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ARTICLE INFO ABSTRACT

Ras-GTPase activating protein SH3 domain-binding protein 1 (G3BP1), a core component of
stress granules (SGs), is highly expressed in several liver diseases. SG assembly has also been
observed in metabolic disorders, suggesting that this process may be a promising therapeutic
target. Using a high-content drug screening approach based on G3BP1 expression, we identi-
fied Micranthin B (MB), a diterpenoid from Isodon lophanthoides (Buch.-Ham. ex D. Don) Hara,
as a compound that alleviates metabolic dysfunction-associated steatohepatitis (MASH) by
MASH targeting G3BP1 and inhibiting SG formation. MB administration significantly alleviated
Micranthin B MASH progression in both high-fat, high-cholesterol (HFHC) diet-induced mouse model and
G3BP1 palmitic acid (PA)-stimulated hepatocytes. Mechanistically, MB inhibited histone deacetylase
6 (HDAC6)-mediated deacetylation of G3BP1, thereby suppressing SG formation. This preven-
ted SG-mediated recruitment of the N-glycosylation-related proteins SEC61 translocon sub-
unit beta (SEC61B) and calnexin (CANX), reduced the accumulation of misfolded or unfolded
proteins, and alleviated endoplasmic reticulum (ER) stress. These findings suggest that MB
has therapeutic potential in the treatment of MASH.
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is a major cause of liver disease globally, with an estim-
ated prevalence of approximately 32.4% " * Metabolic dysfunc-
tion-associated steatohepatitis (MASH) is a more severe form of
MASLD and is characterized by steatosis affecting more than 5%
of hepatocytes, lobular inflammation, hepatocyte ballooning, and,
in some cases, fibrosis * . Patients with MASH have a substan-
tially increased risk of liver cirrhosis and MASLD-associated hep-
atocellular carcinoma (MASLD-HCC) °. A previous study projec-
ted that, by 2025, MASH would surpass viral hepatitis as the lead-
ing indication for liver transplantation °. Although Resmetirom
has been approved by the United States Food and Drug Adminis-
tration (FDA) as the first drug for the treatment of MASH, cur-
rent treatment options remain insufficient. There is therefore an
urgent need to identify new anti-MASH therapies.

Endoplasmic reticulum (ER) stress is a prominent feature of
MASH progression °. Hepatic lipid accumulation induces ER stress
and activates the unfolded protein response (UPR), which con-
tributes to steatosis ”°. UPR activation promotes lipogenesis, in-
sulin resistance (IR), and hepatocyte injury °. If ER stress is not
resolved, it can eventually lead to hepatocyte death °. N-linked

* Corresponding author.
E-mail addresses: yqzhangl610@126.com (Y. Zhang); cpu_lykong@126.com
(L. Kong); zhanghao@cpu.edu.cn (H. Zhang)

https://doi.org/10.1016/S1875-5364(26)61189-2

glycosylation is essential for glycoprotein quality control and pro-
tein folding in the ER. It also plays an important role in ER stress
activation and UPR induction °. Plasma protein N-linked glyc-
osylation has been extensively studied in liver disease and may
serve as a biomarker for MASLD and other hepatic disorders '. In
the ER, N-linked glycosylation begins with the synthesis of lipid-
linked oligosaccharides (LLOs) by various N-glycosylation pro-
cessing enzymes (ALGs). The oligosaccharyltransferase (OST)
complex then transfers the oligosaccharide chain to the poly-
peptide backbone ''. The OST complex also anchors the glycosyla-
tion chain to the SEC61 translocon and glycosylates peptide
chains as they enter through this channel ‘. This step is critical
for protein modification by N-glycosylation . Additionally, cal-
nexin (CANX) and calreticulin (CALR), together with the disulfide
isomerase ERp57, mediate quality control during N-glycosylation
and promote proper folding of newly synthesized glycoprote-
ins ' '°. When misfolded or non-native proteins accumulate ex-
cessively in the ER, ER stress is triggered. Mild ER stress activ-
ates the UPR and helps restore ER homeostasis. In contrast, ex-
cessive or prolonged ER stress causes persistent UPR activation,
which leads to lipid metabolic disorders, inflammatory factor re-
lease, and hepatocyte apoptosis, thereby promoting MASH pro-
gression '°. Despite its importance, the role of N-glycosylation in
MASH remains unclear.

Ras-GTPase activating protein SH3 domain-binding protein 1
(G3BP1) is a core structural component and molecular switch of
stress granules (SGs) and is mainly localized in the cytoplasm.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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G3BP1 has been extensively studied in hepatocellular carcinoma
(HCC), where it promotes tumor proliferation, metastasis, and in-
vasion through multiple oncogenic pathways '’. Both G3BP1
mRNA and protein levels are significantly increased in HCC tis-
sues compared with adjacent non-tumorous liver tissues, and
high G3BP1 expression is strongly associated with poor prognos-
is, indicating G3BP1 as important prognostic biomarker '*. In our
study, G3BP1 was also markedly upregulated in MASH cell and
animal models. As a central node in SG ribonucleoprotein net-
works, G3BP1 regulates SG assembly and disassembly '**°. Previ-
ous studies have found that in pancreatic $-cells stimulated by
palmitic acid (PA). This disrupts its nucleocytoplasmic transport,
impairs its transcriptional activity, and promotes obesity and
type 2 diabetes *'. SGs have also been reported to facilitate lipid
droplet formation under starvation stress “*. Consistent with
these reports, we observed SG formation in MASH models. These
results suggest that targeting G3BP1 and SG regulation may be a
promising therapeutic strategy for MASH.

Isodon lophanthoides (Buch.-Ham. ex D. Don) Hara, a tradi-
tional Chinese medicinal herb, is widely used to treat acute hepat-
itis, acute cholecystitis, bruises, and swelling *’. Diterpenoids are
among its major bioactive constituents and exhibit cytotoxic, anti-
inflammatory, antibacterial, and antioxidant activities 26 M-
cranthin B (MB), a diterpenoid isolated from I. lophanthoides, has
been studied for its anti-hepatocellular carcinoma properties *”**.
However, its effects on MASH remain poorly understood. In this
study, we utilized a high-throughput drug screening model based
on G3BP1 expression and identified MB as a compound that sup-
presses G3BP1 expression and shows anti-MASH activity. MB in-
hibited SG formation and alleviated MASH in both PA-stimulated
cellular models and high-fat, high-cholesterol (HFHC) diet-fed
mouse models. Mechanistically, MB directly targeted G3BP1, in-
hibited SG formation, prevented the recruitment of N-glycosyla-
tion-related proteins into SGs, restored N-glycosylation, and alle-
viated ER stress. MB also suppressed SG formation by inhibiting
histone deacetylase 6 (HDAC6)-mediated deacetylation of G3BP1
under metabolic stress.

2. Materials and methods

2.1. Materials and reagents

Micranthin B (purity > 97%) was extracted and isolated from
I lophanthoides and subsequently characterized in our laborat-
ory. Cycloheximide (CHX, Cat# HY-12320) were obtained from
MedChemExpress. The primary and secondary antibodies used in
this study were as follows: Actin (Proteintech, Cat# 81115-1-RR;
Western Blotting (WB)), G3BP1 (Proteintech, Cat# 66486-1-Ig;
co-immunoprecipitation [Co-IP] and WB), TIA1 (Abcam, Cat#
ab140595; WB), Acetylated-Lysine (Cell Signaling Technology,
Cat# 9441; WB), Myc-tag (ABclonal, Cat# AE010; WB), ATF4 (Ab-
cam, Cat# ab270980; WB), BIP (ABclonal, Cat# A23453, used for
WB), SEC61B (ABclonal, Cat# A21807, used for WB and Co-IP),
CANX (ABclonal, Cat# A4846; WB and Co-IP), UGGT1 (ABclonal,
Cat# A4866; WB), CALR (ABclonal, Cat# A20986; WB), LMAN1
(ABclonal, Cat# A4941; WB), Peroxidase Affinipure Goat Anti-
Rabbit IgG (H + L) (YEASEN, Cat# 33101ES; WB), and Peroxidase
Affinipure Goat Anti-Rabbit IgG (H + L) (YEASEN, Cat#
33201ES60; WB).

2.2. Animal studies

Eight-week-old male C57BL/6] mice (GemPharmatech Co.,
China) were housed under controlled conditions (23 + 2 °C, 12 h
light/dark cycle) with free access to standard laboratory chow
and water. After a one-week acclimatization period, experiments
commenced. For acute toxicity evaluation, mice received MB (300
mg-kg ") or vehicle by oral gavage and were observed for 14 days.
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In the pharmacological study, a 16-week HFHC (14% protein,
42% fat, 44% carbohydrates and 0.2% cholesterol; Trophic,
TP26304) diet-induced model was employed. From week 10 on-
ward, mice received daily administration of MB (15 or 30
mg-kg™") or obeticholic acid (OCA; 20 mg-kg™") for six weeks while
HFHC feeding continued. Control mice were fed normal chow
(NC) (Q031; Shanghai Shilin Biologic Science & Technology). All
animal experiments were approved by the Animal Ethics Com-
mittee at China Pharmaceutical University (No. 2022-03-018).

2.3. Cell lines

L02 cells (Chinese Academy of Sciences Cell Bank) were
maintained in DMEM containing 10% FBS and 1% penicillin/
streptomycin at 37 °C with 5% CO,. To establish stable expres-
sion of G3BP1-EGFP in LO2 cells, the G3BP1-EGFP plasmid was
transfected into the cells, followed by selection with 900 pg-mL™
of G418 after 48 h for 2 to 4 days. From days 10 to 14, selection
continued with high-concentration G418 until week 4, when the
concentration was reduced by half. Fluorescence microscopy re-
vealed scattered green fluorescent cells, from which uniformly
fluorescent single clones were isolated, expanded, and analyzed
for G3BP1 expression. To evaluate the effects of MB on MASH-re-
lated changes, cells were exposed to PA (0.4 mmol-L™") for 16 h
and then treated with DMSO (vehicle control) or MB (5, 10, and
20 pmol-L™) for 24 h.

2.4. Isolation and culturing of primary hepatocytes

Primary hepatocytes were enzymatically isolated from male
C57BL/6] mice via collagenase perfusion. Following portal vein
perfusion for blood clearance, livers were digested with 0.5
mg-mL™" collagenase-I (Gibco) at 37 °C, mechanically dissociated,
and filtered through 70 pm sieves. After centrifugation (50 g, 2
min, 4 °C), the hepatocytes were resuspended in complete
DMEM. Lipid accumulation was induced by 16-h treatment with
0.4 mmol-L™" PA complexed with 0.1% fatty acid-free BSA.

2.5. Glucose tolerance test (GTT) and insulin tolerance test (ITT)

For the GTT, overnight-fasted mice received intraperitoneal
glucose (2 g-kg™") and blood glucose were monitored at 0, 15, 30,
60, and 120 min after injection. For the ITT, mice were fasted for
6 h and injected intraperitoneally with insulin (0.75 U-kg™), fol-
lowed by blood glucose measurements at defined intervals. Gluc-
ose tolerance and insulin tolerance were quantified by calculat-
ing the area under the curve (AUC).

2.6. Histopathological staining

Hepatic histopathology was assessed by hematoxylin and
eosin (H&E) staining and Oil Red O staining (Wuhan Servicebio
Technology, Wuhan, China). Tissue sections were microscopic-
ally examined (Olympus) and quantitatively analyzed using FIJI
Image].

2.7. Serum biochemical analysis

Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total cholesterol (TC), and triglycerides (TG)
levels in MASH models were measured using standardized assay
kits (Nanjing Jiancheng Bioengineering Institute) as per manufac-
turer’s instructions.

2.8. WB and Co-IP

Total protein was extracted from liver tissues and cells using
lysis buffer (YESEN, 20118ES) containing protease inhibitors
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(Beyotime, P1005). For WB, proteins were resolved by SDS-
PAGE, transferred to PVDF membranes, and immunoprobed. Sig-
nals were detected with Bio-Rad ECL (170-5061) and quantified
using FIJI Image]. For Co-IP, lysates were incubated with target
antibodies and Protein A/G beads (4 °C, overnight), washed, and
eluted in SDS buffer. Clean-Blot IP Reagent (Thermo Fisher,
21230) served as secondary antibody to minimize IgG interfer-
ence.

2.9. Quantitative RT-PCR

Total RNA was isolated from liver tissues and cells and re-
verse-transcribed into cDNA. Quantitative PCR analysis was con-
ducted using SYBR Green Master Mix (Vazyme, Q321-02), with
target gene mRNA levels normalized to housekeeping genes
(Actin or GAPDH). Primer sequences are listed in Table S1.

2.10. Plasmid constructs

The human G3BP1 coding sequence was cloned into both
pCMV-N-Myc and pcDNA3 APEX2-NES vectors using convention-
al subcloning methods. The pCMV-N-Myc vector was obtained
from Beyotime, and the pcDNA3 APEX2-NES vector was sourced
from Addgene. G3BP1 mutants S149E, S149A, and K376Q were
generated using the Mut Express kit (Vazyme) by site-directed
mutagenesis. Primer sequences for plasmid construction are
provided in Table S2.

2.11. Immunofluorescence and lipid droplet staining

For G3BP1-EGFP immunofluorescence, L02 cells underwent
PBS washes nd stained with Hoechst for nuclear visualization.
For lipid droplet staining, fixed cells were labeled with 0.5
umol-L™" BODIPY (4,4-difluoro-3a,4a-diaza-s-indacene; 493/503,
Invitrogen, D3922) and imaged by confocal microscopy (ImageX-
press) using identical settings across all groups. Fluorescence in-
tensity was quantified using FIJI Image].

2.12. Small interfering RNA transfection

L02 cells were transfected with G3BP1-specific siRNA (5'-
CAAAUCAGAGCUUAAAGAU-3") or HDAC6-specific siRNA (5'-
GGATGGATCTGAACCTTGAGA-3’) (Ribobio, Guangzhou). Follow-
ing transfection in complete medium, the cells were subjected to
the aforementioned treatments.

2.13. RNP granule fractionation

Cells cultured in 10 cm dishes were rinsed with cold PBS, fol-
lowed by lysis in 1 mL of buffer L (50 mmol-L™ Tris, pH 7.6, 50
mmol-L™" NaCl, 5 mM MgCl,, 0.1% NP-40, and 1 mmol-L™" B-mer-
captoethanol), supplemented with EDTA-free protease and phos-
phatase inhibitors. Whole-cell lysates were centrifuged at 2000 g
for 5 min to remove nuclei. RNP granules were fractionated from
the supernatant by centrifugation at 10 000 g for 10 min. The su-
pernatant was designated as the soluble fraction. The pellet, after
three washes with buffer L, was collected as the RNP granule
(RG) fraction. Protein concentrations were quantified by BCA as-
say, and samples were denatured in loading buffer for immun-
oblotting.

2.14. Drug affinity responsive target stability (DARTS) and cell
thermal shift assay (CETSA)

The DARTS assay was performed to assess drug-protein
binding stability *’. After lysis in NP-40 buffer (MedChemExpress)
and centrifugation at 15 000 g for 10 min at 4 °C, cell lysates were
incubated with MB (0, 5, 10, and 20 umol-L’l) at37°Cforlhina
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ThermoMixer C (Eppendorf). Pronase (1:100) was then added,
and the lysates were incubated (37 °C, 30 min) to digest proteins.
The reaction was quenched with PMSF and incubated on ice for
10 min. Western blot analysis was performed to assess protein
stability. The CETSA assay was adapted from the literature *’. L02
cells were exposed to 20 pmol-L™" MB or DMSO for 6 h. After col-
lection and PBS washing (containing PMSF), cells were equally di-
vided into eight tubes. Each tube was incubated at 40, 44, 48, 52,
56, 60, 64, and 68 °C for 3 min using a Mastercycler nexus GX2
(Eppendorf). The cells were then subjected to three liquid nitro-
gen/room temperature freeze-thaw cycles and centrifuged
(15000 g, 10 min, 4 °C). Supernatants were collected for immun-
oblot analysis.

2.15. APEX-mediated biotinylation

APEX2-G3BP1-transfected LO2 cells were treated with 0.4
mmol-L™" PA or BSA for 16 h. Biotinylation was initiated by
adding 500 pmol-L™ biotin-phenol and incubating the cells at
37 °C for 30 min. The reaction was then triggered by 1 mmol-L™
H,0, for 1 min. To quench biotinylation, Trolox (5 mmol-L™,
Sigma 238813) and sodium ascorbate (10 mmol-L™, Sigma
A4034) were added. For enrichment of biotinylated proteins, 2-4
mg protein was incubated with 100 pL streptavidin magnetic
beads (Invitrogen, Cat# 65305) at room temperature for 2 h.
Beads were sequentially washed with RIPA buffer and 2 mol-L™
urea in 10 mmol-L™" Tris-HCI (pH 8.0) before mass spectrometry
(MS) analysis.

2.16. RNA sequencing (RNA-seq) analysis

Total RNA was extracted and reverse-transcribed into cDNA
for the construction of an indexed Illumina sequencing library.
RNA-seq of L02 cells was performed in collaboration with Novo-
gene (Beijing, China). Raw sequencing data were analyzed using
the NovoMagic platform for enrichment studies. A P-value < 0.05
defined statistical significance.

2.17. Statistical analysis

Data were analyzed using GraphPad Prism 9 (GraphPad Soft-
ware). Error bars represent the standard error of the mean
(SEM). Two-tailed t-tests were used for two-group comparisons,
and one-way ANOVA with Tukey’s post hoc analysis was used for
multiple-group comparisons. Statistical significance was set at P <
0.05.

3. Results

3.1. High-content screening identifies compounds that modulate
G3BP1

Previous studies have shown that G3BP1 protein levels are
elevated in HCC tissues '**'. Because MASH is a well-recognized
risk factor for HCC, we first examined whether G3BP1 is also dys-
regulated in MASH. We found that G3BP1 protein levels were
markedly increased in both MASH cells and mouse models (Figs.
S1A and S1B). To explore the potential natural product regulat-
ing G3BP1, we conducted a high-content screening using an L02
cell line stably overexpressing G3BP1-EGFP and evaluated 430
natural compounds (Figs. 1A and 1B). The G3BP1-EGFP cell line
exhibited stable G3BP1 expression, and G3BP1 knockdown
markedly reduced the G3BP1-EGFP signal, confirming the valid-
ity of the screening system (Fig. S1C). We observed that MB, isol-
ated from I lophanthoides, significantly reduced the fluorescence
intensity of G3BP1-EGFP (Figs. 1B-1D). To determine suitable
concentrations for subsequent experiments, we assessed the
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cytotoxic effects of MB in L02 cells (Fig. S1D). MB significantly in-
hibited the PA-induced upregulation of G3BP1 in a concentration-
dependent manner in L02 cells and primary hepatocytes (Figs. 1E
and 1F). In addition, DARTS and CETSA experiments confirmed
the binding of MB to G3BP1 (Figs. 1G and 1H).

3.2. MB significantly alleviates MASH progression

We next evaluated the anti-MASH activity of MB in vitro and
in vivo. MB attenuated PA-induced lipid accumulation in LO02
cells, as shown by BODIPY and 0il Red O staining (Figs. 2A and
S2A). The mRNA levels of IL-6, IL-1f, and TNF-a were also down-
regulated following MB treatment in LO2 cells (Fig. S2B). These
results indicate that MB effectively ameliorates MASH-like
changes in vitro. Before evaluating its efficacy in vivo, we first
evaluated the safety of MB by use of a single maximum-dose ad-
ministration method. After oral gavage of MB at 300 mg-kg™" and
a 14-day observation period, no significant abnormalities were
observed in behavior, skin, mental state, or excreta in comparis-
on with the control group. H&E staining showed that high-dose
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MB had no impact on the histopathological structure of the heart,
liver, spleen, lungs, or kidneys, indicating that MB had no obvi-
ous organ toxicity and exhibits good in vivo safety (Fig. 2B). To
further investigate its therapeutic effects, we established a mouse
MASH model induced by an HFHC diet and administered MB (15
or 30 mg-kg™) or OCA (20 mg-kg™") via oral gavage (Fig. 2C). Fol-
lowing 16 weeks of HFHC feeding, the liver-to-body weight ratio
was significantly increased in the HFHC group, whereas treat-
ment with MB and OCA markedly attenuated this increase (Fig.
2D). Additionally, improved insulin sensitivity and reduced lipid
deposition were observed in the MB- and OCA-treated groups
(Figs. 2E, S2C, and S2D). We found significantly lower serum TC
and TG, as well as ALT and AST levels, in the MB- and OCA-
treated groups (Figs. 2F and 2G). MB increased the expression of
genes involved in fatty acid B-oxidation and reduced the expres-
sion of genes related to fatty acid uptake and synthesis (Fig. 2H).
MB- and OCA-treated mice also showed improved inflammatory
responses, as indicated by cytokine gene expression (Fig. 2H).
These results indicate that MB has a beneficial effect on MASH
mice.
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3.3. MB improves N-glycosylation and alleviates ER stress

To investigate how MB ameliorates MASH, we conducted
RNA-seq employing PA-induced L02 cells and compared the MB-
treated group (20 pmol-L™") with the solvent-treated control
group. We identified a total of 1315 differentially expressed
genes (DEGs; Table S3). Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) and Gene Ontology (GO) pathway enrichment ana-
lyses were then performed. GO analysis revealed that MB primar-
ily affected functions related to the ER, including SRP-dependent
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cotranslational protein targeting to the membrane, protein tar-
geting to the ER, establishment of protein localization to the ER,
and protein localization to the ER (Fig. 3A). KEGG enrichment
analysis indicated that functions related to N-glycosylation, in-
cluding N-glycan biosynthesis and various types of N-glycan bio-
synthesis, underwent significant changes (Fig. 3B). Consistently,
we observed significant differential expression of N-glycosylation-
related genes, including ALG10B, DAD1, FUT8, MAN1A2, MAN2A1,
and CALR (Table S3). Because N-glycosylation mainly occurs in
the ER "', we further examined genes involved in this process. N-
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glycosylation was significantly inhibited in the livers of HFHC diet-
fed mice, whereas MB treatment effectively reversed this inhibi-
tion (Fig. 3C). A similar improvement was observed in MB-
treated PA-stimulated L02 cells (Fig. S3A). Because N-glycosyla-
tion assists in the proper folding of proteins, abnormal glycosyla-
tion can lead to the accumulation of misfolded proteins and activ-
ation of ER stress **. Accordingly, MB significantly suppressed the
expression ER stress-related genes and proteins in HFHC-fed
mouse livers and PA-stimulated L02 cells (Figs. 3D, 3E, S3B, and
S3C). Taken together, these data suggest that MB ameliorates
MASH by enhancing N-glycosylation and alleviating ER stress.

3.4. MB targets G3BP1 to modulate N-glycosylation and ER stress

Next, we investigated whether the mitigation of MASH by MB
depends on G3BP1. We observed a significant improvement in N-
glycosylation following G3BP1 knockdown in PA-stimulated L02
cells (Fig. 4A). Concurrently, ER-related gene expression
was markedly downregulated, indicating an alleviation of ER
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stress (Fig. 4B). In contrast, the inhibited N-glycosylation process
and exacerbated ER stress were observed in PA-stimulated L02
cells with G3BP1 overexpression (Figs. 4C-4E). These results
suggest that G3BP1 inhibits N-glycosylation, thereby promoting
ER stress. We further assessed the impact of MB on N-glycosyla-
tion and ER stress in PA-stimulated primary hepatocytes and L02
cells, with or without G3BP1 overexpression. G3BP1 overexpres-
sion reversed the effects of MB on the enhancement of N-glyc-
osylation and the alleviation of ER stress (Figs. 4F-41). These
findings suggest that MB mitigates N-glycosylation and ER stress
by targeting G3BP1.

3.5. MB disrupts SG formation to alleviate ER stress

G3BP1 is a core component of SG and is essential for their
formation ' *’. Immunofluorescence results showed that SGs
were predominantly formed in PA-treated LO2 cells, while MB
treatment significantly inhibited SG formation (Fig. 5A). There-
fore, we hypothesized that the effects of MB on N-glycosy-
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lation and ER stress may be associated with SGs. To test this pos-
sibility, we evaluated N-glycosylation and ER stress after disrupt-
ing SG formation. We generated G3BP1 mutants, G3BP1-S149A
and G3BP1-S149E, by altering the charge content of the IDR1 re-
gion. It has been reported that the phosphomimetic form (S149E)
reduces SG formation, whereas the non-phosphorylatable form
(S149A) maintains the original charge state *’. In our study, the
G3BP1-S149E variant significantly enhanced N-glycosylation and
inhibited ER stress in PA-treated primary hepatocytes and L02
cells (Figs. 5B-5G). Additionally, the SG inhibitor CHX ** signific-
antly increased N-glycosylation and inhibited ER stress in both
PA-treated primary hepatocytes and L02 cells (Figs. S4A-S4F).
Therefore, we conclude that G3BP1 inhibits N-glycosylation and
promotes ER stress in an SG-dependent manner, and that MB al-
leviates MASH by inhibiting SG formation.

3.6. SGs recruit N-glycosylation-related proteins and promote ER
stress

Aberrant SG formation can cause excessive sequestration of

A

Relative mRNA levels
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proteins, thereby disrupting cellular stress responses and impair-
ing their proper function ***'. As SG formation inhibited N-glyc-
osylation, in our models, we hypothesized that SGs may recruit N-
glycosylation-related proteins and thereby interfere with their
activity. To confirm this hypothesis, we employed ascorbate per-
oxidase (APEX)-mediated proximity labeling in combination with
quantitative MS *° to characterize the SG-associated proteome un-
der PA stimulation (Fig. 6A). APEX fused to G3BP1 was intro-
duced into LO2 cells, which were subsequently stimulated with
either BSA or PA. After APEX activation with biotin tyramide and
H,0,, G3BP1-associated proteins were enriched using streptavid-
in agarose and analyzed by MS. Compared with BSA treatment,
five N-glycosylation-related proteins were differentially enriched
in the PA-treated group: SEC61B, UGGT1, CANX, CALR, and
LMANT1 (Fig. 6A and Table S4).

To further provide biochemical evidence for the association
between N-glycosylation-related proteins and SGs, both soluble
cytoplasmic lysates and insoluble RNP granules containing SGs
were isolated by differential centrifugation. The results indicated
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that SG recruited two N-glycosylation-related proteins, SEC61B
and CANX, in both PA-stimulated LO2 cells and primary hepato-
cytes (Figs. 6B and 6C). SGs induced by other stressors, including
NaAsO,, H,0,, and heat shock, similarly recruited these proteins
(Figs. 6B and 6C). However, MB treatment, which inhibited SG
formation in PA-stimulated LO2 cells and primary hepatocytes,
significantly reduced the recruitment of SEC61B and CANX
into SGs (Figs. 6D and 6E). N-glycosylation is initiated by two
multisubunit OST complexes, OST-A and OST-B '***. During co-
translational glycosylation, OST-A anchors the glycan to the
SEC61 protein channel, allowing glycosylation of nascent poly-
peptides as they emerge from SEC61 '> . Co-IP assays revealed
that metabolic stress reduced the interaction between SEC61B
and OST-A catalytic subunit STT3A after SG formation, which was
subsequently restored by MB treatment (Fig. 6F). CANX, an ER
membrane protein, is mainly responsible for the correct folding
of proteins after N-glycosylation *” and functions through interac-
tion with protein disulfide isomerase family A member 3
(PDIA3/ERp57), forming the calnexin cycle ' '°. When protein
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folding errors occur, misfolded proteins accumulate, leading to
ER stress *’. Co-IP experiments demonstrated that metabolic
stress reduced the interaction between CANX and ERp57 after SG
formation, whereas this effect was reversed by MB treatment
(Fig. 6G). Overall, these results further demonstrate that, under
stress conditions, SG formation sequesters SEC61B and CANX,
impairs their functions in N-glycosylation and protein folding,
and thereby promotes ER stress and MASH progression. MB alle-
viates these effects by inhibiting SG formation.

3.7. MB inhibits SG formation by suppressing HDAC6-mediated
deacetylation of G3BP1

MB targeting G3BP1 and inhibiting SG formation prompted
us to investigate how MB regulated the function of G3BP1. SG as-
sembly and disassembly are highly dynamic processes controlled
by intracellular regulation of protein translation and RNA meta-
bolism ** *. Research indicates that G3BP1 acetylation is in-
volved in SG assembly *’. The Co-IP data demonstrated a signific-



Y. Cheng et al.

Lysis
H,0, P
Purification

oo
» G g

Input Soluble RG
Curl PA Tg SA HS Cul PA Tg SA HS Cul PA Tg SA HS

e - —
TIAL | SEEEETERTY -TE

G3BP1 |-..

SG markers

SEC61B |W... R |

CANX |-—.———-—-—.- - |
N e
——— e —————— o —
UGGT1
[ACHD | orm——— |
Primary hepatocytes
D Input Soluble RG
PA PA+MB PA PA+MB PA PA+MB

£|G3BP1 | -— - - |
=
<
g e

SEC613| — — — — — |

CANX | — — — — — a
B-ACtn | eeee—e m— — — |
Primary hepatocytes
F Q@Q’ OQQ) ob&
p &P
MB — - - o+
PA — — + +

& 1B:G3BP1 IZI

INPUT

Chinese Journal of Natural Medicines 24 (2026) 757-768

Gene Mol.wei Intensity | Intensity
name ght[kDa] BSA PA
. SEC6IB | 99743 | 211170 | 229330
UGGTI 177.19 87449 165 800
._'—)MS —>
‘ CANX 67.567 178130 | 913980
_ CALR 48.141 106070 | 589 050
LMANI 57.548 4456.5 47098
C Input Soluble RG
Ctrl PA Tg SA HS Curl PA Tg SA HS Cul PA Tg SA HS
£| G3BPI | . — |
<
g
9| TIAL | et fadtobed £ L L BT T T 1
SEC6IB I‘ - ‘-‘|
CANX |w-.d.o.-—- - - --|
CALR |-——--- |
oy ———
UGGT1 | |
LMANI1 |----....-- |
B-ACtin | ——————— |
L02 cells
E Input Soluble RG
PA PA+MB PA PA+MB PA PA+MB
2| G3BP1 | - |
=
g
g| mai| e——— |
SECGIB| — — — . . — |
S e
B-ACHN | e — — — |
L02 cells
G
o é‘r 5% g\-
p & F FF
MB - - - 4
PA — - + +
& | BeGIBRl IZI
{
[BERpS7 IEI
— b
=)
=)
&| [BG3Bel IEI
1B:p-Actin IEI

Fig. 6 SG recruits N-glycosylation-related proteins, impair N-glycosylation, and induce ER stress. (A) Schematic diagram of the APEX2 proximity-labeling experiment. (B
and C) WB analysis of the indicated proteins in primary hepatocytes (B) and L02 cells (C) treated with Control, PA, Tg, SA, or HS. Input: whole-cell lysates; Soluble: the sol-
uble fraction excluding the nucleus; RG: the insoluble RG fraction. Actin was used as a loading control. (D and E) WB analysis of the indicated proteins in primary hepato-
cytes (D) and LO2 cells (E) treated with MB (20 pmol-L™, 24 h). (F and G) Co-IP and WB analysis of the indicated proteins in PA-stimulated LO2 cells treated with or without

MB (20 pmol-L™, 24 h).

ant reduction in G3BP1 acetylation levels, which was accompan-
ied by a marked increase in MB-treated L02 cells under PA stimu-
lation (Fig. 7A). This suggests that MB may regulate SG formation
through modulating G3BP1 protein.

Acetylation of G3BP1 at K376 has been reported to inhibit SG
formation, providing a potential avenue to mitigate excessive
stress responses under pathological conditions *’. We therefore
constructed Myc-tagged wild-type G3BP1 and the acetylation-mi-
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metic mutant G3BP1-K376Q. Co-IP results showed that MB signi-
ficantly reduced the acetylation level of G3BP1 WT but had no ef-
fect on the acetylation level of G3BP1 K376Q in PA-treated L0O2 or
primary hepatocytes (Figs. 7B, 7C, S5A, and S5B). HDAC6 is
known to regulate the acetylation of G3BP1 *’. We found that
HDAC6 knockdown actually increased G3BP1 acetylation levels
(Figs. 7D and S5C). Co-IP results indicated that MB disrupted the
interaction between G3BP1 and HDAC6 (Fig. 7E), suggesting that
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MB binds to G3BP1 and prevents HDAC6-mediated deacetylation.
Functionally, MB significantly reversed the decline in N-glyc-
osylation and the increase in ER stress caused by WT-G3BP1
overexpression, while exhibiting no significant effect on cells ex-
pressing the G3BP1-K376Q mutant (Figs. 7F, 7G, S5D, and S5E).
In conclusion, these data suggest that MB disrupts HDAC6-medi-
ated deacetylation of G3BP1, thereby inhibiting SG assembly and
subsequently improving N-glycosylation and alleviating ER
stress.

4. Dicussion

Target-based drug screening has emerged as a crucial
strategy in the development of therapeutic interventions for
MASH. In particular, natural compounds derived from traditional
Chinese medicine provide a valuable source of potential lead
compounds “'*. In this study, utilizing a high-throughput drug
screening system based on G3BP1 expression levels, we identi-
fied MB, extracted and isolated from I lophanthoides, asa com-
pound that significantly ameliorates MASH by modulating ER
homeostasis. Mechanistically, MB inhibited the expression of
G3BP1 and SG formation. This prevented SG-mediated sequestra-
tion of the N-glycosylation-related proteins CANX and SEC61B,
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restored N-glycosylation, and reduced ER stress.

SGs are a class of important biomolecular condensates, in
which G3BP1 serves as a core protein regulating their assembly
through liquid-liquid phase separation (LLPS) *°. A growing body
of research suggests that dysregulation of SG components and ab-
errant SG assembly are involved in the pathogenesis of metabolic
disorders, inflammation, and cancer ***’. G3BP1 promotes tumor
migration and proliferation in HCC patients, while forming SGs
reduces HCC sensitivity to chemotherapeutic drugs '***. SG form-
ation has also been detected in pancreatic 3 cells stimulated by
PA *'. Consistent with these findings, we observed increased
G3BP1 expression and SG formation in both cellular and animal
models of MASH. Therefore, targeting G3BP1 or modulating SG
assembly may be a viable therapeutic strategy. Through high-
throughput screening, we identified that the compound MB signi-
ficantly inhibited the expression of G3BP1 and demonstrated not-
able ameliorative effects in both cellular and animal models of
MASH. MB also significantly suppressed the formation of SGs.
G3BP1 acetylation is known to regulate the assembly of SG, and
HDAC6-mediated deacetylation of G3BP1 at lysine 376 (K376)
promotes SG formation. In contrast, acetylation at this site dis-
rupts the interaction of G3BP1 with its partner proteins (such as
USP10, CAPRIN1, or PABP1), thereby inhibiting SG assembly **’.
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Fig. 7 MB inhibits SG formation by suppressing HDAC6-mediated deacetylation of G3BP1. (A) Representative immunoblot of acetylated G3BP1 (Ac-G3BP1) in L02 cells
treated with MB (20 pmol-L™, 24 h) or DMSO. (B and C) Representative immunoblots of Ac-G3BP1 in LO2 cells transfected with Myc-G3BP1 (B) or Myc-G3BP1***? (C) and
treated with or without MB (20 umol-L™, 24 h). (D) Representative immunoblot of Ac-G3BP1 in L02 cells infected with siHDAC6. (E) Co-IP and WB analyses of the indicated
proteins in PA-stimulated LO2 cells treated with or without MB (20 pumol-L™", 24 h). (F and G) Relative mRNA expression levels of genes associated with N-glycosylation (F)
and ER stress (G) in LO2 cells infected with Myc-G3BP1 or Myc-G3BP1"**® and treated with or without MB (20 umol-L™, 24 h). n = 3 independent experiments per group.
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Consistently, we demonstrated that MB inhibited SG formation by
disrupting HDAC6-mediated deacetylation of G3BP1 at K376.

N-linked glycosylation directs nascent glycoproteins toward
proper folding, degradation, or export pathways **°. This pro-
cess prevents unfolded glycoproteins from accumulating in the
ER lumen and activates the UPR pathway. Genes related to N-
glycan biosynthesis in the ER were found to significantly down-
regulated as MASLD progressed. Reduced expression of these
genes impairs glycosylation of key transporters, disrupts their
function, and promotes disease progression . Additionally,
altered N-glycan biosynthesis, including increased fucosylation,
has been associated with fibrosis in NASH patients *’. In this
study, MB upregulated genes involved in N-glycan biosynthesis in
both MASH mouse and cell models and simultaneously reduced
ER stress. These findings support MB as a promising potential
lead compound for treating MASH.

In addition, we further discovered that MB influenced N-glyc-
osylation and ER stress through G3BP1. Currently, G3BP1 has
been found to influence various cellular organelles. At the lyso-
somal cytoplasmic surface, G3BP1 inhibits mechanistic target of
rapamycin complex 1 (mTORC1) activation by anchoring the
tuberous sclerosis complex (TSC) protein complex to lysoso-
mes . It also interacts with mitochondrial H*-ATP synthase sub-
unit B mRNA, thereby promoting glycolysis in HCC **. Whether
MB targets G3BP1 to influence mitochondrial and lysosomal
pathways remains to be further investigated. In this study, modu-
lation of G3BP1 expression altered the expression of genes in-
volved in N-glycosylation and affected ER stress. Given the cent-
ral role of G3BP1 in SG assembly, we speculate that SGs mediate
these effects under metabolic stress. SGs have been reported to
interact with IRE1a during ER stress, influencing the IRE1a-XBP1
pathway *’. In our study, reducing or inhibiting SG formation
either through G3BP1 mutation or CHX inhibitor prevented the
downregulation of N-glycosylation-related genes and alleviated
ER stress. SGs induced by saturated fatty acids recruit PDX1 and
disruptits nucleocytoplasmic transport, thereby suppressing
glucose-stimulated insulin secretion and contributing to pancre-
atic B-cell dysfunction *'. Similarly, we observed that SGs recruit
proteins associated with N-glycosylation, such as SEC61B and
CANX, suppressing their interactions with partner proteins, and
ultimately decreasing N-glycosylation efficiency. MB suppressed
SG formation and subsequently blocked the recruitment of these
proteins. This mechanism explains how MB restores N-glycosyla-
tion and alleviates ER stress.

5. Conclusion

In summary, MB significantly ameliorates the progression of
MASH by enhancing N-glycosylation and ER stress. Mechanistic-
ally, MB inhibits G3BP1-mediated SG formation, thereby block-
ing the recruitment of key N-glycosylation-related proteins, in-
cluding CANX and SEC61. Furthermore, MB suppresses SG as-
sembly by inhibiting HDAC6-mediated deacetylation of G3BP1
under metabolic stress. Taken together, this study identifies
G3BP1-dependent SG formation as a critical regulator of ER
homeostasis in MASH and highlights MB as a promising thera-
peutic candidate that targets this pathway.
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