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Abstract

Background and Aims: Autoimmune hepatitis (AIH) is a 
severe immune-mediated liver disease with limited treat-
ment options beyond immunosuppressants, which carry sig-
nificant side effects. Existing evidence suggests that mesa-
conate (MSA) possesses immunomodulatory properties and 
may offer advantages over itaconate derivatives by avoid-
ing succinate dehydrogenase inhibition. However, its specific 
role in AIH remains unclear. This study aimed to investigate 
the therapeutic effects of MSA on AIH and to elucidate its 
underlying mechanisms of action. Methods: A murine AIH 
model was established via tail vein injection of concanavalin 
A (ConA, 20 mg/kg). MSA (250 mg/kg) was administered 
intraperitoneally 6 h before ConA exposure. Liver histology, 
serum transaminase levels, apoptosis markers, oxidative 
stress markers, and inflammatory cytokines were analyzed 
to assess the therapeutic efficacy of MSA. Additionally, RNA 
sequencing and Western blotting were performed to explore 
the mechanisms of MSA action. In vitro validation was con-
ducted using RAW264.7 macrophages pretreated with MSA 
(1 mM) followed by interferon-gamma (IFN-γ, 50 ng/mL) 
stimulation. Results: MSA pretreatment effectively mitigat-
ed ConA-induced AIH by reducing inflammatory responses, 
oxidative stress, and apoptosis both in vivo and in vitro. The 
underlying protective mechanism involved MSA-mediated 
downregulation of IFN-γ expression and subsequent inhibi-
tion of the Janus tyrosine kinase 1/2–signal transducer and 
activator of transcription 1 signaling pathway. The involve-
ment of this pathway in human AIH was also confirmed. 
Conclusions: This study provides the first evidence that 
MSA ameliorates AIH by suppressing the IFN-γ–Janus tyros-
ine kinase 1/2–signal transducer and activator of transcrip-
tion 1 signaling pathway, offering novel mechanistic insights 

and a promising therapeutic candidate for the future treat-
ment of autoimmune disorders.
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Introduction
The liver, critical for metabolic and detoxification processes in 
the human body, is a unique immunological organ. It harbors 
a population of innate and adaptive immune cells, serving 
as a pivotal site for initiating inflammatory responses and 
inducing immune tolerance. Liver damage can result from 
a range of causes, including hepatotoxic drugs and alcohol 
abuse, hepatotropic viral infections, and autoimmune disor-
ders. These conditions can severely impair bodily functions 
and may be life-threatening. Autoimmune hepatitis (AIH) is a 
chronic, progressive inflammatory liver disease mediated by 
autoimmune responses. It is characterized by the presence 
of serum autoantibodies, elevated serum immunoglobulin G 
and aminotransferase levels, as well as interface hepatitis 
on histology.1,2 Although the definitive pathogenesis of AIH 
has yet to be fully elucidated, growing evidence suggests 
the disease arises from a disruption of immune homeostasis 
caused by environmental and genetic factors, primarily re-
sulting from an imbalance between regulatory T cells and T 
helper 17 cells.3 AIH occurs globally across all ages and eth-
nicities, with a strong female predominance, and has shown 
increasing incidence in recent years. Patients are at high risk 
of progressing to liver fibrosis, cirrhosis, or severe end-stage 
liver disease if not promptly diagnosed and effectively treat-
ed in the early stages.1–3 Unfortunately, the serious side ef-
fects and poor responses associated with standard first-line 
immunosuppressants pose considerable challenges in clinical 
management.1,3 To date, apart from immunosuppressive in-
terventions, no other effective treatment regimens are avail-
able for AIH. Hence, there is an imperative need to explore 
safer and more effective therapeutic strategies to improve 
patient survival.

There is growing evidence that certain natural metabo-
lites exhibit immunomodulatory properties and could become 
promising drug candidates for the treatment and prevention 
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of autoimmune diseases, for instance, itaconate (ITA).4,5 ITA 
is a key immunometabolic product in activated macrophages 
and has been well-documented as a link between metabo-
lism and immunity.4,6,7 It has demonstrated prominent anti-
inflammatory, antioxidative, antiviral, and immunomodula-
tory functions.6,8–11 Dimethyl itaconate and 4-octyl itaconate 
(4-OI), chemically esterified forms of itaconate with higher 
cellular permeability, have been effectively applied as immu-
nomodulators in the management of immune-inflammatory 
diseases, including ulcerative colitis, systemic lupus ery-
thematosus, systemic sclerosis, and autoimmune liver dis-
ease.12–16 Unfortunately, ITA competitively inhibits succinate 
dehydrogenase activity,9 thereby repressing the tricarboxylic 
acid cycle and cellular respiration. Recently, a newly discov-
ered natural isomer of ITA, mesaconate (MSA), which differs 
solely in the position of the double bond, has emerged as a 
focus of research in the field of immunometabolism.5 Reports 
suggest that MSA exhibits immunomodulatory effects similar 
to ITA, but it remains unclear whether MSA provides compa-
rable protection against immune-mediated diseases such as 
AIH. Importantly, MSA does not affect succinate dehydroge-
nase activity and thus interferes less with cellular respiration 
than ITA.5 This feature potentially enhances the therapeutic 
prospects of MSA for clinical applications.

In this study, we established mouse models of AIH using 
concanavalin A (ConA) and conducted prophylactic admin-
istration of MSA to preliminarily investigate its pharmaco-
logical effects and underlying mechanisms of action, thereby 
providing a robust scientific foundation for the development 
of novel therapeutic interventions for immune-mediated liver 
disorders.

Methods

Animal experiments
Eight-week-old male C57BL/6J mice (20–25 g) were obtained 
from Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China). Male mice were selected to preclude 
potential effects of the estrous cycle or hormonal fluctuations 
on experimental outcomes. After a two-week acclimatization 
period to laboratory conditions, 18 mice were randomized 
into three groups (n = 6 per group): (1) normal control, (2) 
ConA, and (3) MSA + ConA. The normal control group re-
ceived an equivalent volume of sterile phosphate-buffered 
saline (PBS) via tail vein injection. ConA and MSA were dis-
solved in sterile PBS at the specified concentrations. The 
ConA group received a single dose of ConA (20 mg/kg body 
weight, 4 mg/mL in PBS; Sigma-Aldrich, China) via tail vein 
injection. The MSA + ConA group received an intraperitoneal 
injection of MSA (250 mg/kg body weight, 50 mg/mL in PBS; 
Sigma-Aldrich, China) 6 h before ConA injection.7 Twelve 
hours after ConA administration, mice were euthanized, and 
blood and liver tissues were harvested for subsequent analy-
ses.17–19 All procedures were conducted in accordance with 
the guidelines of the Declaration of Helsinki. Ethical approval 
for the use of laboratory animals and all experiments was 
granted by the Tianjin Nankai University Animal Care and 
Use Committee (2021-SYDWLL-000305).

Human liver samples
The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of the 
Third Central Hospital of Tianjin (SZX-IRB2020-005-02). All 
subjects were enrolled at the Third Central Hospital of Tian-
jin and provided written informed consent. Liver biopsies at 
diagnosis were obtained from three patients diagnosed with 

AIH according to the criteria established by the International 
Autoimmune Hepatitis Group in 2008.20 Additionally, healthy 
control liver samples were obtained from three patients with 
hepatic hemangioma who underwent surgical resection with-
out preoperative treatment at the Third Central Hospital of 
Tianjin.

Cell culture and treatment
Murine macrophage-like RAW264.7 cells were cultured in 
high-glucose DMEM supplemented with 10% fetal bovine se-
rum and 1% penicillin-streptomycin, and incubated at 37°C 
with 5% CO2. The cell line was authenticated through STR 
gene typing and confirmed to be free of mycoplasma contam-
ination. Cells were seeded in 6-well plates and treated with 
interferon-gamma (IFN-γ) and/or MSA when they reached 
40%–50% confluence. The experimental design comprised 
three groups: (1) control, (2) IFN-γ (50 ng/mL) stimulation 
alone for 24 h, and (3) MSA (1 mM) pretreatment for 2 h fol-
lowed by IFN-γ (50 ng/mL) stimulation for 24 h.16,21

Histopathologic analysis
The left liver lobe was preserved in 10% neutral buffered for-
maldehyde, followed by dehydration, clearing, and embed-
ding to prepare continuous sections 5 µm thick. Hematoxylin 
and eosin staining was then applied, with hematoxylin stain-
ing nuclei blue and eosin staining cytoplasm red. Detailed 
procedures for hematoxylin and eosin staining were conduct-
ed as previously described.22

Determination of serum transaminase levels
Serum alanine aminotransferase and aspartate aminotrans-
ferase activities were measured using commercially available 
kits (Jiancheng Biotech, Nanjing, China) according to the 
manufacturer’s instructions.

Cytokine quantification by enzyme-linked immuno-
sorbent assay (ELISA)
Levels of interleukin (IL)-6, tumor necrosis factor-alpha 
(TNF-α), IL-1β, and IFN-γ in mouse serum and RAW264.7 
macrophage supernatants were measured using ELISA kits 
from Jiangsu Meimian Industrial Co., Ltd. (Jiangsu, China).

Evaluation of intracellular antioxidant capacity
According to the manufacturer’s guidelines, the contents 
of superoxide dismutase (SOD), reactive oxygen species 
(ROS), and malondialdehyde (MDA) in liver tissues were as-
sessed using commercially available kits (Jiancheng Biotech, 
Nanjing, China).

Real-time quantitative polymerase chain reaction 
(RT-qPCR)
RNA isolation from tissues and cells, as well as RT-qPCR, 
were performed as previously described.22 Expression lev-
els of target genes were normalized to the glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) housekeeping gene, 
with fold changes calculated using the 2−ΔΔCt method. Fur-
ther details, including the primer sequences used in RT-qP-
CR, are provided in Supplementary Table 1.

Western blotting
Protein extraction and western blotting analyses were con-
ducted as detailed in previous publications.22 Antibodies 
used included: anti-GAPDH (AB0037, Abways), anti-IL-1β 
(26048-4-AP, Proteintech), anti-apoptotic B-cell lymphoma 
2 (26593-1-AP, Proteintech), anti-Bcl2-associated X protein 
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(50599-2-Ig, Proteintech), anti-cleaved-caspase-3 (#9661, 
Cell Signaling Technology (CST)), anti-cleaved-poly ADP ri-
bose polymerase (#5625, CST), anti-inducible nitric oxide 
synthase (18985-1-AP, Proteintech), anti-Janus kinase 1 
(JAK1) (66466-1-Ig, Proteintech), anti-phosphorylated JAK1 
(phos-JAK1) (#74129, CST), anti-JAK2 (#3230, CST), anti-
phosphorylated JAK2 (phos-JAK2) (#3771, CST), anti-signal 
transducer and activator of transcription 1 (STAT1) (10144-
2-AP, Proteintech), and anti-phosphorylated STAT1 (phos-
STAT1) (28977-1-AP, Proteintech). Each antibody was uti-
lized at its recommended optimal concentration, with GAPDH 
serving as the internal control.

Immunohistochemistry (IHC)
Human liver sections from three AIH patients and three 
healthy controls were analyzed by IHC. Procedures were 
conducted as previously described.17 Primary antibodies 
used included anti-phos-JAK1 (rabbit, AF2012, Affinity), anti-
phos-JAK2 (rabbit, HY-P80829, MCE), and anti-phos-STAT1 
(rabbit, AF3300, Affinity). A goat anti-rabbit IgG second-
ary antibody (Horseradish Peroxidase, HRP) (SSA004, Sino 
Biological) was used. Stained sections were visualized and 
imaged with a scanning NanoZoomer (S210, Hamamatsu, 
Tokyo, Japan). Morphometric analysis was performed on 
five random fields per section, with average positive area 
percentages plotted and analyzed using Aipathwell software 
(Servicebio, Wuhan, China).

RNA sequencing (RNA-Seq) and bioinformatic analy-
sis
Liver tissues were collected from three experimental groups: 
normal control, ConA, and MSA + ConA, with three biological 
replicates per group (n = 3) for RNA-Seq. Total RNA was ex-
tracted using TRIzol reagent, and integrity was verified using 
an Agilent Bioanalyzer 2100 system (Agilent Technologies, 
CA, USA). RNA-Seq was performed by Novogene (Tianjin, 
China), and quality control achieved Q30 scores > 90% for 
all samples. Sequencing was carried out on an Illumina No-
vaSeq 6000 platform. Differentially expressed genes (DEGs) 
were identified using the DESeq2 R package (version 1.20.0) 
with thresholds of |log2FoldChange| > 1 and adjusted p-val-
ue < 0.05. Heatmaps, Venn diagrams, and volcano plots of 
DEGs were generated in R (version 3.5.0). Pathway analysis 
of differentially expressed mRNAs was conducted using the 
clusterProfiler R package, based on the latest Kyoto Ency-
clopedia of Genes and Genomes database (http://www.ge-
nome.jp/kegg/).

Statistical analysis
Statistical analyses were performed using SPSS (version 
26.0.0.0) and GraphPad Prism (version 8.2.263) software. 
Data are presented as mean ± standard deviation from at 
least three independent experiments. Statistical methods in-
cluded two independent-sample t-tests and one-way analysis 
of variance. A p-value less than 0.05 was considered statisti-
cally significant.

Results

MSA ameliorates AIH in mice by suppressing hepato-
cyte apoptosis
To investigate whether MSA affects immune-mediated liver 
injury, we first administered MSA to mice and then treated 
them with ConA to induce an AIH model. Histological exami-
nation of the livers showed extensive areas of necrosis and 

inflammatory infiltration in ConA-treated mice, whereas MSA 
pretreatment attenuated these histopathological injuries 
(Fig. 1A). We also found that administration of MSA signifi-
cantly decreased serum levels of alanine aminotransferase 
and aspartate aminotransferase in ConA-treated mice com-
pared with controls (Fig. 1B). Additionally, ConA inhibited the 
expression of Bcl2, an anti-apoptotic gene, while promoting 
the expression of the pro-apoptotic gene Bax, as shown by 
RT-qPCR and immunoblot analyses. However, MSA pretreat-
ment reversed the effects of ConA on both apoptotic markers. 
MSA also reduced the elevated levels of cleaved caspase-3 
and poly ADP ribose polymerase in livers from ConA-treated 
mice (Fig. 1C–E). Taken together, these data indicate that 
MSA ameliorates ConA-induced autoimmune liver injury by 
suppressing hepatocyte apoptosis.

MSA alleviates ConA-induced inflammation and oxi-
dative stress in mouse liver
ConA is known to induce a robust immune response charac-
terized by increased release of inflammatory mediators and 
oxidants. To assess whether MSA has beneficial effects on 
ConA-induced inflammation, we first quantified certain se-
rum cytokines in mice. ConA injection significantly increased 
levels of TNF-α, IL-1β, and IL-6, whereas MSA pre-admin-
istration reduced these cytokine levels (Fig. 2A–C). These 
findings were further confirmed by gene expression analy-
sis using RT-qPCR (Fig. 2D–F). Additionally, we evaluated 
whether MSA could mitigate ConA-induced oxidative damage 
by measuring levels of oxidants (ROS and MDA) and the anti-
oxidant SOD. ConA significantly increased MDA and ROS lev-
els while markedly reducing SOD levels in the liver. However, 
MSA pretreatment significantly mitigated the ConA-induced 
upregulation of MDA and ROS and enhanced antioxidant lev-
els compared to controls (Fig. 2G–I). These results suggest 
that MSA effectively attenuates ConA-induced AIH by inhibit-
ing inflammatory responses and oxidative stress.

MSA inhibits the expression and release of inflam-
matory factors and oxidants in macrophages
Hepatic macrophage plays a vital role in the pathogenesis 
of ConA-induced AIH.17 Therefore, we investigated whether 
MSA influences macrophages by measuring levels of TNF-α, 
IL-1β, IL-6, and IFN-γ in the culture medium of IFN-γ-treated 
RAW264.7 cells. The results showed that IFN-γ stimulation 
elicited a marked increase in these pro-inflammatory factors, 
whereas MSA treatment significantly reduced their levels 
(Fig. 3A–D). Moreover, RT-qPCR analysis demonstrated that 
MSA downregulated the mRNA levels of TNF-α, IL-1β, IL-6, 
and IFN-γ induced by IFN-γ (Fig. 3E–H). Consistently, MSA 
also reduced the protein levels of IL-1β and inducible nitric 
oxide synthase in IFN-γ-treated RAW264.7 cells, as shown 
by immunoblotting (Fig. 3I and J). These data indicate that 
MSA suppresses the expression and release of inflammatory 
factors and oxidants in activated macrophages.

MSA exerts protective effects on AIH by inhibiting 
IFN-γ–JAK1/2–STAT1 signaling
We further performed RNA-Seq to identify DEGs following 
MSA treatment. The results revealed significant enrichment 
of genes involved in inflammation and apoptosis. Kyoto En-
cyclopedia of Genes and Genomes analysis indicated that 
MSA might regulate the JAK1/2–STAT1 signaling pathway 
activated by inflammation in ConA-induced AIH (Fig. 4A–D, 
Supplementary Fig. 1). Since DEG analysis revealed that 
IFNG, the gene encoding IFN-γ, an upstream activator of the 
JAK1/2–STAT1 pathway, was significantly downregulated by 

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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MSA, we conducted ELISA to quantify IFN-γ levels in mouse 
serum. The results showed that MSA pretreatment signifi-
cantly reduced this cytokine (Fig. 4E). We then examined 
components of the IFN-γ–regulated JAK1/2–STAT1 pathway 
in livers from MSA-treated mice. MSA significantly inhibit-

ed the phosphorylation of JAK1, JAK2, and STAT1 (Fig. 5A 
and B). Consistently, similar results were observed in IFN-
γ-treated RAW264.7 cells (Fig. 5C and D). To further con-
firm whether this pathway is involved in the pathogenesis of 
AIH in patients, we performed IHC analysis on human liver 

Fig. 1.  Effects of MSA on liver histology, serum transaminases, and apoptosis-related markers in the ConA-induced AIH mouse model. (A) Representa-
tive H&E-stained sections of mouse liver tissues with different treatments. (B) Levels of serum ALT and AST in different groups. (C) mRNA levels of Bcl2 and Bax in 
mouse liver tissue detected by RT-qPCR. (D, E) Protein levels of BCL-2, BAX, C-caspase 3, and C-PARP in mouse liver tissue detected by Western blotting. ns p > 0.05, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ConA, concanavalin A; MSA, mesaconate; H&E, hematoxylin and eosin; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; BCL2, B-cell lymphoma-2; BAX, Bcl2-associated X protein; C-caspase 3, cleaved-caspase 3; C-PARP, cleaved-poly ADP ribose polymerase; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Fig. 2.  Effects of MSA on inflammatory and oxidative stress markers in the ConA-induced AIH mouse model. (A–C) Levels of serum TNF-α, IL-1β, and IL-6 
measured by ELISA. (D–F) mRNA levels of TNF-α, IL-1β, and IL-6 in mouse liver tissues detected by RT-qPCR. (G–I) Levels of MDA, ROS, and SOD in mouse liver tis-
sues. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1β; IL-6, interleukin-6; MDA, malondialdehyde; 
ROS, reactive oxygen species; SOD, superoxide dismutase.
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sections from AIH patients and healthy controls. The results 
showed significantly higher levels of phos-JAK1, phos-JAK2, 
and phos-STAT1 in AIH samples compared to healthy con-
trols (Supplementary Fig. 2). Taken together, these data 
revealed that JAK1/2–STAT1 signaling was activated in the 

pathogenesis of AIH, and that MSA inactivates this signaling 
by repressing IFN-γ expression, thereby suppressing mac-
rophage M1 polarization and reducing hepatocyte apoptosis. 
This provides evidence for the protective effect of MSA in 
ConA-induced AIH.

Fig. 3.  Effects of MSA on inflammatory and oxidative stress markers in IFN-γ-stimulated macrophages. (A–D) Levels of TNF-α, IL-1β, IL-6, and IFN-γ 
measured by ELISA. (E–H) mRNA levels of TNF-α, IL-1β, IL-6, and IFN-γ detected by RT-qPCR. (I, J) Protein levels of IL-1β and iNOS in IFN-γ-stimulated macrophages 
detected by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Symbols “+” and “–” denote the presence or absence of MSA/IFN-γ in the culture 
medium, respectively. MSA, mesaconate; IFN-γ, interferon-gamma; TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1β; IL-6, interleukin-6; iNOS, inducible nitric 
oxide synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.



Journal of Clinical and Translational Hepatology 2025 7

Zhang Q. et al: MSA as a potential therapeutic for AIH

Fig. 4.  Altered gene expressions and enriched pathways in ConA-induced AIH with/without MSA pretreatment. (A) Heatmap of clustering analysis showing 
the expression of all DEGs. (B) Volcano plot showing DEGs in MSA + ConA vs. ConA groups. (C) Venn diagram showing DEGs shared by different groups. (D) Scatter plot 
of KEGG enrichment analysis. (E) Level of serum IFN-γ measured by ELISA. **p < 0.01, ****p < 0.0001. ConA, concanavalin A; MSA, mesaconate; IFN-γ, interferon-
gamma; JAK, Janus tyrosine kinase; STAT, signal transducer and activator of transcription.
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Fig. 5.  Effects of MSA on regulating the JAK-STAT pathway in mouse liver and macrophages. (A–D) Protein levels of the phosphorylated and total forms of 
JAK1, JAK2, and STAT1 in mouse liver tissue (A, B) and macrophages (C, D) detected by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Symbols “+” and “–” denote the presence or absence of MSA/IFN-γ in the culture medium, respectively. ConA, concanavalin A; MSA, mesaconate; IFN-γ, interferon-
gamma; JAK1/2, Janus tyrosine kinase 1/2; STAT1, signal transducer and activator of transcription 1; phos-JAK1/2, phosphorylated JAK1/2; phos-STAT1, phosphoryl-
ated STAT1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Discussion
Typically, a self-limited inflammatory response is advanta-
geous for combating pathogens and maintaining hepatic 
homeostasis. However, when inflammation becomes exces-
sive, it can lead to massive hepatocyte death, disrupt tissue 
architecture, and ultimately impair hepatic function. ConA, a 
plant lectin derived from Canavalia ensiformis, induces im-
mune-mediated liver damage in hosts. ConA-induced hepa-
titis shares pathogenic and histopathological features with 
human AIH, making it a widely used model for investigating 
disease pathogenesis and potential therapeutic strategies for 
autoimmune liver diseases.23–26 Numerous studies have con-
firmed that ConA activates macrophages, prompting them 
to secrete a variety of pro-inflammatory cytokines and pro-
oxidants, ultimately leading to extensive hepatic damage.17 
Consistently, our model exhibited hallmark features of in-
flammatory/oxidative stress-mediated liver injury following 
ConA administration alone.

Blocking various aspects of the inflammatory cascade has 
been reported to alleviate autoimmune liver disorders, sug-
gesting that immune-inflammatory modulators may offer po-
tential prophylactic or therapeutic options for AIH. Notably, 
macrophage activation leads to the production of endoge-
nous immunometabolites such as ITA and its isomer MSA.4,13 
Accumulating evidence has demonstrated that 4-OI, a cell-
permeable derivative of ITA, exhibits immunomodulatory ef-
fects in several diseases. For example, 4-OI mitigates AIH by 
regulating inflammation and redox balance.16 Another iso-
mer, MSA, derived from ITA in pro-inflammatory macrophag-
es, exhibits similar immunomodulatory properties.5,27,28 Im-
portantly, unlike ITA, MSA does not inhibit the tricarboxylic 
acid cycle activity or cellular respiration,5 making it a more 
promising candidate for treating immune-inflammatory dis-
orders. Recently, MSA has also shown therapeutic potential in 
managing neuroinflammatory conditions.29 However, its role 
in the treatment of immune-mediated hepatitis remains un-
clear and warrants further investigation. In this study, for the 
first time, we confirmed that MSA confers protective effects 
against ConA-induced AIH by potently suppressing inflam-
matory responses, oxidative stress, and apoptosis. Given 
its favorable pharmacological features compared to ITA, it 
is plausible that MSA may hold superior potential as a thera-
peutic agent for immune-mediated hepatitis.

The JAK-STAT pathway is an evolutionarily conserved 
transmembrane signaling mechanism that enables cells to 
respond to extracellular stimuli. This pathway can be acti-
vated by various molecules such as cytokines, interferons, 
and growth factors, driving numerous physiological and 
pathological processes, including proliferation, metabolism, 
immune responses, inflammation, and malignancy.30 Exist-
ing evidence indicates that ConA-induced AIH is regulated by 
multiple signaling pathways, among which the JAK1/2–STAT1 
pathway plays a prominent role.31,32 Our study further con-
firms that JAK1/2–STAT1 activation is a key pathogenic driver 
in the ConA-induced murine AIH model. Importantly, analysis 
of liver biopsies from AIH patients in this study supports the 
involvement of this signaling pathway in the pathogenesis 
of human AIH. Notably, IFN-γ, a type II interferon with po-
tent immunomodulatory properties, triggers macrophage ac-
tivation via the JAK1/2–STAT1 pathway, thereby amplifying 
inflammatory responses.31–34 Specifically, in ConA-induced 
hepatitis, IFN-γ signaling entails dimerization of its recep-
tors IFNGR1 and IFNGR2, leading to JAK1/JAK2 activation, 
which phosphorylates and activates the transcription factor 
STAT1.31,32,34 Phosphorylated STAT1 forms homodimers that 
translocate into the nucleus and bind to IFN-γ response ele-
ments in the promoters of various genes encoding cytokines, 

chemokines, and oxidants.35–37 Since IFN-γ-mediated acti-
vation of the JAK1/2–STAT1 pathway promotes liver inflam-
mation, oxidative stress, and apoptosis, contributing to AIH 
development, targeting this pathway represents a promising 
therapeutic strategy. In our murine model, MSA treatment 
clearly downregulated IFN-γ, thereby suppressing JAK1/2–
STAT1 signaling and ultimately reversing ConA-induced AIH.

Furthermore, we conducted in vitro experiments using 
RAW264.7 macrophages to validate our in vivo findings. 
Previous studies have reported that, in macrophages, JAK1 
activation in response to IFN-γ can be inhibited by ITA and 
its derivative 4-OI.21 Consistently, in our study, IFN-γ sig-
nificantly upregulated JAK1/2–STAT1 signaling in RAW264.7 
macrophages, an effect that was potently inhibited by MSA, 
a naturally occurring ITA isomer.

Taken together, our in vivo and in vitro findings suggest 
that the IFN-γ–JAK1/2–STAT1 pathway is involved in AIH 
pathogenesis and that MSA inhibits activation of this path-
way. These findings provide preliminary guidance for screen-
ing immunomodulatory drugs. Further studies are needed to 
fully evaluate the therapeutic potential of MSA in AIH.

Conclusions
This study demonstrates that pretreatment with MSA ef-
fectively mitigates ConA-induced AIH by dampening hepatic 
inflammation, oxidative stress, and subsequent hepatocyte 
apoptosis. The underlying mechanism involves inhibition of 
IFN-γ–JAK1/2–STAT1 signaling by MSA. Overall, our research 
not only validates the therapeutic potential of MSA for man-
aging AIH for the first time but also provides novel mecha-
nistic insight and identifies a promising therapeutic candidate 
for the future treatment of autoimmune disorders.
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