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ABSTRACT: Arsenic in groundwater and agricultural systems poses a challenge to food safety and public health. Although
environmental arsenic exposure is a risk factor for metabolic dysfunction-associated steatotic liver disease (MASLD), its molecular
mechanism remains unclear. Chronic arsenic exposure induced hepatic steatosis and upregulated fatty acid synthase (FASN) in
mice. Mechanistically, arsenic triggered splicing of X-box binding protein 1 (XBP1) into its active form, XBP1s, which promoted the
transcription of glutamine-fructose-6-phosphate aminotransferase 1 (GFPT1). This increased flux of the hexosamine biosynthetic
pathway (HBP) elevated UDP-GIcNAc and O-GlcNAcylation. Mass spectrometry identified Ser5S09 as an O-GlcNAcylated site on
FASN, and its mutation abolished arsenic-induced lipid accumulation. O-GlcNAcylation at Ser509 stabilized FASN by inhibiting
ubiquitin-mediated degradation and promoting fatty acid synthesis. This study identifies the XBP1s-GFPT1 axis and O-
GlcNAcylation of FASN S509 as essential in arsenic-induced MASLD.
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1. INTRODUCTION

Arsenic is a widely distributed environmental contaminant
whose exposure constitutes a public health concern worldwide.
It currently endangers more than 50 million individuals in at
least 22 countries and regions.' Despite the 10 ug/L standard
established by the United States Environmental Protection
Agency (EPA) and World Health Organization (WHO) in
2016, arsenic levels in groundwater throughout Cambodia,
Bangladesh, Uruguay, India, and China continue to exceed this
limit.” Human exposure to arsenic occurs chiefly through
contaminated drinking water and food, which becomes
contaminated during agricultural production.” Arsenic enters
the food chain in this process primarily through crop absorption
from soil and water, as well as through human practices such as
pesticide use.* Chronic arsenic exposure causes damage to
various organs and systems, including skin lesions; neuro-
developmental dysfunctions; and a greater susceptibility to liver,
lung, and bladder cancers.” Recent evidence indicates that
arsenic exposure is linked to metabolic diseases, including
diabetes, atherosclerosis, and metabolic syndrome.’ These
health effects impose heavy economic and social burdens on
global public health systems; thus, it is urgent to elucidate the
mechanisms underlying chronic arsenic toxicity.

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is a chronic metabolic liver disorder with a feature
of hepatocellular lipid accumulation; it affects approximately
30% of adults worldwide. As an early stage in the liver disease
spectrum, it may progress to fibrosis, cirrhosis, and hepatocel-
lular carcinoma if not effectively treated.” Apart from genetic,
dietary, and lifestyle determinants, environmental pollutant
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exposure is recognized as a risk factor for MASLD.® As the
primary organ for arsenic metabolism, the liver is consequently a
key target for its toxicity and is highly sensitive to exposure.
Arsenic exposure triggers liver injury via mechanisms such as
oxidative stress, mitochondrial dysfunction, endoplasmic
reticulum (ER) stress, and epigenetic alterations.'”"" Our
previous work confirmed that arsenic exposure induces
steatohepatitis, hepatic fibrosis, and hepatocellular carcino-
ma."””"* Current evidence suggests that intervening in hepatic
steatosis during its initial phases to halt its development may
prevent adverse outcomes such as cirrhosis and hepatic
carcinoma at a relatively low cost."> Therefore, the present
study focused on the initial stage of liver injury, which is hepatic
lipid accumulation.

O-Linked N-acetylglucosamine modification (O-GlcNAcyla-
tion) is a dynamic and reversible post-translational process that
adds N-acetylglucosamine to serine or threonine residues. It
modulates the activity and stability of various proteins, including
transcription factors, metabolic enzymes, and signaling proteins,
thereby contributing to processes such as cellular energy
metabolism, stress response, and gene expression.'® The only
substrate donor for O-GlcNAcylation is uridine diphosphate N-
acetylglucosamine (UDP-GIcNAc). The synthesis of UDP-
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Figure 1. Chronic arsenic exposure disrupts fatty acid metabolism of livers and induces MASLD in mice. C57BL/6] mice were supplied with drinking
water containing 0, 2.5, or S mg/L NaAsO, for 6 months. (A) Schematic diagram of arsenic exposure of mice. The serum levels of ALT (B) and AST
(C), and the hepatic levels of TG (D) were measured in mice (n = 6). (E) Representative H&E-stained liver sections (scale bar = S0 ym) and (F) the
corresponding quantification of hepatocyte ballooning (1 = 6). (G) Representative Oil Red O-stained liver sections (scale bar = S0 ym) and (H) the
corresponding quantification of relative lipid content (n = 6). (I) Schematic diagram of the mouse liver proteomics analysis. (J) Volcano plot of
proteins identified by quantitative proteomics in the arsenic group versus controls (n = 3). (K) KEGG pathway enrichment analysis for significantly
changed proteins upon arsenic treatment (n = 3). (L) Heatmap of the top 20 differentially expressed proteins from the arsenic versus control
comparison (n = 3). (M) Western blots were prepared, and (N) relative protein levels of FASN, PPAR«, and CPT1A in the liver were quantified (n =

6).
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GIcNAc depends on the hexosamine biosynthetic pathway
(HBP), a branch of glucose metabolism. In this pathway,
glutamine-fructose-6-phosphate amidotransferase 1 (GFPT1)
acts as the rate-limiting enzyme to catalyze the production of
UDP-GIcNAc."” The maintenance of metabolic homeostasis is
dependent on O-GlcNAcylation, which link it to the patho-
genesis of numerous metabolic diseases.'®™*" The imbalance of
O-GlcNAcylation in MASLD contributes to disease patho-
genesis, potentially acting as a pathogenic driver by disrupting
hepatic lipid metabolism, insulin signaling, and inflammatory
responses.”’~>> Emerging evidence suggests a role for O-
GlcNAcylation in arsenic-induced MASLD, although the
mechanisms require further elucidation.

During ER stress, inositol-requiring enzyme la (IREla) is
activated and catalyzes unconventional splicing of X-box binding
protein 1 (XBP1) mRNA, producing the transcription factor
XBP1s to regulate diverse target genes.”> XBP1s is a regulator in
various pathological processes, including tumor proliferation,
inflammatory bowel disease, and Alzheimer’s disease.”*™>°
XBP1s promotes lipid accumulation in hepatocytes and drives
MASH:-related inflammation and fibrosis in macrophages via the
NLRP3 and TGE-f8 pathways.”” XBP1s levels correlate with
MASLD severity, highlighting its promise as a disease
progression biomarker and as a pharmacological target.”®
However, the involvement of XBPIs in arsenic-induced
MASLD remains unexplored and requires exploration.

The present study sought to clarify the impact of O-
GlcNAcylation on the development of an arsenic-induced
MASLD. With mice, we characterized via proteomics the
hepatic protein landscape following chronic arsenic exposure.
The mechanistic basis for the observed changes was elucidated
by using HepG2 cells and primary mouse hepatocytes.
Combining transcription factor binding site prediction with
chromatin immunoprecipitation (ChIP) assays, we established
that O-GlcNAcylation is regulated by XBP1s via GFPT1, which
controls the flux of HBP. Moreover, co-immunoprecipitation
(Co-IP) and mass spectrometry (MS) assays confirmed that
site-specific O-GlcNAcylation of fatty acid synthase (FASN)
stabilizes the protein and promotes fatty acid synthesis. Steatosis
in hepatic organoids was attenuated upon the inhibition of
XBP1s. These findings reveal the involvement of the XBP1s-
GFPT1-FASN signaling axis in regulating arsenic-induced
MASLD and provide new insights for targeted therapeutic
strategies.

2. MATERIALS AND METHODS

2.1. Experimental Animals and Housing Conditions

Male CS7BL/6] mice (6—8 weeks old) were purchased from the
Experimental Animal Center of Nanjing Medical University. The
animals were housed in a specific pathogen-free (SPF) barrier facility
with the following environmental conditions: temperature at 22—26
°C, relative humidity 30—70%, 12 h/12 h light—dark cycle, regular
ventilation, and ambient noise below 40 dB. Body weights were
monitored weekly. All animal experimental procedures were conducted
in strict accordance with international guidelines for animal care and
use. All efforts were made to minimize animal suffering by using
anesthesia and analgesics during potentially painful procedures. The
animal study protocol was approved by the Animal Welfare Ethics
Committee of Nanjing Medical University (IACUC-2409057).

2.2. Mouse Models

A chronic arsenic-exposure model was established by administering
sodium arsenite (NaAsO,; Sigma, 99.0%) in the drinking water to
CS7BL/6] mice on a standard diet for 6 months. The mice were

randomly divided into three groups (n = 6) that received 0, 2.5, or §
mg/L NaAsO,. The doses were selected based on body surface area
conversion from average arsenic levels in contaminated groundwater
(450 pg/L) to the human equivalent dose.” The selection also
considered the higher arsenic metabolic rate in mice, with supporting
evidence from hepatic arsenic data.*

In the 6-diazo-5-oxo-L-norleucine (DON) intervention model,
CS7BL/6] mice were randomly assigned to the control, arsenic
exposure (S mg/L NaAsO,), or arsenic + DON groups (n = 6). Mice in
the intervention group were cotreated with arsenic and DON, which
were administered via intraperitoneal injection at 1 mg/kg
(MedChemExpress, USA; 99.9%) once weekly for 12 weeks. The
DON dose was derived from a previous report.”"

In the toyocamycin intervention model, C57BL/6] mice were
randomly divided into four groups (n = 6), comprising the control,
arsenic exposure (5 mg/L NaAsO,), toyocamycin intervention, and
DMSO vehicle control groups. Mice in the intervention group were co-
treated with arsenic and toyocamycin, an adenosine analog and an
antibiotic, which was administered via intraperitoneal injection at 0.5
mg/kg (MedChemExpress, USA; 99.9%) once weekly for 12 weeks.
The DMSO vehicle control group was treated with the solvent alone.
The toyocamycin dose was selected on the basis of previous studies.*”

2.3. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10.1.2 and
IBM SPSS Statistics 21.0. Data are presented as means + standard
deviation (SD). The normality of data distribution was assessed using
the Shapiro—Wilk test. For data conforming to a normal distribution, an
unpaired two-tailed Student’s t test was used for comparisons between
two groups, and analysis of variance (ANOVA) followed by Tukey’s
post hoc test was used for comparisons among three or more groups. All
experiments were independently repeated at least three times. Values of
p < 0.05 were considered statistically significant, with significance levels
indicated in figures as ns (not significant), *p < 0.05, **p < 0.01, or
w3k < 0,001,

For brevity, methodological details not elaborated here are available
as part of the Supporting Information.

3. RESULTS

3.1. Chronic Arsenic Exposure Disrupts Fatty Acid
Metabolism of Livers and Induces MASLD in Mice

To model chronic exposure, C57BL/6] mice were maintained
on drinking water containing 0, 2.5, or S mg/L NaAsO, for 6
months (Figure 1A). Although an increasing trend was evident,
the rise in the liver-to-body weight ratios induced by arsenic
exposure did not reach statistical significance (Figure S1A).
However, exposure elevated serum aminotransferase levels
(ALT and AST), indicating impaired liver function (Figure
1B,C). Hepatic triglyceride (TG) levels were also elevated in
arsenic-exposed mice (Figure 1D). H&E staining revealed that
arsenic exposure disrupted hepatic architecture, with hepato-
cytes exhibiting extensive vacuolation (Figure 1E,F). Oil Red O
and BODIPY staining revealed hepatic steatosis in arsenic-
exposed mice (Figure 1G,H and Figure S1B), confirming that
arsenic exposure induced lipid accumulation.

Following proteomic sequencing of liver tissues (Figure 1),
principal component analysis revealed a distinct separation
between the arsenic-treated and control groups (Figure S1C).
Screening for differentially expressed proteins revealed 361
candidates, with 338 being upregulated and 23 downregulated
(Figure 1J). KEGG enrichment analysis showed that arsenic
exposure altered pathways related to fatty acid metabolism and
fatty acid synthesis (Figure 1K), with a notable increase in the
level of FASN (Figure 1L). Further validation experiments
confirmed that although the expression of PPARa and CPT1A
remained largely unchanged, arsenic exposure led to an
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Figure 2. Chronic arsenic exposure activates the HBP pathway and induces O-GlcNAcylation of FASN in livers of mice. C57BL/6] mice were supplied
with drinking water containing 0, 2.5, or S mg/L NaAsO, for 6 months. (A) Western blots (left) with corresponding Ponceau $ staining (right) for total
protein normalization in mouse livers (n = 6). (B) Measurement of hepatic UDP-GIcNAc levels in mice (n = 6). (C) Schematic diagram depicting the
interconnection between the HBP pathway and O-GlcNAcylation. (D) Western blots were prepared, and (E) relative protein levels of GFPT1, OGT,
and OGA in the livers were quantified (n = 6). Mouse primary hepatocytes were treated with 0 or 2 M NaAsO, for 24 h. (F) Schematic diagram of the
isolation workflow for mouse primary hepatocytes. (G) Co-IP and Western blot analysis of O-GlcNAcylation levels of FASN in mouse primary
hepatocytes (n = 3). (H) FASN was purified from mouse primary hepatocytes and analyzed by MS to identify the O-GlcNAcylation sites.

upregulation of FASN protein levels (Figure IM,N). These
findings suggest that arsenic exposure drives hepatic lipid
metabolic disorder and lipid accumulation primarily by
enhancing fatty acid biosynthesis rather than by suppressing

degradation.

3.2. Chronic Arsenic Exposure Activates the HBP Pathway
and Induces O-GIcNAcylation of FASN in Livers of Mice

Reported links between O-GlcNAcylation and MASLD
prompted us to examine its levels in arsenic-exposed mouse
livers.”>> Upon arsenic exposure, global O-GlcNAcylation

D https://doi.org/10.1021/acs.jafc.6c00603
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig2&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC
A B C
& NaAsO; (UM) * %k %
& O 010
o = *k
£0.08
29
2 50.061 xx%x
_24h 83
E E 0.04 =
NaAsO, HepG2/MPH o c
(0,0.5,1,2 uM) § =002
o

0.00
NaAsO, (uM) 0

0.5 1 2
D
HepG2
HepG2 *ar IEM  NaAso, (uM
ep -~ 2 M aAsO, (UM) 0 05 1 2 0 05 1 2
s T | ]
NaAsO, (UM) 0 05 1 2 < ns
é’] T | ns ns
180kDa ¥ | ses AL §
e |
- M o
-l I Y «
70kDa EXE L
) 55kDa k]
" FASN PPARG CPT1A
G H
e — okm K HepG2
| — | 8
NaAsO, (M) 0 05 1 2 o 1p; apG
70kDa § Con As Con As
100kDa s | ns = 180kDa
T e T———— £ I FASN
55kDa a ]
Tubulin e | | =2 2
ZM1H7 I L
g
]
= i : : 0-GlcNAc
| “ ves J GFPT1 0GT 0GA 3
1 NaAsO, (uM) =
3-E'4°' %% T
(-]
g%so KX
i ==
£ F
§3 ASN 180kDa
83 5.
©9 10/
NaASO,(yM) 0 05 1 2

—Bar=10pm

Figure 3. Arsenic induces O-GIcNAcylation of FASN and leads to lipid accumulation in hepatocytes. HepG2 cells were treated with NaAsO, at
concentrations of 0, 0.5, 1, and 2 uM for 24 h. (A) Schematic diagram of arsenic exposure of hepatocytes. (B) Representative confocal images
demonstrating BODIPY 493/503-stained lipid droplets in HepG2 cells (n = 3, scale bar = 10 ym). (C) Intracellular TG levels in HepG2 cells (n = 3).
(D) Western blots were prepared, and (E) relative protein levels of FASN, PPAR«a, and CPT1A in HepG2 cells were quantified (n = 3). (F) Western
blots (left) with corresponding Ponceau S staining (right) for total protein normalization in HepG2 cells (n = 3). (G) Western blots were prepared, and
(H) relative protein levels of GFPT1, OGT, and OGA in HepG2 cells were quantified (n = 3). (I) Measurement of UDP-GIcNAc levels in HepG2 cells
(n=3). (J) IF staining of FASN (red), O-GIcNAc (green), and nuclei with DAPI (blue) in HepG2 cells (n = 3, scale bar = 10 ym). HepG2 cells were
treated with NaAsO, at concentrations of 0 or 2 yM for 24 h. (K) Co-IP and Western blot analysis of O-GlcNAcylation levels of FASN in HepG2 cells

(n=3).

levels were elevated, and the content of the donor substrate
UDP-GlcNAc increased in a dose-dependent manner (Figure
2A,B). Although the protein expressions of O-GlcNAc trans-
ferase (OGT) and O-GlcNAcase (OGA) remained unchanged,
the level of GFPT1 was upregulated (Figure 2C—E). To explore
further the regulatory role of O-GlcNAcylation in hepatic lipid
accumulation, primary mouse hepatocytes were isolated (Figure
2F). Treatment with 0 or 2 uM NaAsO, for 24 h followed by Co-
IP analysis revealed O-GIcNAcylation on FASN, which was
enhanced upon arsenic exposure (Figure 2G). Subsequent MS
identified S509 and SS1S as functional O-GlcNAcylation sites
on FASN (Figure 2H). Our results establish a pathway whereby
arsenic exposure upregulates GFPT1 to enhance HBP flux,

m

thereby increasing the supply of UDP-GIcNAc and culminating
in elevated O-GlcNAcylation of the FASN protein.

3.3. Arsenic Induces O-GIcNAcylation of FASN and Leads to
Lipid Accumulation in Hepatocytes

To establish a cellular model of arsenic exposure, HepG2 cells
were treated with 0, 0.5, 1, or 2 uM NaAsO, for 24 h (Figure
3A). Arsenic exposure induced lipid accumulation, as confirmed
by Oil Red O and BODIPY staining (Figure 3B and Figure S2A),
and increased intracellular TG levels (Figure 3C). Furthermore,
arsenic exposure increased FASN levels without corresponding
changes in the expression of fatty acid degradation-related
proteins (PPARa and CPT1A) (Figure 3D,E). These results
indicate that lipid accumulation in hepatocytes is primarily
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Figure 4. XBP1s induces GFPT 1 transcription in arsenic-treated hepatocytes. HepG2 cells were treated with NaAsO, at concentrations of 0, 0.5, 1, and
2 uM for 24 h. (A) GFPT1 mRNA levels were measured by qRT-PCR (n = 3). (B) Database predictive analysis identified XBP1 as a potential
transcription factor driving GFPT1 expression. Following treatment with 0 or 2 #M NaAsO,, HepG2 cells were harvested for ChIP assays using
antibodies against Sp2, BCL6, and XBP1s, with IgG as a negative control. (C) Relative enrichment of GFPT1 was measured by ChIP-qPCR (n = 3).
(D) Wild-type and mutant sequences of the predicted XBP1s binding sites in the GFPT1 promoter region relative to the transcription start site (TSS).
(E) Dual-luciferase assay of GFPT1 promoter activity after transfection of reporter plasmids into HepG2 cells (n = 3). HepG2 cells were treated with
NaAsO, at concentrations of 0 or 2 uM for 24 h. (F) Dual-luciferase assay of GFPT1 promoter activity after transfection of reporter plasmids into
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Figure 4. continued

HepG2 cells (n = 3). (G) Endogenous binding of XBP1s to the GFPT1 promoter in HepG2 cells was assessed by ChIP-RT-PCR (1 = 3). (H) Western
blots were prepared, and (I) relative protein levels of XBP1s and XBP1u in HepG2 cells were quantified (n = 3). (J) Western blots were prepared, and
(K) relative protein levels of XBP1s and XBP1u in the livers were quantified (n = 6). HepG2 cells transfected with si-XBP1 or si-NC were treated with 0
or 2 uM NaAsO, for 24 h. (L) GFPT1 mRNA levels were measured by qRT-PCR (n = 3). (M) Western blots were prepared, and (N) relative protein

levels of XBP1s, GFPT1, and FASN in HepG2 cells were quantified (n = 3).

promoted by arsenic through the enhancement of fatty acid
biosynthesis.

For HepG2 cells, arsenic elevated global O-GlcNAcylation
levels (Figure 3F), enhanced GFPT1 protein levels (Figure
3G,H and Figure S2B), and increased its donor substrate, UDP-
GlcNAc (Figure 3I). Immunofluorescence (IF) analysis
revealed enhanced colocalization of FASN and O-GlcNAc
signals with increasing arsenic concentrations (Figure 3J). Co-IP
experiments confirmed an interaction between FASN and O-
GlcNAcylation, indicating that arsenic promotes the O-
GlcNAcylation of FASN (Figure 3K). Consistent with the in
vivo findings, arsenic exposure activated the HBP pathway
through GFPT1 upregulation, which enhanced FASN O-
GlcNAcylation to promote fatty acid synthesis and lipid
accumulation in the hepatocytes.

3.4. XBP1s Induces GFPT1 Transcription in Arsenic-Treated
Hepatocytes

Investigation into the elevated GFPT1 protein levels revealed
that arsenic upregulates GFPT1 transcription, as shown by
increased mRNA in HepG2 cells (Figure 4A). A multidatabase
screening (PWMEnrich-JASPAR, FIMO-JASPAR, cor-GTEx,
ChIP-Atlas, GTRD) identified five transcription factors,
including CREB3L1, SP2, SP1, BCL6, and XBP1, as potential
regulators of GFPT1 upregulation in arsenic-induced MASLD
(Figure 4B). Correlation analysis based on the GEPIA database
of liver tissue expression revealed that SP2, BCL6, and XBP1
showed relatively high correlations (R > 0.5) with GFPT1
expression (Figure S3A-E). Since XBP1 requires splicing into
XBP1s to exert its transcriptional activity,34 we performed ChIP
assays using an XBPls-specific antibody. ChIP-qPCR results
demonstrated that arsenic exposure specifically enhanced the
enrichment of XBP1s at the GFPT1 promoter region (Figure
4C), suggesting that XBP1s is a transcription factor regulating
GFPT1 expression. Using the JASPAR database, we predicted
potential XBP1s binding sites in the GFPT1 promoter and
selected a site with a score above 90 for validation (Figure 4D).
Dual-luciferase reporter assays showed that mutation of this site
abolished XBP1s-mediated transcriptional activation of GFPT1
(Figure 4E). Furthermore, arsenic treatment enhanced XBP1s-
induced luciferase activity; this effect was absent in the mutant
construct (Figure 4F). Subsequent ChIP assays confirmed that
treatment of HepG2 cells with 2 yM NaAsO, for 24 h led to
enrichment of the GFPT1 promoter region with the XBP1s
antibody (Figure 4G), indicating that arsenic promotes the
binding of XBP1s to the GFPT1 promoter.

Additionally, an increase in XBP1s protein levels was evident
in both arsenic-treated HepG2 cells and mouse liver tissues
(Figure 4H—K). Consistent with this, p-IRE1a was also elevated
(Figure S4A-D), indicating involvement of the upstream
splicing pathway. Knockdown of XBP1 attenuated the arsenic-
induced upregulation of GFPT1 expression (Figure 4L—N and
Figure S4E), as well as the increase in global O-GlcNAcylation
levels (Figure S4F), UDP-GlcNAc accumulation (Figure S4G),
and lipid accumulation in hepatocytes (Figure S4H—J). These

findings indicate that XBP1s directly binds to the GFPTI
promoter to stimulate its transcription, thereby contributing to
GFPT1 overexpression in arsenic-induced MASLD.

3.5. O-GIcNAcylation of FASN S509 Is Involved in
Arsenic-Induced Lipid Accumulation in Hepatocytes
through Inhibiting Its Ubiquitination and Thereby
Enhancing Protein Stability

To elucidate the mechanism by which O-GlcNAcylation
upregulates FASN protein levels, we performed protein stability
assays. HepG2 cells were treated with 0 or 2 M NaAsO, in the
presence of cycloheximide (CHX) to inhibit protein synthesis,
and FASN protein levels were measured at selected time points.
Arsenic exposure prolonged the half-life of FASN protein
(Figure SA,B). We treated both normal and arsenic-exposed
HepG2 cells with benzyl-a-GalNAc (BAGN), an O-GlcNAcy-
lation inhibitor. BAGN suppressed the arsenic-induced increase
in both global O-GlcNAcylation levels (Figure SSA).
Furthermore, BAGN blocked the upregulation of FASN protein
and the consequent lipid accumulation (including elevated
levels of TG) induced by arsenic exposure (Figure SSB—F). To
identify the degradation pathway through which O-GlcNAcy-
lation regulates FASN, we treated HepG2 cells with 0 or 2 uM
NaAsO, in combination with the ubiquitin—proteasome
inhibitor MG132, the autophagy—lysosome inhibitor chlor-
oquine (CQ), or the O-GlcNAcylation inhibitor BAGN. Only
MG132 reversed the BAGN-induced decrease in FASN protein
levels (Figure SC,D), showing that arsenic stabilizes FASN by
suppressing its ubiquitin—proteasome-mediated degradation via
O-GlcNAcylation. Ubiquitination immunoprecipitation assays
confirmed that arsenic exposure reduced FASN ubiquitination
(Figure SE).

Evolutionary conservation analysis of the O-GlcNAcylation
sites on FASN identified by MS revealed that the S509 site was
highly conserved across species (Figure SF). We therefore
constructed a point mutant plasmid in which serine 509 was
replaced by alanine (FASN-SS09A), which cannot be O-
GlcNAcylated (Figure SG). Endogenous FASN was knocked
down in HepG2 cells (Figure SSG), followed by transfection
with the wild-type (FASN-WT) or mutant (FASN-SS09A)
plasmid and treatment with 0 or 2 yuM NaAsO,. The S509
mutation suppressed arsenic-induced O-GlcNAcylation of
FASN, increased its ubiquitination, and reversed FASN protein
accumulation (Figure SH,I). Subsequent protein stability assays
showed that the FASN-SS09A mutation abolished the arsenic-
induced extension of FASN protein half-life (Figure SJ,K).
Furthermore, this mutation alleviated arsenic-induced elevation
of TG levels and lipid accumulation in hepatocytes (Figure SL
and Figure SSH,I). These results demonstrate that arsenic
promotes O-GlcNAcylation at S509 of FASN, which inhibits its
ubiquitination and degradation, thereby enhancing FASN
stability and contributing to lipid accumulation in hepatocytes.
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Figure S. Arsenic exposure-induced O-GlcNAcylation of FASN S509 enhances the protein stability by inhibiting its ubiquitination. HepG2 cells
treated with 0 or 2 uM NaAsO, for 24 h were incubated with CHX and harvested at 0, 4, 8, and 12 h intervals. (A) FASN protein stability was assessed
by Western blots. (B) The half-life of FASN in HepG2 cells with the indicated treatments was measured by Western blots. FASN levels were
normalized by tubulin, and the 0 h points were set to 100% (n = 3). (C) Western blots were prepared, and (D) relative protein levels of FASN in
HepG2 cells were quantified (n = 3). (E) Analysis of FASN ubiquitination by Co-IP and Western blots (n = 3). (F) Comparison of sequence homology
at O-GlcNAcylation sites of FASN across various species. (G) Sanger sequencing chromatogram of the site-directed mutant plasmid. Site-directed
mutagenesis of FASN at serine 509 to alanine. HepG2 cells were co-transfected with either si-FASN or si-NC and either Flag-FASN-SS09A or Flag-
FASN-WT. (H) Protein expression was analyzed by Western blots (n = 3). (I) Analysis of Flag-FASN O-GlcNAcylation and ubiquitination in HepG2
cells by Co-IP and Western blots (n = 3). HepG2 cells transfected with Flag-FASN-SS09A or Flag-FASN-WT were treated with 2 #M NaAsO, for 24 h,
and FASN protein stability was assessed by Western blots. (J) Protein synthesis was blocked by CHX for the indicated times. (K) Half-life of FASN in
HepG2 cells with the indicated treatments as measured by Western blots. FASN levels were normalized by tubulin, and the 0 h points were set to 100%
(n = 3). (L) Representative confocal images demonstrating BODIPY 493/503-stained lipid droplets in HepG2 cells (n = 3, scale bar = 10 ym).
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Figure 6. GFPT1 contributes to arsenic-induced O-GlcNAcylation of FASN and lipid accumulation by mediating UDP-GIcNAc production in
hepatocytes. HepG2 cells transfected with si-GFPT1 or si-NC were treated with 0 or 2 uM NaAsO, for 24 h. (A) Western blots were prepared, and (B)
relative protein levels of GFPT1 and FASN in HepG2 cells were quantified (n = 3). (C,I) Western blots (left) with corresponding Ponceau S staining
(right) for total protein normalization in HepG2 cells (n = 3). (D,J) Measurement of UDP-GlcNAc levels in HepG2 cells (1 = 3). (E,L) Intracellular
TG levels in HepG2 cells (n = 3). (F,K) Representative confocal images demonstrating BODIPY 493/503-stained lipid droplets in HepG2 cells (n =3,
scale bar = 10 um). HepG2 cells were transfected with si-GFPT1 and treated with or without UDP-GIcNAc and then exposed to 2 uM NaAsO, for 24
h. (G) Western blots were prepared, and (H) relative protein levels of GFPT1 and FASN in HepG2 cells were quantified (n = 3).

3.6. GFPT1 Contributes to Arsenic-Induced generated a GFPT1-knockdown model with HepG2 cells using
O-GlcNAcylation Tf FASN and Lipid Accumulation by siRNA (si-GFPT1) and verified its knockdown efficiency
Mediati P-GIcNAc P ioninH

ediating UDP-GIcNAc Production in Hepatocytes (Figure 6A,B and Figure S6A). Cells were transfected with the
To examine the involvement of the GFPT1-driven HBP most effective si-GFPT1 or control si-NC, followed by

pathway in hepatic lipid dysregulation caused by arsenic, we treatment with 0 or 2 M NaAsO, for 24 h. GFPT1 knockdown
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Figure 7. XBP1s is involved in arsenic-induced lipid accumulation through regulating GFPT1 expression and facilitating FASN O-GlcNAcylation in
hepatocytes. HepG2 cells were treated with or without toyocamycin and then exposed to 0 or 2 uM NaAsO, for 24 h. (A) Western blots were prepared,
and (B) relative protein levels of XBP1s, GFPT1, and FASN in HepG2 cells were quantified (n = 3). (C,F) Western blots (left) with corresponding
Ponceau S staining (right) for total protein normalization in HepG2 cells (n = 3). (D,I) Measurement of UDP-GlcNAc levels in HepG2 cells (1 = 3).
(E,K) Representative confocal images demonstrating BODIPY 493/503-stained lipid droplets in HepG2 cells (1 = 3, scale bar = 10 um). HepG2 cells
were transfected either with si-XBP1 or co-transfected with si-XBP1 and pcDNA-GFPT1 for 24 h, followed by arsenic exposure (2 zM) for 24 h. (G)
Western blots were prepared, and (H) relative protein levels of XBP1s, GFPT1, and FASN in HepG2 cells were quantified (n = 3). (J) Intracellular TG
levels in HepG2 cells (n = 3).

abolished the upregulation of global O-GlcNAcylation and Downregulation of GFPT1 also blocked arsenic-induced lipid
UDP-GIcNAc synthesis induced by arsenic (Figure 6C,D). accumulation in HepG2 cells, as well as the increases in

J https://doi.org/10.1021/acs.jafc.6c00603
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c00603?fig=fig7&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC
A B [+ -~
T £k s4% AS :
—\h*—".ﬂ' . £ o ann P, :::mso "
As+ As+ -
. 6 months Con As T S 44
NaAsO, r 'oyocamycin DMSO S T
-3 -
(0, 5 mgiL) ; 3 I z & I
Harvest” § )
6 months s.
>
§117 ibil il
i e
“ o
NaAsO, +Toyocamycin / DMSO " XBP1s GFPT1 FASN
(5mg/L) (0.5 mg/kg)
D E Liver Oil red O staining
Liver tissue Con As As+Toyocamycin  As+DMSO
As+ As+ As+ As+ > = =
Con As Toyocamycin DMSO Can - Toyocamycin DMSO
o
|
w
F G - ¥ K -
'ty
4] ass sas ass 4% AstDON 400 e eey - e S
M 3 . é
s -
g g3 2"
: 33 j e
i I :
;1 s B = - §§ 100 S
: 5
2 . i
H | GFPT1 FASN L Con As  As*DON M Con As  As+DON
Liver H&E staining Liver Oil red O staining
g 0.18 X REE
o
= i
E L go.m
5 § g
§ B3 o
E
g ggou ;
[} 0.00
Con As  As+DON

—Bar=50pm

—RBar=50pm

Figure 8. Intervention with either toyocamycin or DON alleviates chronic arsenic exposure-induced MASLD in mice. C57BL/6]J mice received 0 or 5
mg/L NaAsO, in their drinking water for 6 months, along with weekly intraperitoneal injections of toyocamycin (0.5 mg/kg) or DMSO. (A)
Schematic of the experimental model for toyocamycin intervention in mice. (B) Western blots were prepared, and (C) relative protein levels of XBP1s,
GFPT1, and FASN in the liver were quantified (n = 6). (D) Western blots (left) with corresponding Ponceau S staining (right) for total protein
normalization in mouse livers (n = 6). (E) Representative Oil Red O-stained liver sections (1 = 6, scale bar = 50 um). C57BL/6] mice received 0 or S
mg/L NaAsO, in their drinking water for 6 months, along with weekly intraperitoneal injections of DON (1 mg/kg). (F) Western blots were prepared,
and (G) relative protein levels of GFPT1 and FASN in the liver were quantified (n = 6). (H) Representative H&E-stained liver sections (1 = 6, scale bar
=50 pum). (I) Representative Oil Red O-stained liver sections (1 = 6, scale bar = 50 ym). (J) Measurement of hepatic UDP-GlcNAc levels in mice (n =
6). The serum levels of ALT (K) and AST (L) and the hepatic levels of TG (M) in mice were measured (n = 6).

downstream FASN protein expression and TG levels (Figure
6E,F and Figure S6B). Compared to the arsenic-only group, cells
co-treated with the HBP-specific inhibitor DON exhibited
reduced O-GlcNAcylation levels and lower UDP-GIcNAc
contents (Figure S6C,D). We also treated normal and arsenic-
exposed HepG2 cells with DON, which inhibited the arsenic-
induced upregulation of GFPT1 and FASN protein levels
(Figure S6E,F). Moreover, DON counteracted the lipid
deposition and elevated the lipid profile triggered by arsenic
exposure (Figure S6G—I). These results indicate that inhibition
of GFPT1 activity suppresses UDP-GIcNAc production,
thereby blocking arsenic-induced O-GlcNAcylation of FASN
and subsequent lipid accumulation.

Then, we conducted a rescue experiment to validate the role
of GFPT1-regulated HBP flux in arsenic-induced hepatic lipid
accumulation. After transfecting HepG2 cells with si-GFPT1,
exogenous UDP-GIcNAc was added during arsenic exposure.
The suppression of O-GlcNAcylation and FASN protein levels
induced by GFPT1 knockdown was reversed by exogenous
UDP-GlcNAc supplementation (Figure 6G—J). Consistently,
the attenuation of lipid accumulation resulting from GFPT1
knockdown was also restored upon UDP-GIcNAc treatment
(Figure 6K,L and Figure S6J). Collectively, these findings
demonstrate that GFPT1 promotes UDP-GIcNAc production
via the HBP pathway, thereby contributing to increased O-
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Figure 9. The inhibition of XBP Is effectively alleviates arsenic-induced steatosis in liver organoids. (A) Schematic diagram of the construction process
of mouse liver organoids. (B) Representative bright-field images of liver organoids (1 = 3, scale bar = 100 ym). (C) IF staining of CK19 (red), HNF4«a
(green), and nuclei with DAPI (blue) in liver organoids (n = 3, scale bar = S0 ym). Liver organoids were treated with or without toyocamycin and then
exposed to 0 or 2 uM NaAsO, for 24 h. (D) Representative bright-field images of liver organoids (1 = 3, scale bar = 100 ym). (E) The levels of TG in
liver organoids (n = 3). (F) Representative confocal images demonstrating BODIPY 493/503-stained lipid droplets in liver organoids (n = 3, scale bar
=100 ym). (G) Quantification of the percentage of steatosis in liver organoids (n = 3).

GlcNAcylation of FASN and lipid accumulation in hepatocytes
induced by arsenic exposure.

3.7. XBP1s Is Involved in Arsenic-Induced Lipid
Accumulation through Regulation of GFPT1 Expression
and Facilitation of FASN O-GIcNAcylation in Hepatocytes

To assess the contribution of XBP1s in arsenic-induced lipid
deposition in hepatocytes, control or arsenic-exposed HepG2
cells were treated with toyocamycin to inhibit XBP1 splicing.
This treatment prevented the upregulation of GFPT1 and FASN
protein levels induced by arsenic (Figure 7A,B). Compared to
the arsenic-only treatment group, cells co-treated with
toyocamycin exhibited reduced O-GlcNAcylation levels and
lower content of its donor substrate, UDP-GIcNAc (Figure
7C,D). Furthermore, toyocamycin blocked the arsenic-induced
lipid accumulation in HepG2 cells, as well as the elevations of
intracellular TG levels (Figure 7E and Figure S7A,B).

To characterize the mechanism by which XBP1s regulates
GFPT1 in arsenic-induced lipid accumulation, we performed a
rescue experiment by transfecting HepG2 cells with si-XBP1
alone or together with a GFPT1 overexpression plasmid
(pcDNA-GFPT1), followed by treatment with 0 or 2 uM
NaAsO, for 24 h. This approach allowed us to examine the

effects of restoring GFPT1 expression after transcriptional
suppression. The results showed that the pcDNA-GFPT1
plasmid increased GFPT1 protein levels in cells (Figure S7C,D).
The suppression of GFPT1 expression and O-GlcNAcylation
induced by XBP1 knockdown was reversed by GFPT1 re-
expression (Figure 7F—I); the attenuation of lipid accumulation
was also restored (Figure 7],K and Figure S7E). These findings
indicate that XBPIs contributes to arsenic-induced lipid
deposition in hepatocytes by regulating GFPT1 expression,
thereby influencing downstream O-GlcNAcylation of FASN.

3.8. Intervention with Either Toyocamycin or DON
Alleviates Chronic Arsenic Exposure-Induced MASLD in
Mice

To validate these findings in vivo, we established an arsenic-
exposed mouse model with toyocamycin intervention via
intraperitoneal injection (Figure 8A). Toyocamycin treatment
prevented the upregulation of hepatic XBP1s, GFPT1, and
FASN protein levels induced by arsenic (Figure 8B,C), as well as
the elevation of O-GlcNAcylation (Figure 8D), without altering
the liver-to-body weight ratio (Figure S8A). Consistent with
this, toyocamycin reversed the arsenic-induced elevation of
UDP-GIcNAc content in liver tissue (Figure S8B). Toyocamy-
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cin also reduced serum ALT and AST levels in arsenic-exposed
mice (Figure S8C,D). Histopathological examination showed
that, for hepatocytes, toyocamycin intervention alleviated
arsenic-induced vacuolar degeneration (Figure S8EF). Oil
Red O staining confirmed that toyocamycin attenuated arsenic-
induced hepatic steatosis (Figure 8E and Figure S8G). Hepatic
TG levels were lower in the toyocamycin intervention group
compared to those in the arsenic-only group (Figure S8H).
These results show that toyocamycin ameliorates chronic
arsenic-induced hepatic lipid accumulation in mice by inhibiting
the XBP1 splicing.

To confirm the role of the HBP pathway in animals, we
established a mouse model of arsenic exposure with DON
intervention via intraperitoneal injection (Figure S9A). The
liver-to-body weight ratios were unaffected by DON inter-
vention (Figure S9B). However, DON suppressed the elevated
hepatic GFPT1 protein and O-GlcNAcylation levels and
blocked FASN upregulation, induced by arsenic (Figure 8F,G
and Figure S9C). Similarly, for arsenic-exposed mice, DON
alleviated hepatocellular vacuolation (Figure 8H and Figure
S9D) and suppressed hepatic lipid accumulation (Figure 81 and
Figure SOE). It also inhibited the arsenic-induced elevation of
hepatic UDP-GIcNAc levels (Figure 8]) and the reduced serum
ALT and AST levels (Figure 8K,L). Furthermore, hepatic TG
levels were lower in the DON intervention group compared with
the arsenic-only group (Figure 8M). These results demonstrate
that DON blocks chronic arsenic-induced hepatic lipid
accumulation by inhibiting the HBP pathway.

3.9. The Inhibition of XBP1s Effectively Alleviates
Arsenic-Induced Steatosis in Liver Organoids

Following previously established methodology,”® we generated
and characterized mouse liver organoids (Figure 9A). The
organoids grew well in bright-field view and expressed both the
cholangiocyte marker CK19 and the mature hepatocyte marker
HNF4aq, further confirming the successful model establishment
(Figure 9B,C). We then treated the organoids, with or without
arsenic exposure, using the XBPls inhibitor toyocamycin.
Arsenic led to visible darkening of the hepatic organoids and
elevated the levels of TG, with BODIPY staining further
confirming increased lipid accumulation. Compared to the
arsenic-only group, toyocamycin co-treatment markedly re-
duced TG content and the extent of steatosis, and partially
restored their morphology (Figure 9D—G). These results
confirm that inhibition of XBP1s alleviates arsenic-induced
lipid accumulation in liver organoids, in line with our prior
evidence from animal and cellular models.

4. DISCUSSION

In 2023, three major international liver associations put forward
the proposal of substituting MASLD for nonalcoholic fatty liver
disease (NAFLD). Epidemiological evidence demonstrates
excellent congruence between NAFLD and MASLD definitions,
with more than 99% of individuals diagnosed with NAFLD meet
the diagnostic standards for MASLD.***” The onset and
progression of MASLD are driven by a complex interplay of
genetic, metabolic, lifestyle, and environmental factors.>® In
recent years, exposure to environmental pollutants has drawn
increasing concern as an exogenous risk factor for MASLD.
Endocrine-disrupting chemicals (EDCs), such as bisphenol A
and phthalates, contribute to hepatic steatosis and inflammation
through mechanisms involving oxidative stress and mitochon-
drial dysfunction.”®*” Our findings demonstrate that arsenic

disrupts hepatic lipid metabolism and induces lipid accumu-
lation in hepatocytes, observations that align with previous
studies establishing arsenic as an independent risk factor for
NAFLD.® Although evidence linking arsenic exposure to
MASLD is still emerging, our findings and other epidemiological
work point to environmental factors, with arsenic as a
contributor.

FASN is a multifunctional cytosolic enzyme that drives the
rate-limiting step in de novo lipogenesis.*’ It primarily utilizes
NADPH as a reducing equivalent to convert malonyl-CoA and
acetyl-CoA to palmitate.*’ Our proteomic analyses revealed the
upregulation of hepatic FASN in a chronic arsenic-exposure
mouse model, suggesting its importance in the pathogenesis of
arsenic-induced MASLD. FASN is regulated not only transcrip-
tionally by SREBP-1c but also post-translationally via mod-
ifications that alter its stability and activity.* O-GlcNAcylation
is involved in maintaining metabolic homeostasis, and its
dysregulation is associated with MASLD development.”"**
Notably, arsenic elevates global O-GlcNAcylation and impairs
insulin signaling via the AMPK/mTOR-autophagy pathway.**
Consistent with this, we found, through co-immunoprecipita-
tion and co-localization assays, that arsenic elevated O-
GlcNAcylation in hepatocytes and confirmed that FASN is an
O-GlcNAcylated target. MS identified Ser509 as a functional O-
GlcNAcylated site on FASN, and its mutation abolished arsenic-
induced lipid deposition. These results establish the essential
action of O-GlcNAcylation in regulating FASN function and
provide experimental evidence for understanding how environ-
mental arsenic exposure disrupts lipid metabolism on the
molecular level.

Metabolic reprogramming allows cells to adapt their
metabolic networks in response to environmental stress. Arsenic
exposure disrupts energy homeostasis and alters lipid and amino
acid metabolism.”'* The conversion of 2—5% of glucose to
UDP-GlcNAc via the HBP pathway is accomplished by the rate-
limiting enzyme GFPT1. Catalyzed by OGT and OGA, O-
GlcNAcéylation is a modification that requires UDP-GIcNAc as a
donor.'* Elevated O-GlcNAcylation has been linked to
diabetic retinopathy, and endothelial-specific OGT knockout
or inhibition ameliorates vascular dysfunction.”® We propose
that arsenic enhances O-GlcNAcylation by increasing substrate
supply via the HBP pathway, despite unaltered OGT/OGA
expression. This is likely accomplished by GFPT1, which
controls the flux-controlling step for UDP-GIcNAc synthesis in
the HBP, thereby driving substrate availability.

GFPT1 serves as the primary rate-limiting enzyme in the HBP
pathway, converting glutamine and fructose-6-phosphate into
glucosamine-6-phosphate. GFPT1 upregulation-mediated HBP
pathway activation and subsequent O-GlcNAcylation of the
transcription factor VEZF1 are instrumental in the malignant
progression of hepatocellular carcinoma.*” We demonstrated
that arsenic increased hepatic UDP-GIcNAc and GFPT1
expression, showing that the GFPT1-driven HBP flux underlies
arsenic-induced metabolic reprogramming. DON blocked
arsenic-induced GFPT1 expression and the ensuing O-
GlcNAcylation-dependent lipogenesis. Similarly, in mesenchy-
mal stem cells, a reduced HBP flux decreases UDP-GIcNAc
synthesis and modulates O-GIlcNAcylation of FOXO3 S§296 to
inhibit osteogenic differentiation.*® These findings establish that
UDP-GIcNAc, produced via the GFPT1-mediated HBP path-
way, acts as a biomarker of arsenic-induced metabolic disruption
and as a contributor to MASLD pathogenesis.

https://doi.org/10.1021/acs.jafc.6c00603
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c00603/suppl_file/jf6c00603_si_001.pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c00603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

Beyond nutrient levels, O-GlcNAcylation is responsive to
diverse cellular stresses, including hypoxia, heat shock, and
nutrient deprivation, although the underlying mechanisms
remain incompletely understood.”” The unfolded protein
response is a cellular pathway activated by accumulation of
misfolded proteins during stress, which maintains proteostasis.
The IREla branch, central to this process, orchestrates the
unconventional splicing of XBPIu (transcriptionally inert)
mRNA to produce transcriptionally active XBPIs.”" In the
present study, screening of the GFPT1 upstream promoter
identified potential XBP1s binding motifs. Combined dual-
luciferase reporter and ChIP assays established GFPT1 as a
direct transcriptional target of XBP1s, corroborating previous
findings.”" Furthermore, activation of the IRE1at/XBP1s axis by
arsenite in the vascular endothelium aligns with our observation
of its activation in arsenic-exposed liver tissues and hepato-
cytes.”> We established that XBP1 inhibition or knockdown
attenuates GFPT1-mediated UDP-GIcNAc synthesis and O-
GlcNAcylation, thus preventing arsenic-induced lipid accumu-
lation. Rescue experiments confirmed that GFPT1 acts
downstream of XBP1, as its overexpression compensated for
the loss of XBP1 in maintaining HBP flux and lipid homeostasis.
These results confirm that GFPT1 upregulation is not an
isolated event but a component of the adaptive metabolic
reprogramming mediated by XBP1s under arsenic exposure.

O-GlcNAcylation is a crucial nutrient-sensitive post-transla-
tional modification that regulates protein stability through both
the ubiquitin-proteasome pathway and the autophagy-lysosome
pathway.”> Within the ubiquitin-proteasome system, O-
GlcNAcylation stabilizes the transferrin receptor via inhibited
ubiquitination to promote iron accumulation and ferroptosis in
hepatocellular carcinoma, suggesting a new treatment strategy.>*
Site-specific O-GlcNAcylation promotes NAFLD progression
by stabilizing CD36 and blocking its ubiquitin-dependent
degradation.” O-GlcNAcylation of ENO1 S249 stabilizes
programmed death-ligand 1 (PD-L1) by blocking its STUBI1-
mediated ubiquitination and degradation, thereby upregulating
its expression and promoting PD-1/PD-L1-dependent immune
escape.’® Through the autophagy-lysosome pathway, O-
GlcNAcylation stabilizes GATA4 by blocking its p62-mediated
autophagic degradation, thereby promoting GATA4 accumu-
lation to drive the senescence-associated secretory phenotype
and to exacerbate osteoarthritis.’” Similarly, for multiple
myeloma, O-GlcNAcylation stabilizes CDC27, and the OGT
inhibitor OSMI-1 induces its degradation through the
autophagy-lysosome pathway.”® Our results demonstrate that
arsenic stabilizes FASN through S509 O-GlcNAcylation to
block ubiquitin-proteasome degradation, with the S509
mutation confirming this mechanism by enhancing the level of
ubiquitination and reducing protein stability. These results
elucidate the involvement of O-GlcNAcylation in regulating
FASN protein stability via the ubiquitin-proteasome pathway in
arsenic-induced hepatic lipid accumulation.

Liver organoids demonstrate significant advantages as
alternatives to traditional animal and human experiments.
Notably, 3D culture models are particularly promising because
of their superior physiological relevance and translational
potential. These models more accurately recapitulate liver tissue
heterogeneity, organotypic architecture, and metabolic func-
tions.”” They substantially reduce the reliance on live animal
studies while providing a reproducible and controllable in vitro
platform for human-specific research. Such advancements have
enabled robust disease modeling and drug screening in adult

liver organoids.”” Recent research utilizing a 3D murine liver
organoid platform has demonstrated its utility in studying lipid
metabolism and assessing metabolites of EDCs.’" In this study,
we established a liver organoid model and found that inhibition
of XBPIs significantly alleviated arsenic-induced steatosis,
suggesting XBP 1s as a potential therapeutic target for arsenic-
associated MASLD. This highlights the value of organoid
models in replacing complex in vivo experiments for mechanistic
investigations and target identification.

In addition to the XBP1s-GFPT1-FASN axis identified here,
hepatic lipid metabolism involves complex signaling networks.
Classically, SREBP-1c drives transcription of lipogenic genes,
including FASN in response to insulin and nutrient excess.
Our previous work demonstrated that arsenic activates SREBP-
1¢, which may contribute to increased FASN mRNA.*° As a key
energy sensor, AMPK negatively regulates fatty acid synthesis
via phosphorylation of acetyl-CoA carboxylase (ACC) or
inhibition of SREBP-1c activity,’>** and arsenic may suppress
AMPK signaling as reported for other models.”® At the catabolic
level, PPAR«a promotes fatty acid oxidation and counteracts lipid
accumulation.®® Although, in our study, arsenic did not alter
PPAR« protein levels, whether it affects PPAR«a transcriptional
activity requires further investigation. However, how arsenic
directly regulates FASN protein stability via post-translational
modifications remains unclear. The present study reveals that O-
GlcNAcylation at SS09 stabilizes FASN by blocking its
ubiquitin-proteasomal degradation. We propose that transcrip-
tional priming (SREBP-1c) and post-translational stabilization
(O-GlcNAcylation) act synergistically: the former initiates
FASN expression, and the latter amplifies and maintains
FASN protein levels under chronic arsenic exposure. This dual
regulation ensures robust de novo lipogenesis in arsenic-induced
MASLD.

Despite these findings, several questions remain regarding the
broader implications of this axis. First, the full impact of FASN
O-GlcNAcylation on lipid metabolism requires lipidomic
analysis to assess changes in fatty acid composition and lipid
class distribution. Moreover, although XBP1s is a transcriptional
regulator of GFPT], its broader target network involved in lipid
metabolism and stress responses remains unexplored. RNA-seq
and ChIP-seq would help identify additional XBP1s targets that
may cooperate in promoting hepatic lipid accumulation. Future
multiomics studies are needed to integrate this axis into the
broader metabolic regulatory network.

In summary, on the basis of evidence from in vivo and in vitro
models, the present study reveals the molecular mechanism
through which arsenic exposure promotes MASLD progression.
This work provides a theoretical foundation for targeting this
mechanism, thereby guiding future efforts to validate it in human
populations, identify biomarkers, and develop preventive
measures.
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