LC3B; 1:1000 (volume ratio, the same below), 
14600-1-AP), glyceraldehyde-3-phosphate dehydro‐
genase (GAPDH; 1: 5000, 10494-1-AP), ST3GAL6 
(1:1000, 13154-1-AP), HSPB8 (1:1000, 15287-1-AP), 
Bcl2-associated athanogene 3 (BAG3; 1:3000, 10599-
1-AP) (ProteinTech Group, IL, USA), and Beclin-1 (1:
1000, 381896) (ZEN Bio, Chengdu, China). The sec‐
ondary antibody was goat rabbit‑horseradish peroxi‐
dase (HRP) (1:5000, 170-6515) (Bio-Rad).

2.5 Fluorescence‑based lectin cytochemistry

Labeled with Cy5 fluorescent dye (GE Healthcare) 
and purified using a Sephadex G-25 column (GE 
Healthcare), cells were incubated with Cy5-labeled 
lectin MAL-II overnight at 4 ℃ , and then stained 
with 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI) for 
10 min. Images were acquired using a laser scanning 
confocal microscope SP8X (Leica, Wetzlar, Germany).

2.6 Green fluorescent protein (GFP)-LC3 expression 
analysis

Before treatment, cells within each experimental 
group were transduced with GFP-LC3 adenovirus 
(Beyotime, Shanghai, China). Subsequently, the cells 
from each group were fixed using 4% (0.04 g/mL) 
paraformaldehyde for 30 min, followed by nuclear 
staining with DAPI. An SP8X laser scanning confocal 
microscope was utilized to capture the images.

2.7 Statistical analyses

Numerical data are shown as mean±standard de‐
viation. Student’s t-test was used when comparing two 
groups, and multivariate analysis of variance (ANOVA) 
was used when comparing more than two groups. A 
P value of 0.05 was considered statistically significant. 
Statistical analysis was performed using GraphPad 
Prism (GraphPad Software Inc., CA, USA).
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3 Results 

3.1 Effects of ammonia on ST3GAL6 and α2,3-
sialylated glycans in astrocytes

To analyze the association between ammonia in‐
duction and ST3GAL6 and α2,3-sialylated glycans in 
astrocytes, we first used immunoblotting to detect the 
expression of ST3GAL6 in the brain tissues of HBV 
transgenic mice C57BL/6J-TG (ALB1HBV) 44BRI/J 
(n=6, the same age) and performed a negative control 
with C57BL/6 mice (n=6, the same age). The results 
showed that ST3GAL6 expression was upregulated 
in the three time periods of 8, 12, and 16 months 
(Figs. 1a and 1b). Subsequently, we used NH4Cl to in‐
duce astrocytes (SVGp12) to simulate hyperammone‐
mia in vitro. After 24 h without serum, astrocytes 
were treated with 2, 5, or 10 mmol/L NH4Cl for 72 h, 
and the medium was changed daily to maintain the 
concentration of NH4Cl. Western blotting results 
showed that the expression of ST3GAL6 was upregu‐
lated when stimulated by 2 mmol/L NH4Cl (Figs. 1c 
and 1d). At the same time, we used lectin microarrays, 
consisting of 37 lectin probes, to detect changes of 
protein glycopatterns in SVGp12 cells induced by dif‐
ferent concentrations of ammonia. The layout of the 
lectin microarray was shown in Fig. S1. Notably, the 
NFI of MAL-II that recognized the Siaα2-3Gal struc‐
ture had a significant increase in SVGp12 cells with 
NH4Cl (2 mmol/L) treatment, which was consistent 
with the observed upregulated expression of ST3GAL6 
in SVGp12 cells (Figs. 1e and 1f). Using fluorescence-
based lectin cytochemistry, we verified the expression 
distribution of α2,3-sialylated glycans in NH4Cl-treated 
astrocytes. The fluorescence intensity can reflect the 
binding amount of the MAL-II to α2,3-sialylated glycan 
structure to indicate its expression level. This observa‐
tion was consistent with results in lectin microarrays; 
the expression of α2,3-sialylated glycans recognized 
by MAL-II was significantly increased in the NH4Cl 
(2 mmol/L)-treated group compared with the control 
group (Fig. 1g). These results indicate that ammonia-
induced upregulation of ST3GAL6 and α2,3-sialylated 
glycan expression occurs in astrocytes.

3.2 Astrocyte autophagy levels upregulated by 
ammonia

In order to clarify the autophagy changes in astro‐
cytes induced by ammonia, we used western blotting 

to detect the expression of autophagy-related pro‐
teins LC3 and Beclin-1 after treatment with different 
concentrations of NH4Cl. The results showed that when 
the concentration of NH4Cl was 2 mmol/L, the expres‐
sion of LC3 and Beclin-1 was significantly upregulated 
(Figs. 2a and 2b). This result suggested that the stimu‐
lation of SVGp12 cells with NH4Cl (2 mmol/L) could 
increase their autophagy levels. In general, there are 
two possibilities for the increase in the LC3-II level. The 
first is that the increase in autophagy level leads to 
more LC3-II participating in the formation of autopha‐
gosomes. The second possibility is that the autophagy 
flow is inhibited, and LC3-II aggregates due to hin‐
dered degradation (Tang et al., 2022). In order to 
further verify that autophagy increases after NH4Cl 
(2 mmol/L) stimulation, we used the lysosomal inhibi‐
tor Baf A1 to compare the changes in LC3-II between 
the Baf A1-treated group and the untreated group. 
After Baf A1 treatment, the autophagy-lysosomal path‐
way was inhibited, which means that the more LC3-II 
delivered to lysosomes for degradation (i.e., autophagy 
flux), the greater the expression of LC3-II observed, 
indicating a higher autophagy flux. Western blotting 
results showed that the expression level of LC3-II in 
the Baf A1-treated group further increased with the in‐
duction of NH4Cl (2 mmol/L, 72 h) (Figs. 2c and 2d). 
This result suggested that autophagy was enhanced 
after induction of NH4Cl (2 mmol/L, 72 h).

3.3 Effects of ST3GAL6 expression on autophagy 
levels in astrocytes

Previously, we discovered that ST3GAL6 ex‐
pression was upregulated in the brain tissues of HBV 
transgenic mice and SVGp12 cells induced by NH4Cl 
(2 mmol/L). We also found that the level of autophagy 
increased after NH4Cl (2 mmol/L) induction. We specu‑
lated that the upregulated expression of ST3GAL6 
induced by ammonia may be involved in the regula‐
tion of autophagy. To this end, we used two independent 
targeting siRNAs (siST3GAL6-1 and siST3GAL6-2) to 
silence ST3GAL6 in SVGp12 cells and set up a control 
(siCtrl). All groups were treated with NH4Cl (2 mmol/L, 
72 h). The immunoblotting result showed that silencing 
ST3GAL6 can inhibit the autophagy-related proteins 
LC3 and Beclin-1 (Figs. 3a and 3b). This result sug‐
gested that interfering with the expression of ST3GAL6 
can significantly inhibit the autophagy-enhancing effect 
generated by NH4Cl stimulation. There are generally two 
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possibilities for the downregulation of LC3-II expres‐
sion. The first is that the extremely fast autophagy 
flow causes more LC3-II to be degraded than pro‐
duced. This situation usually means that the cells are 
experiencing a high degree of autophagy activity. It 
may respond to cellular stress or other physiological 
conditions (Ueno and Komatsu, 2020). The second is 
that the initial stage of autophagy is inhibited, and the 
formation of autophagosomes is reduced. This situation 

usually indicates a reduction in autophagy activity, and 
the cells cannot effectively initiate the autophagy 
process (Kwon et al., 2022). In order to further clarify 
the impact of ST3GAL6 on autophagy, we used the 
lysosomal inhibitor Baf A1 to compare the changes 
in LC3-II between the Baf A1-treated and untreated 
groups. Western blotting results showed that, with the 
stimulation of NH4Cl (2 mmol/L, 72 h), ST3GAL6 
expression was silenced at the same time. There was 

Fig. 1  Effects of ammonia on ST3 β-galactoside α2,3-sialyltransferase 6 (ST3GAL6) and α2,3-sialylated glycans in 
astrocytes. (a, b) ST3GAL6 protein expression levels in the brain tissues of hepatitis B virus (HBV) transgenic mice and 
control (Ctrl) mice at 8, 10, 12, 14, 16, and 18 months of age. Quantitative data are expressed as mean±standard 
deviation (SD), n=6. (c, d) Expression levels of ST3GAL6 protein in SVGp12 cells treated with 2, 5, and 10 mmol/L 
NH4Cl, compared with the untreated group. (e, f) Cy3-labeled protein of SVGp12 cells bound to the lectin microarray 
and normalized fluorescence intensity (NFI) of Maackia amurensis lectin-II (MAL-II) in SVGp12 cells treated with 2, 5, 
and 10 mmol/L NH4Cl, compared with the untreated group. Data are expressed as mean±SD of triplicate experiments. 
(g) The fluorescence-based lectin cytochemical demonstrated the expression of MAL-II binding α2,3-sialylated glycans 
(MAL-SG) in SVGp12 cells treated with NH4Cl (2 mmol/L), compared with untreated SVGp12 cells (Ctrl). **P<0.01. 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4',6-diamidino-2-phenylindole.
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no significant change in the expression level of LC3 
in the Baf A1-treated group or the untreated group 
(Figs. 3c and 3d). This result suggested that the silent 
expression of ST3GAL6 inhibited autophagy initi‑
ation. In addition, we looked into the level of autophagy 
after ST3GAL6 silencing by infecting GFP fragments 
produced by GFP-LC3 adenovirus (Mareninova et al., 
2020). Compared with the siRNA group, the GFP fluor‑
escent spots in the ST3GAL6 interference expression 
group were significantly reduced (Fig. 3e). This result 
further suggested that the formation of autophago‐
somes was inhibited after ST3GAL6 interference 
expression. In addition, we used lectin microarray 
technology to detect the expression of α2,3-sialylated 
glycans when silencing ST3GAL6. The results showed 
that the expression level of α2,3-sialylated glycans was 
reduced when ST3GAL6 was silenced (Figs. 3f and 
3g). This result showed that the reduction in autophagy 
levels after ST3GAL6 silencing may be achieved by 
the downregulation of α2,3-sialylated glycans.

3.4 Effect of α2,3-sialylated glycans on autophagy

In order to further elucidate the relationship be‐
tween α2,3-sialylated glycans and autophagy, we used 
MAL-II and neuraminidase to treat SVGp12 cells 
to block and degrade α2,3-sialylated glycans. After 
the cells were treated with 20 μg/mL MAL-II and 
160 mU/mL neuraminidase for 72 h, and stimulated 

with NH4Cl (2 mmol/L, 72 h), proteins from each 
group were extracted for lectin microarray analy‐
sis. The results showed that MAL-II binding α2,3-
sialylated glycan (MAL-SG) was significantly reduced 
in the MAL-II- and neuraminidase-treated cells (Figs. 4a 
and 4b). This result indicated that MAL-II- and 
neuraminidase-treated cells play a role in blocking 
and degrading α2,3-sialylated glycan. At the same 
time, fluorescence-based lectin cytochemistry also 
showed that α2,3-sialylated glycan was significantly 
reduced after MAL-II and neuraminidase treatment of 
cells (Fig. 4g). We then detected the autophagy-related 
proteins LC3 and Beclin-1. Western blotting results 
showed that in the MAL-II- and neuraminidase-treated 
groups, the expression of LC3 and Beclin-1 was signifi‐
cantly reduced in a stimulus concentration-dependent 
manner (Figs. 4c–4f).

3.5 HSPB8-BAG3 complex upregulated by ammonia

HSPB8 is closely related to autophagy in the ner‐
vous system. Many studies have shown that HSPB8 
usually forms a complex with BAG3; the HSPB8-
BAG3 complex promotes the clearance of mutated 
or misfolded proteins by enhancing autophagy levels. 
Patients with HE also exhibit clinical symptoms simi‐
lar to those of neurodegenerative diseases, so it is 
speculated that the HSPB8-BAG3 complex is also 
involved in the regulation of HE autophagy. In order 

Fig. 2  Astrocyte autophagy levels upregulated by ammonia. (a, b) Microtubule-associated protein light chain 3 (LC3) 
and Beclin-1 protein expression levels in SVGp12 cells treated with 2, 5, and 10 mmol/L NH4Cl, compared with the 
untreated group. (c, d) Expression levels of LC3 protein in SVGp12 cells treated with 2 mmol/L NH4Cl after inhibition of 
the autophagosome-lysosomal pathway by bafilomycin A1 (Baf A1) (200 nmol/L). Data are expressed as mean±standard 
deviation (SD) of triplicate experiments. *P<0.05, **P<0.01. GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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to verify this speculation, we first detected the expres‐
sion in the brain tissues of HBV transgenic mice and 
negative control mice. Western blotting results showed 
that the expression of HSPB8 was significantly upregu‐
lated at 8, 12, 16, and 18 months of age (Figs. 5c and 
5e); the expression of BAG3 was significantly upregu‐
lated at 8, 12, 16, and 18 months of age (Figs. 5d 
and 5e). At the same time, astrocytes were analyzed 
using immunoblotting after being treated with 2, 5, or 
10 mmol/L NH4Cl for 72 h; we observed that the 
expression of HSPB8 and BAG3 was significantly 

upregulated when stimulated by NH4Cl (2 mmol/L) 
(Figs. 5a and 5b). These results suggest that HSPB8-
BAG3 is closely related to HE.

3.6 Autophagy modulated by ST3GAL6 via HSPB8-
BAG3 complex

We have already made it clear that the silent 
expression of ST3GAL6 mainly affects the initial stage 
of autophagy. The expression of ST3GAL6 and the 
HSPB8-BAG3 complex is upregulated under ammo‐
nia induction. Whether ST3GAL6 regulates autophagy 

Fig. 3  Autophagy levels attenuated after silencing ST3 β-galactoside α2,3-sialyltransferase 6 (ST3GAL6) expression in 
astrocytes. (a, b) Protein expression levels of microtubule-associated protein light chain 3 (LC3) and Beclin-1 after 
ST3GAL6 silencing (two targets). (c, d) LC3 protein expression levels after ST3GAL6 silencing in the presence of bafilomycin 
A1 (Baf A1; 200 nmol/L), an inhibitor of the autophagosome-lysosomal pathway. (e) Infection of SVGp12 cells with 
green fluorescent protein (GFP)-LC3 adenovirus, treated with NH4Cl (2 mmol/L), and comparison of changes in GFP-
LC3 green fluorescent spots between the ST3GAL6 interference expression group and the noninterference expression 
group. (f, g) Cy3-labeled protein of SVGp12 cells bound to the lectin microarray and normalized fluorescence intensity 
(NFI) of lectin Maackia amurensis lectin-II (MAL-II) (Siaα2-3Gal/GalNAc binder) following ST3GAL6 silencing. Data 
are expressed as mean±standard deviation (SD) of triplicate experiments. *P<0.05, **P<0.01; ns, not significant. si: small 
interfering RNA; Ctrl: control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4',6-diamidino-2-phenylindole 
(Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article).
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through the HSPB8-BAG3 complex is worthy of 
attention. To further elucidate the relationship be‐
tween ST3GAL6 and the HSPB8-BAG3 complex in 
autophagy regulation, we first examined the effect of 
ST3GAL6 silencing on the HSPB8-BAG3 complex 
in the presence of NH4Cl (2 mmol/L) stimulation. 
Western blotting showed that silencing ST3GAL6 re‐
duced the expression level of the HSPB8-BAG3 com‐
plex (Figs. 6a and 6b). Interestingly, we found that the 

expression of the HSPB8-BAG3 complex was also 
reduced after cells were treated with MAL-II and neur‐
aminidase (Figs. 6c–6f). This result suggested that 
ST3GAL6 affected HSPB8-BAG3 expression through 
α2,3-sialylated glycan. In addition, we overexpressed 
HSPB8, and western blotting results showed that, 
compared with the vector group, the expression of 
autophagy-related proteins LC3-II and Beclin-1 was 
upregulated when HSPB8 was overexpressed, indicating 

Fig. 4  Effect of α2, 3-sialylated glycans on autophagy. (a, b) Cy3-labeled protein of SVGp12 cells bound to the lectin 
microarray and normalized fluorescence intensity (NFI) of Maackia amurensis lectin-II (MAL-II) (Siaα2-3Gal/GalNAc 
binder) following the treatment of SVGp12 cells with MAL-II (20 μg/mL) and neuraminidase (160 mU/mL). (c, d) The 
microtubule-associated protein light chain 3 (LC3) and Beclin-1 protein expression levels in SVGp12 cells treated with 
MAL-II (5 and 20 μg/mL). (e, f) LC3 and Beclin-1 protein expression levels in SVGp12 cells treated with neuraminidase (40, 
80, and 160 mU/mL). (g) The fluorescence-based lectin cytochemical demonstrated the expression of MAL-II binding α2,3-
sialylated glycans (MAL-SG) in SVGp12 cells treated with MAL-II (20 μg/mL) and neuraminidase (160 mU/mL), compared 
with untreated SVGp12 cells (Ctrl). Data are expressed as mean±standard deviation (SD) of triplicate experiments. *P<0.05, 
**P<0.01. Ctrl: control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; DAPI: 4',6-diamidino-2-phenylindole.
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that the level of autophagy was enhanced (Figs. 6g and 
6h). At the same time, we found that BAG3 expres‐
sion was also upregulated (Figs. 6g and 6h). Based on 
the above findings, we speculated whether HSPB8 
overexpression could restore the reduced autophagy 
level caused by ST3GAL6. We overexpressed HSPB8 
while silencing ST3GAL6, and western blotting re‐
sults showed that, compared with the ST3GAL6 

silencing group alone, the ST3GAL6 interference ex‐
pression and HSPB8 overexpression group resulted in 
the upregulation of autophagy-related protein LC3-II, 
which partially reversed the reduced autophagy levels 
caused by silencing ST3GAL6 expression (Figs. 6i 
and 6j). Taken together, the above results indicate 
that ST3GAL6 affects the level of autophagy by regu‐
lating the HSPB8-BAG3 complex (Fig. 6k).

Fig. 5  Heat shock protein β8 (HSPB8)-Bcl2-associated athanogene 3 (BAG3) complex upregulated by ammonia. (a, b) HSPB8 
and BAG3 protein expression levels in SVGp12 cells treated with 2, 5, and 10 mmol/L NH4Cl. (c‒e) HSPB8 and BAG3 protein 
expression levels in the brain tissues of hepatitis B virus (HBV) transgenic mice and control (Ctrl) mice at 8, 10, 12, 14, 16, and 
18 months of age. Data are expressed as mean±standard deviation (SD), n=6. *P<0.05, **P<0.01.  GAPDH: glyceraldehyde-
3-phosphate dehydrogenase.
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4 Discussion 

Sialylation is a significant type of glycosylation 
in the brain, and abnormal sialylation is closely asso‐
ciated with neurological diseases (Li and Ding, 2019; 
Siddiqui et al., 2019; Yang et al., 2021). HE is a common 

complication of end-stage liver disease, leading to 
irreversible and persistent neurological complications. 
In our study, we observed an upregulation of ST3GAL6 
expression in the brain tissue of HBV transgenic mice 
at 8, 12, and 16 months. Interestingly, we also noticed 
an increase in both ST3GAL6 and α2,3-sialylated 

Fig. 6  Autophagy modulated by ST3 β-galactoside α2,3-sialyltransferase 6 (ST3GAL6) via heat shock protein β8 (HSPB8)-
Bcl2-associated athanogene 3 (BAG3) complex. (a, b) Expression levels of HSPB8 and BAG3 proteins after ST3GAL6 
silencing. (c, d) HSPB8 and BAG3 protein expression levels in SVGp12 cells treated with Maackia amurensis lectin-II 
(MAL-II) (20 μg/mL). (e, f) HSPB8 and BAG3 protein expression levels in SVGp12 cells treated with neuraminidase 
(160 mU/mL). (g, h) Protein expression levels of BAG3, microtubule-associated protein light chain 3 (LC3), and Beclin-1 
after HSPB8 overexpression (OE). (i, j) Overexpression of HSPB8 partially reverses the inhibitory effect of ST3GAL6 
silencing on autophagy. (k) Schematic representation of ST3GAL6 regulating autophagy and related mechanisms in hepatic 
encephalopathy (HE). Data are expressed as mean±standard deviation (SD) of triplicate experiments. *P<0.05, **P<0.01. 
si: small interfering RNA; Ctrl: control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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glycans in astrocytes treated with NH4Cl. The results 
suggested a close relationship between ammonia 
induction and the upregulated expression of ST3GAL6 
and α2, 3-sialylated glycans. It is observed that the 
complex pathological processes involved in HE, such 
as immune response, neuroinflammation, and axon 
regeneration, are closely related to sialylation. The 
upregulation of ST3GAL6 and α2,3-sialylated glycans 
induced by ammonia may impact the development 
of HE by influencing these pathological processes. 
Furthermore, there have been reports of ST3GAL6 
mutations in the neurodegenerative disease ALS, indi‐
cating a potential connection between ST3GAL6 and 
neurological diseases (Togawa et al., 2019). However, 
the exact roles of ST3GAL6 in disease and its regulatory 
mechanisms remain unknown. Furthermore, we recog‐
nize that modulating pathways that mitigate oxidative 
stress, inflammation, and metabolic dysfunctions can 
ameliorate liver injury (Huang et al., 2023). Protein 
kinase B (AKT) and protein 38 (p38) mitogen-activated 
protein kinase (MAPK)/nuclear factor-κB (NF-κB) are 
pivotal in regulating these pathways and have a pro‐
found connection to autophagy (Bao et al., 2023; Zhang 
et al., 2023). Nevertheless, the regulatory nexus be‐
tween ST3GAL6 and these molecules is sparsely docu‐
mented. This gap underscores the importance of our 
future research in deciphering the intricate interplay 
among oxidative stress, inflammatory responses, and 
autophagy with respect to ST3GAL6.

Autophagy is closely related to neurodegenera‐
tive diseases; many studies have shown that these dis‐
eases often involve the accumulation and aggregation 
of abnormal proteins, and autophagy plays a neuro‐
protective role by recognizing and degrading these 
abnormal proteins (Park et al., 2020; Barmaki et al., 
2023). The relationship between ammonia and autoph‐
agy is complex; some studies have pointed out that 
ammonia has a dual effect on autophagy. An in‐
crease in concentration below 10 mmol/L tends to 
enhance autophagy, while a higher concentration above 
20 mmol/L will damage the autophagy pathway (Soria 
and Brunetti‐Pierri, 2019; Shen et al., 2020). Here, 
our results show that the level of autophagy is signifi‐
cantly increased in astrocytes treated with a lower 
concentration of NH4Cl (2 mmol/L), which is consis‐
tent with other reports (Lu et al., 2019). Silencing 
ST3GAL6 in astrocytes resulted in reduced levels of 
α2,3-sialylated glycans and autophagy. The initial 
stage of autophagy was found to be inhibited when 

ST3GAL6 was silenced, as demonstrated by the use 
of the lysosomal inhibitor Baf A1. Additionally, block‐
ing and degrading α2,3-sialylated glycans also led to 
a reduction in autophagy. These findings suggest that 
ST3GAL6 regulates autophagy by affecting α2,3-
sialylated glycans. Previous studies have indicated that 
ST3GAL6 promotes the proliferation and invasion of 
hepatocellular carcinoma and colon cancer cells through 
the phosphoinositide 3-kinase (PI3K)/AKT signaling 
pathway (Sun et al., 2017; Hu et al., 2019). It is worth 
noting that the PI3K/AKT pathway is closely associated 
with autophagy. Activation of the PI3K/AKT pathway 
activates mechanistic target of rapamycin complex 1 
(mTORC1); after activation, mTORC1 further regu‐
lates downstream molecules to inhibit the initiation of 
autophagy (Dai et al., 2021; Xu et al., 2021). More‐
over, the PI3K/AKT pathway can directly impact 
autophagy-related proteins, such as phosphorylating 
the autophagy-related gene transcription factor fork‐
head box O (FOXO) protein family, which affects the 
autophagy process (Abdullah et al., 2021). Although 
our study did not investigate the regulatory rela‐
tionship between ST3GAL6 and the PI3K/AKT path‐
way, these reports suggest a potential mechanism for 
ST3GAL6 regulation of autophagy and provide valu‐
able insights for future research.

There have been limited studies on the direct sub‐
strates of ST3GAL6. However, a recent study caught 
our attention, as it demonstrated that knocking out 
ST3GAL6 in HeLa cells significantly reduced the α2,3-
sialylation level of the epidermal growth factor recep‐
tor (EGFR). On the other hand, overexpression of 
ST3GAL6 successfully restored total α2,3-sialylation 
levels and α2,3-sialylation of EGFR (Qi et al., 2020). It 
is worth noting that the relationship between EGFR and 
autophagy has been extensively investigated. In brief, 
EGFR primarily regulates autophagy through three 
signaling pathways: EGFR/PI3K/AKT/mechanistic 
target of rapamycin (mTOR), EGFR/MAPK1/3, and 
EGFR/Janus kinase 2 (JAK2)/signal transducer and 
activator of transcription 3 (STAT3) (Li et al., 2017; 
Vishwakarma et al., 2023). As we discussed earlier, 
ST3GAL6 regulates the PI3K/AKT pathway, and 
EGFR, being a substrate of ST3GAL6, also acts as an 
upstream regulator of the PI3K/AKT pathway. There‐
fore, we can infer that EGFR α2,3-sialylation plays a 
crucial role in the regulation of the EGFR/PI3K/AKT 
pathway, which further elucidates the regulatory effect 
of ST3GAL6 on autophagy.
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In neurodegenerative diseases, the HSPB8-BAG3 
complex is involved in the regulation of autophagy 
(Lin et al., 2022; Chierichetti et al., 2023), but it is 
still unknown whether HSPB8-BAG3 is involved in 
the regulation of autophagy in HE. Our data show 
that, in the brain tissue of HBV transgenic mice, the 
expression of HSPB8 and BAG3 was significantly up‐
regulated at ages of 8, 12, 16, and 18 months. In astro‐
cytes treated with NH4Cl (2 mmol/L), upregulation of 
HSPB8 and BAG3 was also observed, consistent with 
the relevant report in neurodegenerative diseases (Seidel 
et al., 2012). Furthermore, we observed that silenc‐
ing ST3GAL6 led to a decrease in HSPB8 and BAG3 
expression, resulting in reduced autophagy levels. How‐
ever, when HSPB8 was overexpressed, it partially 
restored the autophagy reduction caused by ST3GAL6 
silencing. This finding suggests that ST3GAL6 regu‐
lates autophagy through the HSPB8-BAG3 complex. 
Notably, blocking and degrading α2,3-sialylated gly‐
cans in SVGp12 cells also led to the downregulation 
of HSPB8 and BAG3 expression. This further sup‐
ports the idea that ST3GAL6 silencing affects the 
expression of α2, 3-sialylated glycans and reduces 
autophagosome formation by downregulating HSPB8 
and BAG3. It is important to mention that, although 
this study has shed light on the regulatory effect of 
ST3GAL6 on HSPB8-BAG3, the specific sialylated 
protein that ST3GAL6 directly targets in the regula‐
tory pathway remains uncertain. Therefore, further 
investigation is warranted to elucidate the specific 
mechanism.

5 Conclusions 

In summary, ST3GAL6 may act as a mediator of 
the upregulation of α2, 3-sialylated glycans during 
hyperammonemia, thereby affecting the level of au‐
tophagy by regulating the HSPB8-BAG3 complex. 
Autophagy plays a crucial role in preventing and in‐
tervening in neurological damage. Therefore, we be‐
lieve that enhancing autophagy may improve the dis‐
ease trajectory of HE. Our study demonstrates the 
complex interactions between ST3GAL6 and α2,3-
sialylated glycans and their roles in HE. Notably, 
our study can coordinate autophagy by manipulating 
ST3GAL6, providing a new perspective for interven‐
ing in HE.
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