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LOX-1 rewires glutamine ammonia metabolism
to drive liver fibrosis
Ruihua Huang1, Hanyu Cui1, Mohammed Abdulaziz Yahya Ali Alshami1, Chuankui Fu1, Wei Jiang1,
Mingyuan Cai1, Shuhan Zhou1, Xiaoyun Zhu1,3,*, Changping Hu1,2,4,**
ABSTRACT

Objective: Liver fibrosis is a crucial condition for evaluating the prognosis of chronic liver disease. Lectin-1ike oxidized low density lipoprotein
receptor-1 (LOX-1) has been shown potential research value and therapeutic targeting possibilities in different fibrotic diseases. However, the role
of LOX-1 and the underlying mechanisms in liver fibrosis progression remain unclear.
Methods: LOX-1 expression was detected in liver tissues from patients and rodents with liver fibrosis. LOX-1 knockout rats were subjected to
CCl4 or methionine and choline-deficient diet (MCD) to induce liver fibrosis. Transcriptomic and metabolomics analysis were used to investigate
the involvement and mechanism of LOX-1 on liver fibrosis.
Results: We found that LOX-1 exacerbated liver fibrosis by promoting hepatic stellate cells (HSCs) activation. LOX-1 deletion reversed the
development of liver fibrosis. We further verified that LOX-1 drove liver fibrosis by reprogramming glutamine metabolism through mediating
isoform switching of glutaminase (GLS). Mechanistically, we revealed the crucial role of the LOX-1/OCT1/GLS1 axis in the pathogenesis of liver
fibrosis. Moreover, LOX-1 rewired ammonia metabolism by regulating glutamine metabolismeurea cycle to drive the progression of liver fibrosis.
Conclusions: Our findings uncover the pivotal role of LOX-1 in the progression of liver fibrosis, enrich the pathological significance of LOX-1
regulation of hepatic ammonia metabolism, and provide an insight into promising targets for the therapeutic strategy of liver fibrosis, demon-
strating the potential clinical value of targeting LOX-1 in antifibrotic therapy.

� 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION

In responce to various harmful stimuli, such as hepatotoxins, hepatitis
viruses, cholestasis, and nutritional or metabolic deficiencies, the liver
initiates a coordinated reparative response aimed at limiting damage
and restoring homeostasis [1,2]. This repair process typically begins
with a transient but pronounced infiltration of immune cells and sub-
sequent inflammation, which is followed by the activation and
migration of myofibroblasts, resulting in increased synthesis and
deposition of extracellular matrix (ECM) proteins [3e5]. Liver fibrosis,
characterized by excessive ECM, is a reversible wound-healing
response involving a range of cell types and mediators to encapsu-
late injury [6,7]. However, advanced fibrosis significantly contributes to
liver -related morbidity and mortality and is strongly associated with
progression to hepatocellular carcinoma (HCC) [8]. Although recent
therapeutic agents (e.g., Resmetirom) have shown promising clinical
efficacy in treating metabolic-dysfunction-associated steatohepatitis
(MASH)-associated fibrosis fibrosis [9], liver fibrosis arising from
diverse etiologies remain underdeveloped. Hepatic stellate cells (HSCs)
are the primary source of ECM-producing fibroblasts in models of toxic,
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cholestatic, and metabolic liver diseases, including metabolic-
dysfunction-associated steatosis liver disease (MASLD) [1,3]. HSCs
are located in the subendothelial space of Disse, interposed between
liver sinusoidal endothelial cells (LSECs) and hepatocytes [10]. Acti-
vation of HSCs into proliferating fibrillar myofibroblasts has been
demonstrated as a central driver of liver fibrosis in both experimental
and human liver injury [11]. During the regression of liver fibrosis, the
reduction of hepatic myofibroblasts can occur through apoptosis or
inactivation of activated HSCs [1]. Targeting the deactivation of HSCs
into a quiescent-like state presents a promising therapeutic approach
for fibrosis resolution [12].
In MASLD, disrupted hepatic cholesterol homeostasis leads to elevated
levels of hepatic cholesterol, exacerbating the progression of liver
injury [13]. Excessive free cholesterol also activates HSCs, indicating
that cholesterol plays a significant role in MASLD-associated fibro-
genesis [14,15]. Free cholesterol accumulation in HSCs is regulated by
the low-density lipoprotein receptor (LDLR) through feedback regula-
tion of cholesterol homeostasis [14,16]. Additionally, lectin-like
oxidized LDL receptor 1 (LOX-1), a scavenger receptor responsible
for the uptake of oxidatively modified LDL (oxLDL), promotes
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cholesterol accumulation and foam cell formation, exceeding the
function of LDLR [17,18]. Recent studies have demonstrated that LOX-
1 plays a critical role in lipid metabolism, oxidative stress and in-
flammatory responses during chronic liver disease, primarily through
its interaction with oxLDL, thereby exacerbating hepatic steatosis and
fibrogenesis [19e22]. Although LOX-1 has emerged as a promising
therapeutic target not only for atherosclerotic cardiovascular disease
but also for various fibrotic disorders [23e25], direct evidence eluci-
dating its precise role and mechanisms in liver fibrosis remains limited.
Thus, further investigations are required to clarify the mechanistic
involvement of LOX-1 in hepatic fibrosis progression.
In this study, we investigated the mechanism and translational po-
tential of LOX-1 in HSCs activation and liver fibrosis. Our data
demonstrated that LOX-1 operated as an essential driver for HSCs
activation and unveiled a potential novel target for the development of
broad-spectrum anti-fibrotic therapies.

2. MATERIALS AND METHODS

2.1. Human liver samples
Collection and use of human tissue were ethically approved by Xiangya
Hospital of Central South University (approval number: 202203718).
Liver biopsies were collected from patients with liver fibrosis. Written
informed consent was obtained from each patient. Normal people liver
samples were purchased from Bioaitech (Xi’an, China). Information
about the clinical liver samples was listed in Supplemental Table 1.

2.2. Tissue microarrays
Deidentified clinical tissue microarrays (TMAs) were purchased from
Bioaitech (Xi’an, China). Tissue array patients information was shown
in Supplementary Table 1.

2.3. Animal studies
Male SpragueeDawley rats (6e8 weeks) and C57B6/J mice (6e8
weeks) were housed in an air-conditioned room at 25 �C with 12-h
dark/light cycles. Wild type (WT) and LOX-1 knockout (Lox-1�/�)
rats were generated by Cyagen Biosciences (Suzhou, China), as pre-
viously described [26]. Rats received humane care with unlimited
access to a chow diet and water during the whole study. Animal
studies were approved by Institutional and Local Committee on the
Care and Use of Animals of Central South University (approval number:
CSU-2023-0115). All animals received humane care according to the
National Institutes of Health (USA) guidelines. We complied with the
principles of the 3Rs and respected the highest ethical and animal
welfare standards in carrying out the animal experiments.

2.3.1. Rat models of liver fibrosis
To induce toxic liver fibrosis, rats were injected intraperitioneally (i.p.)
with olive oil (n ¼ 5) or 1 ml/kg carbon tetrachloride (CCl4, 50% so-
lution in olive oil, n ¼ 8), twice a week for 6 weeks. Liver tissues were
harvested at 48 h after the last injection of olive oil or CCl4. To induce
dietary liver fibrosis, rats were fed methionine choline-supplement diet
(MCS, n ¼ 5) or high-fat (45%), methionine (0.1%) choline-deficient
diet (MCD) supplementing with 1% cholesterol (n ¼ 8) up to 16
weeks. Liver tissues were fixed in paraformaldehyde for histology, or
flash-frozen in liquid nitrogen and stored at �80 �C.

2.3.2. Mouse models of liver fibrosis
To induce toxic liver fibrosis, mice were injected intraperitioneally (i.p.)
with olive oil or 2.5 ml/kg CCl4 (10% solution in olive oil, n ¼ 6), three
times a week for 4 weeks. Liver tissues were harvested at 48 h after
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the last injection of olive oil or CCl4. To induce cholestatic liver fibrosis,
mice anesthetized with isoflurane through inhalation were subjected to
bile duct ligation (BDL). The common bile duct was ligated twice with
6.0 silk sutures and cut through between the ligations. Sham-operated
mice were subjected to laparotomy without BDL. The mice which
received BDL or sham operation were sacrificed 14 days later (n ¼ 6).
Liver tissues were fixed in paraformaldehyde for histology, or flash-
frozen in liquid nitrogen and stored at �80 �C.

2.4. Liver histological and immunohistological staining
Liver specimens were preserved in 4% paraformaldehyde and then
dehydrated in a graded alcohol series. One part of liver tissues was
embedded in paraffin blocks and cut into 4 mm sections. To examine
hepatic morphology and assess liver fibrosis, hematoxylineeosin (H&E),
Sirius red, and Masson’s trichrome staining were performed. Tissue
sections also were immunostained for LOX-1, a-SMA, F4/80, GLS1
and GLS2.
Ammonia staining was conducted as described previously [27]. Briefly,
4 mm paraffin embedded sections were dewaxed in xylene and hy-
drated through graded alcohols. Sections were washed in distilled
water and incubated for 5 min with Nessler’s reagent previously
filtered with a 0.45 mm membrane. The sections were then washed
briefly twice in distilled water, counterstained with haematoxylin,
washed with running tap water, dehydrated in graded alcohol and
mounted with DPX permanent mounting medium.
For Oil Red O staining, frozen liver sections were fixed in cold pro-
pylene glycol for 2 min and then incubated on slides in Oil Red O
solution for 8 min. Sections were differentiated in 85% propylene
glycol for 1 min, rinsed on slides with 2 changes of distilled water,
incubated in hematoxylin for 2 min and softly rinsed on slides in tap
water and 2 changes of distilled water. Sections were then cover-
slipped using an aqueous mounting medium. Images were visualized
and scanned.

2.5. Immunohistofluorescence
Immunofluorenscent staining was performed according to the previous
research [28]. For paraffin sections, deparaffination and rehydration
were performed. Then, paraffin sections and cell culture slides were
incubated by 5% BSA and incubated with mouse a-SMA and rabbit
LOX-1 antibodies overnight at 4 �C. After washing, the slides were
incubated for 2 h with Alexa Fluor 647 Donkey anti-Mouse IgG, Alexa
Fluor 488 Donkey anti-Rabbit IgG. DAPI (Thermofisher, P36966) was
used for nuclei staining. Immunofluorescent staining images were
obtained by Zeiss LSM800.

2.6. Quantitative RT-PCR
Total RNA was extracted from the liver tissues of the rats or LX-2 cells
using Tripure reagent (Roche Diagnostics, Indianapolis, IN) as
described by the manufacturer. cDNA synthesis was carried out with
HiScript� II Q Select RT SuperMix for qPCR (Vazyme). Quantitative PCR
was performed in biological triplicates using SYBR Green reagent
(Vazyme). The level of GAPDH RNA expression was used to normalize
the data. PCR primer sequences are listed in Supplementary Table 2. A
melting curve of each amplicon was determined to verify its specificity.

2.7. Western blotting
Proteins were extracted from the liver tissues or HSCs in the lysis
buffer consisting of protease inhibitor cocktail. The extracted proteins
were separated bypolyacrylamide SDS gel and electrophoretically
transferred onto polyvinylidene fluoride membranes. The membranes
were probed with the indicated antibodies over night at 4 �C.
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Membranes were then incubated with a horseradish peroxidase
coupled secondary antibody. Detection was performed using a
ChemiDoc XRSþ (Bio-Rad). The relative expressions were quantified
densitometrically using the Image Lab Works 4.0 software, and
calculated according to the reference bands of ani-b-actin. Antibodies
used in this study are listed in Supplementary Table 3.

2.8. Liver hydroxyproline content assay
Hydroxyproline (Hyp) content in livers was determined according to the
Hyp assay kit’s instruction manual. Hyp kit (A030-2-1) was purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The
data was expressed as Hyp (mg) per liver weight (mg).

2.9. Biochemical analysis
Aspartate aminotransferase (AST), alanine aminotransferase (ALT),
ammonia levels in plasma were enzymatically measured as recom-
mended by manufacturer’s instructions (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). Urea content in liver was determined
according to the manufacturer’s instructions (Beijing Solarbio Science
& Technology Co.,Ltd.).

2.10. Cell culture
LX-2 and HEK293T cells were purchased from the Cell Bank of Chinese
Academy of Sciences. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin antibiotics. LX-2 and HEK293T
cells were transfected with siRNA or plasmids using Lipofectamine
RNAiMax transfection reagent. Sequences of siRNA were listed in the
Supplementary Table 2. LOX-1-FLAG plasmids were constructed for
the overexpression of LOX-1.

2.11. Primary rat liver cells isolation and culture
Isolation of primary rat HSCs, hepatocytes, and Kupffer cells was con-
ducted as described previously [29]. Briefly, livers were digested with
retrograde stepwise perfusion with solutions containing pronase and
collagenase (Gibco, 17104019). The obtained cells were centrifuged at
50�g for 3 min, to eliminate the majority of hepatocytes. After hepa-
tocytes were pelleted, the non-parenchymal cells (NPC)-enriched pre-
cipitates were further centrifuged at 1350�g for 15 min. GBSS/B
solution containing 10% Nycodenz were added to the non-parenchymal
cells and centrifuged at 1500�g for 15 min to separate primary HSCs.
The above Nycodenz layer was aspirated, 50% Percoll was added and
centrifuged at 1500�g for 15 min to obtain primary Kupffer cells. Cells
were cultured in DMEM containing 10% FBS.

2.12. Cell viability assay
Cell viability was evaluated by CCK-8 assay (MCE, HY-K0301). Briefly,
LX-2 cells were transfected with control siRNA or LOX-1 siRNA and
plated in 96-well plates. At 24, 48, and 72 h, the CCK-8 solution was
incubated with cells at 37 �C for 4 h. The absorbance was measured at
450 nm.

2.13. Flow cytometry
LX-2 cells were transfected with control siRNA or LOX-1 siRNA for
48 h. Cells were harvested, and cell apoptosis was analyzed using
Annexin V-FITC/PI apoptosis detection kit (Yeason, 40302 ES) ac-
cording to the protocols.

2.14. RNA-seq and data analysis
Using Trizol reagent, total RNA was isolated from the liver tissues of
WT and Lox-1�/� rats injected by CCl4. The library was constructed
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and sequenced by Guangzhou Ribobio Co., LTD. The differential
expression analysis was performed using the DESeq2. |log2(Fold
Change)| of expressed genes >1 and P value <0.05 were considered
to be significantly different expressed genes. The RNA-seq data files
have been deposited to the Sequence Read Archive (SRA) database
under accession number PRJNA1093279.

2.15. Metabolomics analysis
Metabolites were detected by MetWare (http://www.metware.cn/)
based on the AB Sciex QTRAP 6500 LC-MS/MS platform.

2.16. Co-immunoprecipitation (Co-IP)
Co-immunoprecipitation (Co-IP) was performed as described previ-
ously [30]. LX-2 and HEK293T cells were transfected with empty
vector or LOX-1-FLAG plasmids for 48 h. Cells were lysed in WB/IP
lysis buffer (Yeasen, 20118ES60) containing protease inhibitor cocktail
(MCE, HY-K0010). The supernatant of cell lysates was precleared by
IP-grade antibodies against FLAG, LOX-1 or control IgG. After gentle
rocking at 4 �C for 2 h, Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, CA, USA) was added to the lysate/antibody mixture and
incubated with gentle agitation at 4 �C overnight. Then the immuno-
precipitates were collected by centrifugation and washed three times
with PBS, then boiled for 5 min with the same volume of 2� loading
buffer (Bio-Rad, 1610737). Proteins were resolved by 10% SDS-PAGE
and subjected to Western blotting. Representative blots were
presented.

2.17. Luciferase reporter assay
The full-length human Gls1 promoter (�2000 to 0 relative to the
transcription start site, 2001 base pairs total length) and four trun-
cations of the Gls1 promoter (divided into �2000 to �1501, �1500
to �1001, �1000 to �501, �500 to 0 relative to the transcription
start site, 500 base pairs total length each truncation) were cloned by
PCR amplification and incorporating restriction sites for KpnI and XhoI.
The promoters were then subcloned into the luciferase reporter vector
pGL4.17, generating the indicated luciferase reporter plasmids. The
luciferase reporter plasmids containing the promoter of human Gls1
gene were transfected into LX-2 and HEK293T cells. Cells were
cultured for additional 48 h before harvest and the luciferase activity
was measured using the Dual Luciferase Reporter Assay kit (Vazyme,
DL101) based on the instructions of the kit.

2.18. CUT&RUN qPCR
CUT&RUN qPCR was performed according to the manufacturer’s in-
structions (Vazyme, HD101). In brief, 5 million cells were per-
meabilized with 0.02% digitonin. Pellets were washed and incubated
with antibody buffer containing OCT1 antibody at room temperature for
2 h with rotation. Followed by washing, the pellets were incubated with
pA-MNase at 4 �C for 1 h. Targeting digestion was initiated by adding
100 mM CaCl2 to a final concentration of 2 mM. The digestion was
stopped by mixing in 2� STOP solution. Solubilized chromatin frag-
ments were released and purified for qPCR.

2.19. NH4Cl treatment
LX-2 cells were cultured with DMEM without serum and glutamine for
24 h. Then LX-2 cells were transfected with control siRNA or LOX-1
siRNA and simultaneously treated with NH4Cl for 48 h.

2.20. Statistical analysis
All analyses were performed using GraphPad Prism 10 software.
Statistical analyses were performed applying a two-tailed Student’s t-
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test or one-way ANOVA with Student-Newman-Keuls post hoc anal-
ysis, where indicated. Error bars in figures represent the standard
deviation. Animals were randomized into groups. Samples were ran-
domized for metabolomics analysis. The investigators were not blinded
to allocation during experiments.

3. RESULTS

3.1. LOX-1 may be an essential driver of liver fibrosis in both
humans and rodents
To evaluate the role of LOX-1 in the development of liver fibrosis, we
initially characterized LOX-1 expression in normal and fibrotic liver
specimens from the Gene Expression Omnibus (GEO) database. It was
found that hepatic LOX-1 mRNA expression was upregulated in pa-
tients with MASH as well as rats with cirrhosis (Figure 1A). Similarly,
elevated LOX-1 mRNA expression was observed in patients with
alcoholic fatty liver (Fig. S1a). To further investigate the relevance of
LOX-1 in human hepatic fibrosis, liver sections from human subjects
were examined. Compared to controls, patients with fibrotic livers
exhibited significantly higher LOX-1 protein expression (Fig. S1b,
Figure 1B), which was positively correlated with liver fibrosis stage and
a-SMA expression (Figure 1B). Meanwhile, we found that LOX-1
protein levels was positively correlated with human plasma AST and
ALT levels (Figure 1C). Consistent with these findings, LOX-1 mRNA
and protein expression was significantly increased in rat models of
liver fibrosis induced by CCl4 or methionine (1%) choline-deficient diet
(MCD) (Figure 1DeF), as well as in mice induced by CCl4 and BDL
(Fig. S1c). To determine the cellular distribution of LOX-1, LOX-1
expression was examined in cultured primary HSCs, hepatocytes, and
kupffer cells isolated from healthy rats. Results showed that LOX-1
was predominantly expressed in HSCs, even though the expression
of LOX-1 was also observed in hepatocytes and kupffer cells
(Figure 1G). Furthermore, liver immunofluorescence staining demon-
strated co-localization of LOX-1 with a-SMA-positive HSCs (Figure 1B
and Fig. S1d).
The above results collectively indicated that LOX-1 expression in the
liver was increased during the progression of liver fibrosis in both
humans and rodents. Considering LOX-1 was predominantly
expressed in HSCs, our study focused on the function of LOX-1 in HSCs
activation during liver fibrosis.

3.2. LOX-1 deficiency ameliorated chemical and diet-induced liver
fibrosis in rats
To further investigate the causal relationship between LOX-1 and liver
fibrosis, fibrogenesis was explored in Lox-1 knockout (Lox-1�/�) rats
subjected to CCl4 and MCD treatment. There was no significant dif-
ference in body weight gain between WT and LOX-1�/� rats subjected
to CCl4 and MCD treatment (Fig. S2a). WT and Lox-1�/� rats were
injected with CCl4 to induce liver fibrosis, and the ratio of liver weight/
body weight were recorded which showed no significant difference
between WT and Lox-1�/� rats (Figure 2A). Genetic deficiency of Lox-
1 effectively ameliorated CCl4-induced hepatic injury and inflammatory
cell infiltration, indicated by the plasma AST and ALT level and H&E
staining (Figure 2BeC). Masson’s trichrome and Sirius red staining, as
well as hydroxyproline content determination exhibited that injection of
CCl4 leading to collagen deposition were attenuated by Lox-1 deletion
(Figure 2CeD). Complementally, the expression of a-SMA, a marker of
activated HSCs and liver fibrosis, was decreased in conjunction with
Lox-1 knockout (Figure 2A). Concordant with the histological reversal
of fibrosis, Lox-1 countered the upregulation of fibrosis-related gene
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signatures caused by CCl4, such as Acta2, Col1a1, Timp1, Tgf-b1,
Pdgf-A (Figure 2F).
For another thing, WT rats fed a MCD diet for 16 weeks exhibited
higher liver weight-to-body weight ratios, although this increase was
not significantly reduced in Lox-1�/� rats (Figure 3A). Consistent with
CCl4 models, LOX-1 deficiency recovered plasma levels of AST and
ALT induced by MCD diet (Figure 3B). H&E and oil red O staining
revealed severe hepatic steatosis in WT rats under the MCD diet
feeding condition, and less lipid droplets were seen in Lox-1�/� rats
(Figure 3C). In addition, WT rats fed the MCD diet displayed severe
fibrosis phenotypes, as revealed by larger Masson’s and Sirius red
staining positive areas, along with higher hydroxyproline levels, which
was reversed in Lox-1�/� rats (Figure 3CeD). Hepatic fibrogenesis, as
indicated by increased a-SMA levels and profibrotic gene expression in
WT rats fed the MCD diet, was significantly attenuated in Lox-1�/� rats
(Figure 3EeF).
Considering that hepatic fibrosis results from sustained chronic
inflammation [4], we analyzed inflammatory markers in livers obtained
from CCl4 and MCD induced fibrotic rat models by performing IHC
staining for the inflammatory marker F4/80 and assessing hepatic
mRNA expression levels of pro-inflammatory cytokines TNFa, and IL-
6. As anticipated, hepatic expression of Tnfa, Il-6 and F4/80 was
increased in both fibrotic models. Notably, LOX-1 genetic knockout
attenuated these inflammatory responses in the liver (Figs. S2bec).
Overall, these findings revealed that genetic deletion of LOX-1 allevi-
ated liver fibrosis.

3.3. LOX-1 was required for the fibrogenic activation in HSCs
As mentioned above, LOX-1 expression was predominantly observed
in HSCs. Activated HSCs are the key source of excess extracellular
matrix exacerbating liver fibrosis [12]. To investigate whether LOX-1
regulates HSCs activation during liver fibrosis, we examined the
gradual increased expression of LOX-1 with the extending of incuba-
tion time in activated WT HSCs, which correlated positively with a-SMA
expression (Figure 4A,B). As expected, we observed that LOX-1
expression was mostly colocalized with a-SMA-expressing myofibro-
blasts in activated HSCs (Figure 4B). We further evaluated the trans-
differentiation of primary HSCs isolated from Lox-1�/� rats compared
to those isolated from WT rats. HSCs from Lox-1�/� rats showed
decreased expression of myofibroblast marker protein a-SMA, exhib-
iting a less efficient pattern of transdifferentiation into myofibroblasts
compared with WT HSCs (Figure 4C,D). In addition, we used LOX-1
siRNA to knock down Lox-1 expression in the immortalized human
HSCs strain LX-2. Similarly, LOX-1 knockdown resulted in decreased
a-SMA and COL1A1 protein expression (Figure 4E). Besides, we
observed that the fluorescence intensity of a-SMA was diminished
with LOX-1 knockdown (Figure 4F). Reduced expression of the profi-
brotic genes in Lox-1�/� LX-2 cells also suggested the effect of LOX-1
knockdown on suppressing HSCs activation (Figure 4G). To further
confirm whether LOX-1 knockdown effectively reverse HSC activation,
we transfected primary cultured HSCs derived from WT rats with LOX-
1 siRNA. As anticipated, LOX-1 silencing inhibited primary HSC acti-
vation (Fig. S3a). Moreover, LOX-1 silencing inhibited TGF-b1 induced
activation of LX-2 cells (Fig. S3b). To corroborate these findings, we
utilized BI-0115, a selective LOX-1inhibitor, to treat LX-2 cells as well
as primary cultured HSCs (Fig. S3c). Collectively, these experiments
provided robust evidence that genetic silencing or pharmacological
inhibition of LOX-1 effectively attenuated HSC activation, thereby
reinforcing LOX-1 as a promising therapeutic target for liver fibrosis.
Additionally, CCK-8 assays examined disrupted proliferation and flow
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1: LOX-1 may be an essential driver of MASLD in both humans and rodents. A, Box plots of relative Lox-1 mRNA levels in GSE151158, GSE1843 datasets. B, Double
immunofluorescence staining for LOX-1 (red) and a-SMA (green) in normal and fibrotic human livers (10 normal and 100 fibrotic liver tissue spots). Scale bars, 50 mm. Correlation
analysis of LOX-1 expression with Ishak fibrosis staging scores. The positive correlation of LOX-1 with a-SMA in patients with fibrosis from tissue arrays. C, Correlation analysis of
LOX-1 expression with AST levels (left) and ALT levels (right) of human specimen. D, Gene expression of Lox-1 in WT rat liver tissues. E, Representative images of LOX-1 IHC in WT
rat liver tissues (left). Scale bars, 50 mm. Quantitative analysis of LOX-1 IHC (right). F, Immunoblot and quantitative analysis of LOX-1 in WT rat liver tissues. G, Immunoblot of LOX-
1, ALBUMIN (biomarker of hepatocytes), a-SMA (biomarker of HSCs), F4/80 (biomarker of Kupffer cells) on primary HSCs, hepatocytes and Kupffer cells from WT rats. Data are
presented as mean � s.d. P value were calculated using a two-tailed Student’s t-test (A, D, E and F); *P < 0.05; **P < 0.01; ***P < 0.001. (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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Figure 2: LOX-1 deficiency inhibited CCl4-induced liver fibrosis in rats. A-I, Rats were injected intraperitoneally of olive oil or CCl4 at the dose of 2 ml/kg twice a week for 6
weeks (n ¼ 5 for each group of rats treated with olive oil; n ¼ 8 for each group of rats treated with CCl4). Liver and plasma were collected for subsequent experiments. A,
Schematic of Oil/CCl4-injected WT rats and Lox-1

�/� rats (left). Liver/body weight of rats (right). B, Plasma AST and ALT levels. C, Representative images and quantification of H&E,
Masson’s trichrome, Sirius red staining and a-SMA IHC of liver sections. Arrows indicated the fibrotic areas. Scale bars, 100 mm. D, Liver hydroxylproline levels. E, Immunoblots
and quantification for a-SMA in liver tissues. F, mRNA levels of genes related to liver fibrosis. Data are presented as mean � s.d. P values were calculated using one-way ANOVA
with Student-Newman-Keuls post hoc analysis (A-F); *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3: LOX-1 deficiency inhibited MCD-induced liver fibrosis in rats. A-J, Rats were fed with MCS/MCD diet every day for 16 weeks (n ¼ 5 for each group of rats fed with
MCS; n ¼ 8 for each group of rats fed with MCD). Liver and plasma were collected for subsequent experiments. A, Schematic of MCS/MCD-fed WT rats and Lox-1�/� rats (left).
Liver/body weight of rats (right). B, Plasma AST and Plasma ALT levels. C, Representative images and quantification of H&E, Oil Red O, Masson’s trichrome, Sirius red staining and
a-SMA IHC of liver sections. Arrows indicated the fibrotic areas. Scale bars, 100 mm. D, Liver hydroxylproline levels. E, Immunoblots and quantification for a-SMA in liver tissues.
F, mRNA levels of genes related to liver fibrosis. Data are presented as mean � s.d. P values were calculated using one-way ANOVA with Student-Newman-Keuls post hoc analysis
(A-F); *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4: LOX-1 was required for the fibrogenic activation in HSCs. A, Immunoblots and quantification for LOX-1 and a-SMA in cultured primary HSCs from WT rats without
treatment at the indicated times. B, Double immunofluorescence staining for LOX-1 (green) and a-SMA (red) in cultured primary HSCs from WT rats (top). Scale bars, 20 mm.
Intensity of LOX-1 (green) and a-SMA (red) staining (below). C, Immunoblots and quantification for LOX-1 and a-SMA in cultured HSCs from WT and Lox-1�/� rats (9 days). D,
Double immunofluorescence staining for LOX-1 and a-SMA in cultured HSCs from WT and Lox-1�/� rats (9 days). Scale bars, 20 mm. E, Immunoblotting assays of LOX-1, a-SMA
and collagen I in LX-2 cells transfected with control or LOX-1 siRNA. F, Double immunofluorescence staining for LOX-1 (green) and a-SMA (red) in LX-2 cells transfected with
control or LOX-1 siRNA (left). Scale bars, 50 mm. Fluorescence images on the left were subjected to colocalization analyses using the Coloc2 plugin in Image J (right). The pixel
intensity correlation of channels 1 and 2 over space was depicted as a 2D scatterplot. Pearson correlation analysis and Mander’s overlap coefficient were used to test the
significance of correlation and were judged positively correlated when >0.5. G, Profibrotic genes expression was examined by qPCR in LX-2 cells transfected with control or LOX-1
siRNA. Data are presented as mean � s.d. P values were calculated using a two-tailed Student’s t-test (c, e and g); *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5: LOX-1 reprogrammed glutamine metabolism to promote liver fibrosis in rats. A-C, Liver tissues harvested from CCl4-induced WT and Lox-1�/� rats. RNA-
sequencing was performed as described in Methods. A, Volcano plot of DEGs. The up-regulated DEGs (red) and down-regulated DEGs (blue) were labeled. B, Chord diagram
showing GO-enriched items of DEGs. C, Enrichment of pathways related to glutamine metabolism, as analyzed by GSEA of RNA-seq data. D-E, LX-2 cells were transfected with
control or LOX-1 siRNA for 48 h. D, mRNA levels of Gls1 and Gls2. E, Protein levels of GLS1 and GLS2. F-I, Liver tissues harvested from MCD and CCl4-induced WT and Lox-1

�/�

rats. F, mRNA levels of Gls1 and Gls2. G-H, Protein levels of GLS1 and GLS2. I, Representative images and quantification of GLS1 and GLS2 IHC. Scale bars, 20e50 mm. Data are
presented as mean � s.d. P values were calculated using a two-tailed Student’s t-test (D and E) or one-way ANOVA with Student-Newman-Keuls post hoc analysis (F, H, G and I);
*P < 0.05; **P < 0.01; ***P < 0.001.
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cytometry analysis demonstrated a marginal increase in apoptosis in
LX-2 cells upon LOX-1 depletion (Figs. S3dee). Conversely, over-
expression of LOX-1 using LOX-1-FLAG plasmids, as well as stim-
ulaton of endogenous LOX-1 expression by oxLDL, exacerbated HSCs
activation, as evidenced by increased expression of profibrogenic
genes (Figs. S4aec). Collectively, these findings suggested that LOX-1
may play an integral role in HSCs transdifferentiation.

3.4. LOX-1 rewired glutamine metabolism to drive liver fibrosis in
rats
To investigate the transcriptional mechanism which LOX-1 may pro-
gramme HSCs activation and liver fibrosis, we conducted RNA-
sequencing analysis on liver samples obtained from WT and Lox-1�/

� rats treated with CCl4. The genetic ablation of LOX-1 had a profound
impact on the rat liver transcriptome associated with liver fibrosis
(Fig. S5a). Furthermore, Gene ontology (GO) analysis revealed that
LOX-1 deficiency primarily affected genes related to pathways asso-
ciated with amino acid metabolism, particularly the metabolic process
of glutamine family amino acid (including glutamine, glutamate,
alanine, aspartate, asparagine, histidine, ornithine and lysine)
(Figure 5B). Additionally, we employed gene set enrichment analysis
(GSEA) to identify the key genes involved in glutamine-ammonia
related metabolism pathways and found that the genetic deletion of
LOX-1 increased the occurrence of glutamine-ammonia metabolic
routes in CCl4-induced liver fibrosis (Figure 5C).
To elucidate the mechanism that LOX-1 influenced the shift in gluta-
mine nitrogen metabolism to contribute to the progression of liver
fibrosis, we focused on the genes involving in glutamine-ammonia
metabolism. Among these genes, Glutaminase (GLS) 1 and GLS2
showed the most significant alteration (Fig. S5b). Consistent with
previous researches [31,32], analysis of fibrotic human liver speci-
mens indicated an elevated expression of GLS1 and decreased
expression of GLS2 compared to healthy controls (Fig. S5c). GLS, an
enzyme responsible for the initial step of glutamine metabolism by
converting glutamine to glutamate and ammonia, consists of two
forms: GLS1 and GLS2 [33]. GLS has been identified as a critical
metabolic enzyme involved in chronic liver injury and fibrosis [34].
Consequently, we investigated the influence of LOX-1 on glutamine
metabolism by assessing the expression of GLS1 and GLS2 in acti-
vated HSCs and fibrotic livers. The data revealed that the knockdown of
LOX-1 in LX-2 cells resulted in decreased GLS1 expression and
increased GLS2 expression (Figure 5DeE). Additionally, the over-
expression of LOX-1 in LX-2 cells led to an increase in GLS1 levels and
a decrease in GLS2 levels (Figs. S5dee). Corresponding with the re-
sults in LX-2 cells, fibrotic liver induced by CCl4 and MCD showed
higher expression of GLS1 and lower expression of GLS2 compared to
control groups, while LOX-1 ablation reversed these trends
(Figure 5FeI, Fig. S5f). Further, we performed immunoblotting ana-
lyses to evaluate the expression of two GLS1 isoforms (GAC and KGA)
in liver tissues from rats subjected to CCl4 and MCD induced fibrosis.
Consistent with previous reports, our results demonstrated significant
upregulation of both GAC and KGA isoforms in fibrotic livers. Impor-
tantly, LOX-1 deficiency markedly attenuated the increased expression
of these GLS1 isoforms in both fibrotic models (Fig. S5g).
In order to further elucidate the impact of glutamine catabolism on
HSCs activation, we examined the mRNA expression of profibrogenic
genes upon knocking down GLS1 or GLS2 (Figs. S6aeb). The defi-
ciency of GLS1 diminished HSCs activation, while GLS2 expression
was elevated. Importantly, the deficiency of GLS2 exacerbated HSCs
activation without affecting GLS1 expression. To investigate the
functional relevance of GLS1-mediated glutaminolysis in HSCs
10 MOLECULAR METABOLISM 96 (2025) 102132 � 2025 The Author(s). Published by Elsevier GmbH
activation, we treated LX-2 cells with BPTES (Bis-2-(5-
phenylacetamido-1,3,4-thiadiazol-2-yl) ethylsulfide), a specific inhibi-
tor of GLS1. Simultaneously, we overexpressed LOX-1 and observed
that GLS1 inhibition overcame the promoting effect of LOX-1 over-
expression on HSCs activation (Fig. S6c).
Overall, these findings indicated that targeting LOX-1 may alleviate
HSCs activation and liver fibrosis by reprogramming glutamine-
ammonia metabolism.

3.5. LOX-1 promoted GLS1-mediated glutaminolysis via OCT1
The above results have indicated that LOX-1 reprogrammed glutamine
metabolism to promote HSCs activation, and the use of GLS1 inhibitor
BPTES reversed HSCs activation stimulated by LOX-1 overexpression.
Accordingly, we further investigated the molecular mechanism of LOX-
1 regulation of GLS1. As reported in previous researches [35,36], it has
been corroborated that a positive feedback loop further upregulated
octamer-binding transcription factor (OCT1, encoded by Pou2f1)
expression in an oxLDL/LOX-1-dependent manner. Consistent with
previous studies, we confirmed that stimulation of LOX-1 with oxLDL
led to an increase in Pou2f1 expression in LX-2 cells (Fig. S7a).
Interestingly, we observed a downregulation of Pou2f1 mRNA
expression upon repression of LOX-1 in LX-2 cells, but not in 293T
cells (Fig. S7b). We speculated that the interaction of LOX-1 with OCT1
could only be triggered on account of the self-activation mechanism of
hepatic stellate cells. Furthermore, utilizing co-immunoprecipitation
(Co-IP) experiments, we verified the interaction between LOX-1 and
OCT1 in LX-2 and 293T cells, which was enhanced by LOX-1 over-
expression (Figure 6A,B). Similarly, in fibrotic rat livers triggered by
CCl4 and MCD treatment, genetic ablation of LOX-1 resulted in a
decrease in OCT1 protein expression (Fig. S7c). Utilizing JASPAR
predictions, we identified several potential OCT1 binding sites in the
promoter region of GLS1 (Figure 6C). To elucidate the regulatory
mechanism of LOX-1 on GLS1 expression in the context of liver
fibrosis, we investigated whether OCT1 functioned as a modulator of
GLS1. CUT&RUN qPCR experiments corroborated the binding of OCT1
to the GLS1 promoter in LX-2 and 293T cells, and knockdown of LOX-1
significantly dampened GLS1 expression (Figure 6D). To further
delineate the regulatory domain of OCT1, we cloned the full-length
region and four truncations of the GLS1 promoter regions into the
pG4.17 basic vector for luciferase reporter assay. We found that LOX-1
knockdown inhibited the transcription of GLS1 via OCT1 (Figure 6E),
accordingly, overexpression of LOX-1 induced the activation of the full
GLS1 promoter (Fig. S7d). Furthermore, it was observed that LOX-1
knockdown differentially inhibited truncated plasmid luciferase activ-
ity, and a binding motif located between �2000 and �1500 was of
greatest relevance to OCT1 transcriptional activation of GLS1
(Figure 6F,G). To further substantiate the involvement of LOX-1/GLS1/
OTC1 axis in HSC activation, we transfected LX-2 cells with Pou2f1
siRNA. Pou2f1 knockdown decreased expression Lox-1, Gls1 and
Acta2, Col1a1 mRNA expression (Fig. S7e). Moreover, simultaneous
Pou2f1 silencing attenuated the increased mRNA levels of Lox-1, Gls1
and Acta2, Col1a1 induced by LOX-1overexpression (Fig. S7f). Overall,
our findings highlighted the activation of the LOX-1/OCT1/GLS1 axis in
HSCs activation and liver fibrogenesis.

3.6. LOX-1 rewired urea cycle/ammonia metabolism to drive liver
fibrosis in rats
GLS1, the first enzyme in the glutaminolysis pathway, converts
glutamine to glutamate and ammonia [33]. As a by-product of gluta-
mine metabolism, ammonia is considered a toxic substance that must
be exported from cells and eliminated through urea cycle activity in the
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 6: LOX-1 promoted liver fibrosis via OCT1/GLS1 axis. A, Co-immunoprecipitation assays of interaction between LOX-1 and OCT-1 in LX-2 cells (left) and HEK293T cells
(right) without treatment. B, Co-immunoprecipitation assays of interaction between LOX-1 and OCT-1 in LX-2 cells (left) and HEK293T cells (right) transfected with indicated
plasmids. C, GLS1 binding motif (JASPAR, https://jaspar.elixir.no/; MA0785.2). D, CUT&RUN-qPCR analysis of GLS1 enrichment on Oct1 in LX-2 cells (left) and HEK293T cells (right)
transfected with control siRNA or LOX-1 siRNA. E, GLS1 full length promoter-luciferase constructs were transfected into LX-2 cells (left) or HEK29T cells (right) followed by
transfection with control siRNA or LOX-1 siRNA. Luciferase activities were examined. F-G, GLS1 promoter-luciferase constructs of different lengths were transfected into LX-2 cells
(left) or HEK29T cells (right) followed by transfection with control siRNA or LOX-1 siRNA. Luciferase activities were examined. Data are presented as mean � s.d. P values were
calculated using one-way ANOVA with Student-Newman-Keuls post hoc analysis (D) or a two-tailed Student’s t-test (E, F and G); *P < 0.05; **P < 0.01; ***P < 0.001.
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liver [37]. The urea cycle enzymes, such as ornithine trans-
carbamoylase (OTC), carbamoylphosphate synthetase-1 (CPS1), argi-
ninosuccinate synthetase (ASS1), arginase 1 (ARG1), argininosuccinate
lyase (ASL), are responsible for the disposing of 85%e95% of nitrogen
waste as urea in the urine [38]. It has been documented that hyper-
ammonemia induces HSCs activation, and reducing ammonia con-
centration alleviates this activation [27,39]. RNA-seq analysis has
provided evidence that genetic LOX-1 deficiency altered the mRNA
expression of urea cycle enzymes (OTC, CPS1, ASS1) in fibrotic livers,
leading to the question whether LOX-1 exacerbates ammonia distur-
bance by rewiring the urea cycle (Figure 5B). qPCR analyses confirmed
a decrease of OTC, CPS1, ASS1 and ARG1 expression in MCD-induced
fibrotic livers, which was abrogated by LOX-1 ablation (Figure 7A).
Similarly, OTC, CPS1, ASS1, ARG1 and ASL mRNA expression were
downregulated in the CCl4 model, while significant enhancement of
OTC, CPS1 and ASS1 expression was observed in Lox-1�/� rats
(Fig. S8a). In addition, MCD and CCl4 led to increased ammonia levels
in the liver and plasma of rats, while LOX-1 deficiency reduced
ammonia accumulation (Figure 7B,C, Fig. S8b). In line with the in vivo
results, the deletion of LOX-1 also resulted in a decrease in ammonia
levels in activated HSCs (Fig. S8c). Glutamine serves not only as a
detoxification product, but also as a means of storing and trans-
portation ammonia [33]. A reduction in ammonia levels was observed
in GLS1 knockdown LX-2 cells, but not in GLS2 knockdown LX-2 cells
(Fig. S8d). Additionally, BPTES also prevented the accumulation of
ammonia caused by LOX-1 overexpression (Fig. S8e). Moreover, we
found that inhibiting GLS1 by using BPTES had a significant impact on
the expression of urea cycle enzymes (OTC, CPS1) induced by LOX-1
overexpression in LX-2 cells (Fig. S8f). To further explicit the effect of
LOX-1 genetic deficiency on glutamine-ammonia metabolism, targeted
metabolomics was applied in quantitative analysis of related metab-
olites. In MCD-induced fibrotic livers, we observed an accumulation of
glutamine, citrulline, argininossuccinate and arginine along with a
decrease in glutamate levels in Lox-1�/� rats, suggesting an
increased flux of metabolic recycling of ammonia through glutaminase
and urea cycle enzymes (Figure 7D). Besides, MCD feeding and CCl4
elicited decreased urea levels in the liver tissues, which was elevated
by LOX-1 deletion (Figure 7E, Fig. S8g). Since urea cycle enzymes
renderes hepatocytes with the ability to achieve the detoxification of
ammonia in the form of urea [40], LX-2 cells were treated with NH4Cl
stimulation to simulate a hyperammonia environment in the liver
caused by disrupted urea cycle. We found that addition of ammonia
exacerbated HSCs activation and disrupted ureagenesis through
related metabolic enzymes, but these effects were mitigated in the
knockdown of LOX-1 (Figure 7FeG).
Collectively, these findings suggest that LOX-1 contributes to the
dysregulation of ammonia homeostasis observed during liver fibrosis.
Previous studies have demonstrated that GLS fuels the TCA cycle
through glutamine-derived a-ketoglutarate (a-KG), thereby supporting
cellular bioenergetics and biosynthetic requirements essential for HSC
activation and proliferation [41,42]. To investigate the role of LOX-1 in
regulating the glutamine-TCA metabolic network, we supplemented
LX-2 cells with DM a-KG (an exogenous form of a-KG) following LOX-1
knockdown or GLS1 inhibition. Our results suggested that supple-
mentation with LX-2 cells with DM a-KG partially rescued the inhibitory
effects on HSC activation caused by either LOX-1 knockdow nor GLS1
inhibition alone (Figs. S9aeb). However, simultaneous LOX-1 knock-
down and inhibition of GLS1 significantly dimished the rescuing effect
of a-KG supplementation (Fig. S9c). These data suggested that LOX-1
potentially enhanced glutaminolysis to sustain TCA cycle flux, and to
facilitate HSC activation.
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In summary, our results demonstrate that LOX-1 reprograms gluta-
mine metabolism and disrupted urea cycle, leading to elevated
ammonia levels, which collectively promote HSC activation and liver
fibrosis progression.

4. DISCUSSION

Regardless of aetiology, ECM-producing myofibroblasts are the chief
effector cell type contributing to liver fibrosis [1,7]. The goal of this
study was to investigate the contribution of LOX-1 to HSCs activation in
the progression of liver fibrosis, which has not been previously
described. Here, we uncovered a metabolic network through which
LOX-1 dysregulated ammonia homeostasis via glutaminolysis and urea
cycle during HSCs activation and liver fibrogenesis.
Firstly, we observed a positive correlation between the progression of
liver fibrosis and the increase in hepatic LOX-1 expression in both
rodents and human patients. Following liver injury, quiescent HSCs
undergo activation and transition into a-SMA-positive myofibroblasts,
which are the primary source of ECM in fibrotic livers [1,3]. Further-
more, we examined that LOX-1 was predominantly expressed in HSCs,
suggesting that LOX-1 may enhance hepatic fibrogenesis via HSCs-
myofibroblast transition. Our data exhibited that rats with global ge-
netic LOX-1 deletion were refractory to hepatic fibrosis. Growing evi-
dence portrays a positive association between hepatic free cholesterol
levels and the severity of liver histopathology during the transition from
MAFL to MASH [43,44]. LOX-1, one of the scavenger receptors for
oxLDL, plays a crucial role in the uptake of oxLDL by cells [17,45]. As
previously reported, cholesterol accumulation and subsequent foam
cell formation in macrophages occures via the scavenger receptor
LOX-1, which is up-regulated by oxLDL [18,46,47]. In this setting, we
proved that LOX-1 knockout reduced lipid deposition in the fibrotic
livers induced by MCD, suggesting that LOX-1 caused hepatic
cholesterol accumulation through disruption of cholesterol homeo-
stasis in the pathophysiology of liver fibrogenesis. Subsequently, by
means of genetically perturbing LOX-1 in primary HSCs and LX-2 cells,
we further validated LOX-1 as a novel target to reverse HSCs-
myofibroblast transition. The involvement of LOX-1 in HSCs activa-
tion is possibly exacerbated by the high-cholesterol environment,
derived from endocytosis of oxLDL by LOX-1. Free cholesterol accu-
mulation in HSCs is increased and further sensitized HSCs to TGF-b1-
induced activation in a vicious cycle, leading to exaggerated liver
fibrosis [14].
Accumulating evidence supports the crucial role of glutamine meta-
bolism in the pathogenesis of HSCs activation and liver fibrosis
[32,48,49]. Attention is drawn to the fact that a metabolic switch from
the low-activity GLS2 isoform to the high-activity GLS1 isoform has
been observed in end stages of chronic liver disease [34,41,50]. In
the present study, transcriptome profiling showed that LOX-1
knockout decreased GLS1 expression and increased GLS2 expres-
sion in CCl4-induced fibrotic livers. As supporting evidence, further
results indicated that LOX-1 deficiency suppressed HSCs activation
and ameliorated liver fibrosis by reversing the metabolic switch of
GLS2 to GLS1. The altered glutaminases in fibrotic livers are likely a
direct consequence of metabolic disorder [50], whereas compensa-
tory metabolic networks are activated in the absence of LOX-1 when
glutamine metabolism is perturbed. The rationale for how LOX-1
deficiency stimulates this compensatory mechanism remains to be
explored intensively.
Our further bioinformatics analysis of transcriptomics implicated GLS1
as a novel target of LOX-1. Dysfunctional synthesis and secretion of
VLDL are hallmarks of MASH [51]. Research evidence is available to
. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 7: LOX-1 dysregulated nitrogen homeostasis by rewiring urea cycle. A-E, Liver tissues and plasma were harvested from MCD-induced WT and Lox-1�/� rats. A,
Hepatic gene expression of urea cycle enzymes. B, Nessler’s staining indicating ammonia levels in liver sections. Scale bars, 50 mm. C, Ammonia levels in plasma. D, Abundance
of metabolites. E, Urea levels in liver sections. F-G, LX-2 cells were transfected with control or LOX-1 siRNA and stimulated with NH4Cl (4 mM) for 24 h in the presence of glucose
(glc). F, mRNA levels of fibrogenic genes, glutaminase, urea cycle enzymes. G, Ammonia levels in the supernatant. Data are presented as mean � s.d. P values were calculated
using one-way ANOVA with Student-Newman-Keuls post hoc analysis (A-C, E-G) or a two-tailed Student’s t-test (D); *P < 0.05; **P < 0.01; ***P < 0.001.
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show that targeting hepatic GLS1 ameliorates MASH by restoring
VLDL-TG assembly, suggesting that GLS1 mediates cholesterol efflux,
facilitating the progression of MASLD [32]. Our data provided direct
evidence supporting the role of LOX-1 in modulating HSCs activation
through targeting GLS1, indicating that mutual crosstalk of cholesterol
and glutamine metabolism might form a feedback loop engaged in the
pathophysiology of liver fibrogenesis. This is consistent with previous
findings detailing the involvement of aberrant GLS1-mediated gluta-
minolysis in HSCs-myofibroblast transition [41]. Our study provided
insight into the potential mechanism of LOX-1 in regulating GLS1.
Previous researches has provided proof that oxLDL treatment activates
the LOX-1/OCT1 signaling pathway in atherosclerosis-related cardio-
vascular diseases, leading to upregulation of OCT1 levels through
oxLDL/LOX-1 binding [30,35,36,52]. Recent work has also demon-
strated that OCT1-LOX-1 axis plays a critical role in foam cell formation
and cholesterol metabolism [30]. In this regard, our study showed the
enhanced interaction of LOX-1 and OCT1 in activated HSCs and fibrotic
liver. On the basis of the predicted data from the JASPAR database, we
further visualized the transcriptional regulation of the GLS1 promotor
by OCT1, which was disrupted in the absence of LOX-1. It’s worth
noting that this regulatory effect was more evident in the activated
HSCs, implying that the LOX-1/OCT1/GLS1 axis held promise as a
viable therapeutic approach of liver fibrosis.
Cellular metabolism fuels the bioenergetic and biosynthetic needs of
HSCs and paves the way for their activation [10]. In glutamine
catabolism, cells are required to properly dispose of the accompanying
“by-products” - ammonia, which has been proved to affect HSCs
behavior leading to their activation as well as functional and
morphological disturbances [39]. The urea cycle is the predominant
scavenging metabolic pathway for ammonia [38]. In a rodent model of
MASLD induced by a high-fat high-cholesterol diet, a progressive step-
wise reduction in the expression and activity of urea cycle enzymes has
been observed, resulting in hyperammonemia, evidence of HSCs
activation, and progressive fibrosis [27]. Our study verified that rats
with steatosis-induced hepatic fibrosis exhibited elevated ammonia
levels in both plasma and liver. The cell experiments also demon-
strated that a hyperammonia environment triggered HSCs activation
while causing diminished expression of urea cycle enzymes, resulting
in changes in pertinent metabolites. Since metabolites are involved in
different metabolic pathways and have diverse metabolic fates, co-
ordinated metabolism among them is essential for maintaining
metabolic homeostasis within cells. Once the changed microenviron-
ment disturbs the balance, a new coordinated metabolism needs to be
reestablished. Here, we uncovered that LOX-1 deficiency restored
nitrogen homeostasis in vivo by inhibiting glutaminolysis and pro-
moting the urea cycle for ammonia clearance, leading to the sup-
pression of HSCs activation and liver fibrogenesis, which is in
consonance with prior discoveries [27,53]. Moreover, a recent study
has demonstrated that glutamine/ammonia activates lipogenesis in
various cancers [54]. Consistently, rerouting amino acid catabolism
improves hepatic steatosis, especially glutamine-derived carbons
readily fuel fatty acid synthesis in MASLD [55], which promotes the
possibility that ammonia and cholesterol metabolism have a mutual
influence on each other. In conjunction with our findings, it seems
reasonable to think that LOX-1 may be a key mediator that connects
ammonia and cholesterol metabolism flows in liver fibrosis.
In addition to providing nitrogen, glutamine serves as an important
carbon source supporting cellular bioenergetics and biosynthesis in
various myofibrolasts populations [41,56,57]. It has been confirmed
that a-KG supplementation enhances GLS1 inhibition and effectively
reverses the reduction of GLS1 expression induced by emodin in
14 MOLECULAR METABOLISM 96 (2025) 102132 � 2025 The Author(s). Published by Elsevier GmbH
activated HSCs [41]. Consistently, our results showed that a-KG
supplementation reversed the inhibitory effects of either LOX-1 defi-
ciency or GLS1 inhibition alone on HSC activation. However, under
conditions of simultaneous LOX-1 knockdown and GLS1 inhibition,
HSCs may be subjected to more complex alterations in metabolic and
signaling regulatory network. Consequently the rescue effect of a-KG
supplementation was dimished in LX-2 cells with combined LOX-1
knockdown and GLS1 inhibition. This suggests that concurrent mod-
ulation of LOX-1 and GLS1 may cause profound shifts in metabolic
states and signaling cascades in HSCs, making the reactivation of
these cells more challenging through a-KG supplementation alone.
Recent research revealed that perturbations in the hierarchical urea-
TCA cycle controlled via arginase might link urea cycle compromise
to fibroinflammatory liver disease [58,59]. Incorporating our findings
on LOX-1 regulation of urea cycle, it suggested that LOX-1 might
rewire glutamine metabolism to perturb hierarchical urea-TCA cycle
regulation driving the progression of liver fibrosis. Further in-depth
investigations are required to elucidate the detailed mechanisms un-
derlying this metabolic crosstalk and its implications in fibrosis
progression.
However, this study had several limitations. Our present sudy
concentrated on the involvement of LOX-1 in activated HSCs, whereas
the specific source of LOX-1 within the intricate context of liver fibrosis
remains to be definitively established. To confirm the effect of targeting
LOX-1 in HSCs on liver fibrosis, constructing HSCs-specific LOX-1
knockout mice would be necessary. In addition, considering that the
urea cycle occurs in hepatocytes [38], whether targeting LOX-1 inhibits
HSCs activation stimulated by waste ammonia accumulation in he-
patocytes requires to be validated. In this setting, we also interestingly
found that LOX-1 co-localized with ALBUMIN in CCl4-induced mice
fibrotic livers (Fig. S1d). We therefore propose to further investigated
the mechanism of LOX-1 regulation of ammonia metabolism in
hepatocyte-specific LOX-1 knockout mice.
In conclusion, the expression of LOX-1 was found to be significantly
elevated in fibrotic/cirrhotic liver tissues with various etiologies of liver
disease. The upregulation of LOX-1 played a pivotal role in the
development and progression of liver fibrosis through the activation of
the LOX-1/OCT1/GLS1 axis. Further clarification of the LOX-1-
influenced glutamine-ammonia metabolic cycle could potentially
reveal additional strategies to impede the deterioration of liver fibrosis.
Our results emphasize the importance of targeting LOX-1 for the
prevention and treatment of fibrosis progression, and shed light on the
potential clinical application.
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