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Abstract—Autoimmune hepatitis (AIH) is a severe immune-mediated inflammatory liver 
disease that currently lacks feasible drug treatment methods. Our study aimed to evaluate 
the protective effect of succinic acid against AIH and provide a reliable method for the 
clinical treatment of AIH. We performed an in vivo study of the effects of succinic acid 
on concanavalin A (ConA)-induced liver injury in mice. We examined liver transaminase 
levels, performed hematoxylin and eosin (HE) staining, and observed apoptotic phenotypes 
in mice. We performed flow cytometry to detect changes in the number of neutrophils 
and monocytes, and used liposomes to eliminate the liver Kupffer cells and evaluate their 
role. We performed bioinformatics analysis, reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR), and western blotting to detect mitochondrial apoptosis-induced 
changes in proteins from the B-cell lymphoma 2(Bcl-2) family. Succinic acid ameliorated 
ConA-induced AIH in a concentration-dependent manner, as reflected in the survival 
curve. HE and TUNEL staining and terminal deoxynucleotidyl transferase dUTP nick end 
labeling revealed decreased alanine transaminase and aspartate aminotransferase levels, 
and reduced liver inflammation and apoptosis. RT-qPCR and enzyme-linked immunosorb-
ent assay revealed that succinic acid significantly reduced liver pro-inflammatory cytokine 
levels. Flow cytometry revealed significantly decreased levels of liver neutrophils. Moreo-
ver, the protective effect of succinic acid disappeared after the Kupffer cells were elimi-
nated, confirming their important role in the effect. Bioinformatics analysis, RT-qPCR, 
and western blotting showed that succinic acid-induced changes in proteins from the Bcl-2 
family involved mitochondrial apoptosis, indicating the molecular mechanism underlying 
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the protective effect of succinic acid. Succinic acid ameliorated ConA-induced liver injury 
by regulating immune balance, inhibiting pro-inflammatory factors, and promoting anti-
apoptotic proteins in the liver. This study provides novel insights into the biological func-
tions and therapeutic potential of succinic acid in the treatment of autoimmune liver injury.

KEY WORDS: Autoimmune hepatitis; Succinic acid; Kupffer cells; Inflammation.

INTRODUCTION

Autoimmune hepatitis (AIH) is a chronic inflam-
matory disease of the liver caused by an interaction 
between multiple internal and external factors. AIH is 
clinically not self-limiting, and if not effectively con-
trolled, it can progress to liver fibrosis, cirrhosis, or 
cancer [1]. The pathogenesis of AIH is believed to be 
related to an imbalance in the liver immune tolerance 
[2]. Under normal circumstances, the liver develops 
an immune tolerance mechanism to regulate the pro-
cessing of various food antigens and small amounts of 
microbial antigens [3, 4]. However, when this immune 
tolerance mechanism is disrupted by various factors, 
many immune cells quickly accumulate in the liver 
and initiate immune attacks, resulting in immunologi-
cal liver injury that is characterized histologically by 
dense infiltration of the liver by lymphocytes, mac-
rophages, and plasma cells [2].

Concanavalin A (ConA) is a plant-derived lectin 
that can cause specific immune damage to the mouse 
liver [5]. ConA-induced liver injury is characterized by 
an infiltration of the liver by many immune cell types, 
including macrophages, T cells, neutrophils, and natural 
killer (NK) cells [6]. During this process, many inflam-
matory cytokines, such as tumor necrosis factor α (TNF-
α) and interferon γ (IFN-γ), are produced, leading to 
widespread liver cell necrosis and apoptosis [7]. A mouse 
model of ConA-induced liver injury has been widely used 
to explore the pathogenesis of autoimmune liver diseases 
as well as in clinical drug screening.

Succinic acid is an intermediate product of the 
human tricarboxylic acid cycle and an important metab-
olite of intestinal microbial processes [8]. Recent stud-
ies have shown that succinic acid promotes the deposi-
tion of skeletal muscle proteins [9], regulates glucose 
homeostasis [10], promotes angiogenesis, and alleviates 
ischemic losses [11, 12]. Additionally, it is associated 
with various immune cell activities. Succinic acid is rec-
ognized by cluster cells through its receptor, succinate 
receptor 1 (SUCNR1), thereby activating type 2 innate 
lymphoid cells (ILC2) [13, 14]. Moreover, succinic acid 

plays a role in macrophage polarization [15]. According 
to a previous report, succinic acid-SUCNR1 signaling 
can induce migration of dendritic cells (DCs) and syn-
ergize with toll-like receptor signaling [16]. Thus, suc-
cinic acid exerts an important regulatory effect on the 
immune system. However, little is known about whether 
succinic acid is capable of alleviating immune-mediated 
hepatitis. This study aimed to investigate the effects 
of succinic acid on ConA-induced liver injury and its 
potential mechanism of action.

MATERIALS AND METHODS

Animals and Experimental Design
Specific pathogen-free (SPF) grade C57BL/6 male 

mice (age, 6–8 weeks; weight, 18–24 g) were purchased 
from the Experimental Animal Center of Xiamen Uni-
versity (Xiamen, China). Chemokine C–C-Motif Recep-
tor 2 (CCR2-/-) mice were generated by Cyagen Bio-
sciences. The mice were raised at the SPF Animal Room 
of the Experimental Animal Center of Xiamen Univer-
sity at an ambient temperature of 24 ± 2 ℃, a relative 
humidity of 55 ± 10%, and a 12-h light/dark cycle, and 
were subjected to adaptive feeding during a week before 
the start of the experiment. All animal experiments were 
conducted in accordance with the regulations of the Xia-
men University Laboratory Animal Centre. The animal 
study protocol was approved by the Ethics Committee 
of Xiamen University (approval no. XMULAC2023052) 
and conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals (https:// www. ncbi. nlm. 
nih. gov/ books/ NBK54 050/).

The mice were randomly assigned to four groups: 
a control group, and low-, medium-, and high-dose suc-
cinic acid (dissolved in phosphate buffer saline, PBS); 
Sigma, USA) pretreatment groups. The experimental 
groups were administered an intraperitoneal injection of 
succinic acid at a low dose (50 mg/kg), medium dose 
(100  mg/kg), or high dose (200  mg/kg) 12  h before 

https://www.ncbi.nlm.nih.gov/books/NBK54050/
https://www.ncbi.nlm.nih.gov/books/NBK54050/
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experimental treatment. The control group was injected 
with an equal amount of PBS. After pretreatment, the 
mice were injected with 15 mg/kg of ConA (1 mg/ml in 
PBS, Solarbio, China) through the tail vein, and sacri-
ficed after 12 h for specimen collection. In addition, we 
used a lethal dose of ConA (40 mg/kg) to determine the 
survival curves of the different experimental groups.

For the macrophage depletion assay, the experimen-
tal groups received an intraperitoneal injection of clo-
dronate liposomes (200 µL per mouse; Yeasen, China) 
for macrophage clearance, and the control group received 
the same volume of PBS. After 24 h, the experimental 
and control groups were administered succinic acid and 
PBS, respectively. Thereafter, specimen collection was 
performed as previously described.

For the Bcl-2 inhibit assay, Venetoclax (20 mg/kg, 
Fisher Scientific, USA) (Ven) was administered to the 
mice 2 h before the administration of succinic acid or 
PBS by intraperitoneal injection. Specimen collection 
was performed as previously described.

Serum Transaminase Activity

Blood samples from the mice were collected via the 
retro-orbital bleeding technique and centrifuged at 4 ℃ 
for 10 min at 4000 rpm to obtain serum. Alanine transam-
inase (ALT) and aspartate aminotransaminase (AST) lev-
els in the serum samples were measured directly using 
ALT and AST assay kits (Solarbio, China) according to 
the manufacturer’s instructions.

Histology and Terminal Deoxynucleotidyl 
Transferase dUTP Nick End Labeling 
(TUNEL) Assay

Fresh mouse liver tissues were fixed in 4% para-
formaldehyde. The fixed liver tissues were dehydrated, 
embedded in paraffin, and cut into 4–5 µm thick sec-
tions. After performing a standard hematoxylin–eosin 
(HE) staining and neutral gum sealing, pathological 
changes such as liver inflammation and immune cell 
infiltration were observed under a microscope. Apop-
totic hepatocytes were detected by performing the 
TUNEL assay using DAB (SA-HRP) TUNEL Cell 
Apoptosis Detection Kit (Servicebio, China). Images 
were captured using a digital pathology scanner (Aperio 
Versa 200; Leica, Germany).

Reverse Transcriptase‑Quantitative Polymerase 
Chain Reaction (RT‑qPCR)

Total RNA from the collected liver tissues was 
extracted using TRIzol reagent and reverse-transcribed 
to cDNA using RT-qPCR kits (Yeasen, China). We per-
formed qPCR using the SYBR Green qPCR Mix (Yeasen, 
China). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the internal reference gene, and the 
relative expression levels of gene mRNA in each group 
were analyzed and calculated using the 2–ΔΔCt method. 
The primer sequences used were as follows: GAPDH, 
CAT CAC TGC CAC CCA GAA GACTG (forward) and 
ATG CCA GTG AGC TTC CCG TTCAG (reverse); trans-
forming growth factor- β (TGF-β), CCA CCT GCA AGA 
CCA TCG AC (forward) and CTG GCG AGC CTT AGT 
TTG GAC (reverse); Interleukin(IL)-10 GAT TTT AAT 
AAG CTC CAA GAC CAA GGT (forward) and CTT CTA 
TGC AGT TGA TGA AGA TGT CAA (reverse); IL-1β, 
TGG ACC TTC CAG GAT GAG GACA (forward) and GTT 
CAT CTC GGA GCC TGT AGTG (reverse); IL-2, GTG 
CTC CTT GTC AAC AGC G (forward) and GGG GAG 
TTT CAG GTT CCT GTA (reverse); TNF-α, GGG AGT 
AGA CAA GGT ACA ACCC (forward) and CCT GTA 
GCC CAC GTC GTA G (reverse); IFN-γ, GAT GCA TTC 
ATG AGT ATT GCC AAG T (forward) and GTG GAC CAC 
TCG GAT GAG CTC (reverse); Bcl-2 interacting mediator 
of cell death(Bim), CCC CTA CCT CCC TAC AGA CAGA 
(forward) and TCC AAT ACG CCG CAA CTC TT (reverse); 
Bcl-2, AAG ATT GAT GGG ATC GTT GC (forward) and 
GCG GAA CAC TTG ATT CTG GT (reverse); BCL2-asso-
ciated X protein(Bax), GTG CAC CAA GGT GCC GGA AC 
(forward) and TCA GCC CAT CTT CTT CCA GA (reverse).

Enzyme‑Linked Immunosorbent Assay (ELISA)

The levels of TNF- α, IFN- γ, and IL-1β were deter-
mined using an ELISA kit (DAKEWE Beijing, China) 
according to the manufacturer’s instructions. The absorb-
ance of each well was measured at 450 nm using a micro-
plate reader, and the concentration of each sample was 
calculated based on a standard curve.

Western Blotting

Total protein was extracted from the collected 
mouse liver tissue and lysed using radioimmunopre-
cipitation assay lysis buffer. Protein concentrations were 
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measured using a bicinchoninic acid (BCA) kit for protein 
detection. Western blotting was performed according to 
standard procedures. Briefly, equal amounts of the pro-
tein were separated using sodium dodecyl-sulfate poly-
acrylamide gel electrophoresis, and were transferred onto 
polyvinylidene fluoride membranes (Bio-Rad, USA), 
blocked with 50 g/L skim milk, and incubated over-
night at 4 °C with Bcl-2 (1:1000; #15,071, CST, USA), 
Bax (1:1000; #2772, CST, USA), and GAPDH (1:1000; 
#97,166, CST, USA) antibodies. After washing thrice 
with tris-buffer saline with tween 20, the membranes 
were incubated with a secondary antibody (horseradish 
peroxidase-conjugated goat anti-mouse IgG, SA00001-1, 
1:5000; Proteintech, USA) for 1 h at room temperature. 
After the final washes, the density of the target bands 
was determined using ImageJ (version 1.51; USA) with 
GAPDH as internal control.

Flow Cytometry

Fresh mouse liver tissue was cut into small pieces 
and placed in digestive juices containing collagenase 
IV and DNase I (prepared with D-Hanks’ Balanced Salt 
Solution). The digestion was carried out at 37 °C and 
200 rpm for 40 min. The digested tissues were filtered 
and centrifuged to obtain a single-cell suspension. The 
liver immune cells were isolated using the Percoll rea-
gent (Cytiva, USA). After blocking with Fc-block for 
approximately 30 min, the cells were stained with CD45 
(30-F11, BD Bioscience, N.J.), CD11B (M1/70, BD Bio-
science, N.J.), LY-6G (1A8, BD Bioscience, N.J.), Ly6C 
(HK1.4, BD Bioscience, N.J.), F4/80 (BM8, BD Biosci-
ence, N.J.), CD3 (145-2C11, BD Bioscience, N.J.), CD4 
(RM4-5, BD Bioscience, N.J.), CD8 (53–6.7, BD Bio-
science, N.J.), or NK1.1 (PK135, BD Bioscience, N.J.), 
and incubated for 30 min. Finally, the stained cells were 
analyzed using a flow cytometer according to the manu-
facturer’s instructions.

Identification of Potential Target of Succinic Acid

The potential targets of succinic acid were using the 
CTD (https:// ctdba se. org/), Targetnet (http:// targe tnet. scbdd. 
com/, probability > 0.6), SuperPred (https:// predi ction. 
chari te. de/, probability > 0.6), and Swiss Target Prediction 
(http:// www. swiss targe tpred iction. ch/, probability > 0.6) 

databases. The Uniprot database (http:// www. unipr ot. org/) 
was used to convert the potential targets identified in the 
previously mentioned databases into standard gene target 
names. Then take the intersection of all genes and remove 
duplicate genes.

Acquisition of AIH‑Related Targets

The keyword “autoimmune hepatitis” was used 
to search the Gene Cards (https:// www. genec ards. org/, 
Relevance score > 5.0) and Omim database (https:// www. 
omim. org/) databases for target genes related to the dis-
ease. Summarize Genes retrieved from both databases 
were selected as potential targets related to AIH, and 
duplicate genes were removed.

Construction of Potential Target Network

A Venn diagram of the target genes of succinic acid 
and of AIH was constructed using an online tool (http:// 
bioin forma tics. psb. ugent. be/ webto ols/ Venn/), and genes 
located at the intersection were selected as potential tar-
gets. A protein–protein interaction (PPI) network of key 
targets was constructed using the STRING database (ver-
sion 12.0) and imported into Cytoscape software (version 
3.9.0) for visualization.

GO and KEGG Enrichment Analysis

To explore the biological functions of potential tar-
gets of succinic acid for AIH treatment, Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analyses were conducted by apply-
ing the “clusterProfiler” package. GO enrichment analy-
sis includes biological processes (BP), molecular func-
tions (MF), and cell composition (CC).

Statistical Analysis

Data were processed and visualized using Graph-
Pad Prism® 9.0 (GraphPad Software, USA). Data were 
analyzed using the log-rank test (for survival) and t-tests. 
All general statistical analyses were calculated with 95% 
confidence intervals, and P < 0.05 was considered statisti-
cally significant.

https://ctdbase.org/
http://targetnet.scbdd.com/
http://targetnet.scbdd.com/
https://prediction.charite.de/
https://prediction.charite.de/
http://www.swisstargetprediction.ch/
http://www.uniprot.org/
https://www.genecards.org/
https://www.omim.org/
https://www.omim.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
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RESULTS

Succinic Acid Inhibited ConA‑Induced  
Liver Injury

ConA-induced liver injury is characterized by 
severe liver inflammation and hepatocellular apop-
tosis. To investigate the effects of succinic acid on 

ConA-induced liver injury, several doses of succinic 
acid (50 mg/kg, 100 mg/kg, and 200 mg/kg) were intra-
peritoneally injected into mice before a lethal dose of 
ConA (40 mg/kg) was administered. As shown in Fig. 1a, 
succinic acid significantly increased the survival rate of 
ConA-treated mice regardless of dosage. To determine 
the role of succinic acid, 200 mg/kg of succinic acid was 

Fig. 1  Succinic acid pretreatment alleviates ConA-induced acute liver injury in mice. a Survival curves of ConA-treated with succinic acid (n = 5). 
Survival rates were analyzed using the log-rank test. b Experimental design and arrangement. c, d ALT and AST serum levels measured 12  h 
after ConA injection. e Liver tissues stained with HE and determination of histological liver scores are shown. Low magnification: × 40 (Scale 
bar = 500  µm); high magnification: × 200 (Scale bar = 100  µm). f Apoptosis was detected using the TUNEL assay (apoptotic cells are stained in 
brown) and followed by quantification of TUNEL-positive area. Low magnification: × 40 (Scale bar = 500  µm); high magnification: × 200 (Scale 
bar = 100  µm). The data are expressed as the mean ± SEM of three independent experiments. ns, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. ALT, alanine transaminase; AST, aspartate aminotransferase; HE, hematoxylin and eosin; ConA, concanavalin A; TUNEL, termi-
nal deoxynucleotidyl transferase dUTP nick end labeling.
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administered to the mice before a medium dose of ConA 
(15 mg/kg) was administered (Fig. 1b). We found that 
the group pretreated with 200 mg/kg of succinic acid had 
significantly diminished serum ALT and AST levels com-
pared to the group treated with ConA only (Fig. 1c and d). 
Similarly, we found no significant change in serum ALT 
and AST levels in the group pretreated with 200 mg/kg 
of succinic acid alone compared with the group treated 
with PBS (Fig. 1c and d), indicating that 200 mg/kg of 
succinic acid has no toxic effects on the liver. Histological 
examination of the livers showed massive areas of necro-
sis and inflammatory infiltration in ConA-treated mice, 
whereas succinic acid pretreatment attenuated these his-
topathological changes (Fig. 1e). Similarly, the TUNEL 
assay showed a significantly decreased number of posi-
tive nuclear bodies in the livers of mice pretreated with 
succinic acid compared with the livers of those treated 
with ConA only (Fig. 1f), indicating that succinic acid 
pretreatment has a protective effect against ConA-induced 
liver injury in mice.

Succinic Acid Regulated the Expression 
of Cytokines in ConA‑Induced Liver Injury

As cytokines play an important role in the devel-
opment of liver injury, we extracted total mRNA from 
the liver tissues and performed RT-qPCR to evaluate the 
effect of succinic acid on the liver. The fold changes rep-
resent difference in mRNA levels according to RT-qPCR. 
As shown in Fig. 2, the mRNA expressions of TGF-β, 
IL-10, IL-1β, IL-2, TNF-α, and IFN-γ in the succinic 
acid alone and PBS-treated groups were not significantly 
different, indicating that succinic acid alone could not 
induce a measurable immune response (Fig. 2a). How-
ever, the mRNA levels of IL-1β, IL-2, TNF-α, and IFN-γ 
were significantly decreased in the succinic acid + ConA-
treated group compared with the PBS + ConA-treated 
group (Fig. 2b). Moreover, TGF-β and IL-10 mRNA 
levels were significantly decreased, which might be ben-
eficial to maintaining immune balance (Fig. 2b). The 
results showed that succinic acid effectively inhibited 

Fig. 2  Succinic acid decreases the expression of pro-inflammatory cytokines in ConA-induced liver injury. a, b mRNA expression levels of TGF-β, 
IL-10, IL-1β, IL-2, TNF-α, and IFN-γ in the liver homogenate were measured after succinic acid pretreatment or succinic acid + ConA challenge. c, 
d, e Concentrations of TNF-α, IFN-γ, and IL-1β in the serum were measured using ELISA. Results of cytometric bead array immunoassay analysis. 
Data are expressed as the means ± SDs (n ≥ 3). *P < 0.05; **P < 0.01. ConA, concanavalin A; TGF- β, transforming growth factor-β; IL, interleukin, 
TNF, tissue necrosis factor-α; IFN, interferon-γ; ELISA, enzyme-linked immunosorbent assay.
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the mRNA expression of pro-inflammatory factors. 
Moreover, ELISA results showed that the levels of the 
inflammatory cytokines, IL-1β, IFN-γ, and TNF-α were 
decreased by succinic acid pretreatment compared with 
those measured after the ConA challenge (Fig. 2c–e). The 
results showed that succinic acid effectively inhibits the 
expression of inflammatory factors.

Succinic Acid Ameliorated ConA‑Induced 
Liver Injury by Inhibiting the Infiltration 
of Hepatic Neutrophils

Lymphocyte infiltration of the liver is crucial for 
the development of ConA-induced liver injury [17]. 
To determine the main lymphocyte subsets affected 
by succinic acid, hepatic lymphocytes were isolated 
and stained with the Fc-block. The cells were stained 
for the cell markers CD45, CD3, CD4, CD8, NK1.1, 
Ly-6G, CD11b, F4/80, and Ly6C to study the effects 
of succinic acid treatment on NK, CD8 + T, CD4 + T, 
neutrophils, monocytes, and Kupffer cells. The gating 
strategy used for flow cytometry is shown in Fig. 3a. 
Flow cytometry analysis revealed no significant dif-
ferences in the proportions of NK, NKT, CD4 + T, and 
CD8 + T cells between the succinic acid-pretreated 
and control mice and those pretreated with succinic 
acid, which indicates that succinic acid pretreatment 
did not influence the percentage of NK, NKT and T 
cells present in the liver (Fig. 3e and i–l). However, 
the percentage of neutrophils in the liver significantly 
decreased, and that of monocytes and Kupffer cells 
increased after succinic acid treatment (Fig. 3b–d and 
f–h). Taken together, these results indicate that suc-
cinic acid regulates immune system balance during 
ConA-induced liver injury.

Kupffer Cells (KCs) Play an Important Role 
in the Succinic Acid‑Mediated Amelioration 
of ConA‑Induced Liver Injury

To further determine whether KCs are required 
for the effect of succinic acid on ConA-induced 
liver injury, KCs were depleted using clodronate 
liposomes before PBS and succinic acid were admin-
istered (Fig. 4a), and the depletion of macrophages 
after clodronate liposomes injection was confirmed 
(Supplementary Fig. 1). Consistently with previous 

studies [18], ConA-induced liver injury was signifi-
cantly inhibited in KC-depleted mice, which showed 
downregulated serum levels of ALT and AST, and 
reduced severe necrosis and apoptosis (Fig. 4b–g). It 
is worth noting that the levels of ALT and AST in the 
PBS + ConA and in the succinic acid + ConA groups 
were comparable after the depletion of KCs (Fig. 4b 
and c). In accordance with these results, similar his-
topathological lesions (Fig. 4d) and TUNEL-positive 
areas were observed in mice treated with succinic acid 
and in those treated with PBS after the depletion of 
KCs (Fig. 4e). Interestingly, a similar percentage of 
liver neutrophils and similar serum levels of TNF-α, 
IFN-γ, and IL-1β were found in these two groups (Sup-
plementary Fig. 2–3). In addition, we found that the 
administration of succinic acid decreased ALT and 
AST in CCR2-/- mice, which indicates that the effect 
of succinate acid, does not depend on monocytes (Sup-
plementary Fig. 4). Taken together, these results sug-
gest that KCs are crucial for the protective effects of 
succinic acid against ConA-induced liver injury.

Succinic Acid Treatment Regulated the Bim, Bcl2, 
and Bax Expressions in ConA‑Treated Mice

A total of 166 targets of succinic acid were obtained 
and converted into symbols of the corresponding genes 
using UniProt. A total of 1694 AIH-related targets were 
obtained through screening using the GeneCards and 
Omim databases. Figure 5a shows the 47 genes located 
at the intersection of the Venn plots. Figure 5b shows a 
network diagram of protein–protein interactions within 
potential targets.

In order to investigate the biological processes 
involved in the treatment of AIH with succinic acid, we 
conducted KEGG and GO enrichment analysis on the 47 
potential targets identified in the previous step. The KEGG 
analysis (Fig. 5c) revealed that the identified genes were 
enriched for cancer (small cell lung cancer and pancreatic 
cancer), Kaposi sarcoma-associated herpesvirus infection, 
lipid and atherosclerosis, apoptosis, AGE − RAGE 
signaling pathway in diabetic complications, HIF − 1 
signaling pathway, chemical carcinogenesis − receptor 
activation, chronic myeloid leukemia and chemical 
carcinogenesis − reactive oxygen species. The GO 
enrichment analysis (Fig. 5d) revealed enrichment in the 
regulation of apoptotic signaling pathways, response to 
lipopolysaccharides, response to molecules of bacterial 
origin, and regulation of the response to endoplasmic 
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Fig. 3  Succinic acid ameliorates ConA-induced acute liver injury by inhibiting the infiltration of neutrophils and increasing the infiltration of 
monocytes. a Gating strategy of CD45 + cells for flow cytometric analysis. b, c, d, e Monocytes, Kupffer cells, neutrophils, NK, NKT, CD4 + T, and 
CD8 + T cells in the liver were detected using flow cytometry. f–l Quantification of the results. Data are expressed as mean ± SD (n ≥ 3). *P < 0.05; 
**P < 0.01. ConA, concanavalin A.
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reticulum stress in biological processes. Moreover, Bcl-2 
family protein complex, external side of plasma membrane, 
RNA polymerase II transcription regulator complex, 
membrane raft, and caveola are enriched in cellular 
components. Furthermore, enrichment of transcription 
coregulator binding, death domain binding, non-membrane 
spanning protein tyrosine phosphatase activity, transcription 

coactivator binding, and protein heterodimerization activity 
were also found in molecular function.

Based on the discovery of significant enrichment 
in apoptosis-related genes according to both GO and 
KEGG analyses, the Bim/Bcl-2/Bax signaling pathway 
was identified as a potential mechanism by which suc-
cinic acid protects hepatocytes from apoptosis (Fig. 5e). 

Fig. 4  KCs are crucial for the protective effects of succinic acid on ConA-induced acute liver injury. The mice were treated with succinic acid, with 
or without clodronate pretreatment, before ConA injection. a Experimental design and arrangement. b, c Serum ALT and AST levels were measured 
12 h after the ConA challenge. d Representative histological liver sections stained with HE. e Apoptosis in representative histological liver sec-
tions detected using the TUNEL assay (apoptotic cells are stained in brown) and followed by quantification of TUNEL-positive area. Low magni-
fication: × 40 (Scale bar = 500 µm); high magnification: × 200 (Scale bar = 100 µm). The data are expressed as the mean ± SD (n ≥ 3). ns, P ≥ 0.05; 
****P < 0.0001. ALT, alanine transaminase; AST, aspartate aminotransferase; HE, hematoxylin and eosin; ConA, concanavalin A; TUNEL, termi-
nal deoxynucleotidyl transferase dUTP nick end labeling.
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To further clarify this mechanism, we first determined the 
mRNA expression of potential anti-apoptotic genes in the 
livers of ConA-treated mice. Notably, the expressions of 
Bcl-2 were increased, while those of Bim and Bax were 
decreased in mice pretreated with succinic acid compared 
to control mice (Fig. 5f). In addition, western blotting 
results confirmed that succinic acid pretreatment upregu-
lated the protein expression of Bcl-2 and downregulated 
that of Bax in the livers of ConA-treated mice (Fig. 5g). 
To further confirm the function of Bcl-2, venetoclax was 
administered before succinic acid administration. The 
result shows that ALT and AST levels were comparable 
after Bcl-2 inhibition (Fig. 5h and i). This suggests that 
succinic acid treatment downregulates Bim/Bcl-2/Bax 
signaling pathway in ConA-treated mice, which might be 
related to its protective effects on the liver of these mice.

DISCUSSION

The pathogenesis of AIH is unclear, and although 
it represents a healthcare threat and is potentially fatal, 
effective pharmacotherapy against it is currently lacking 
[18, 19]. ConA-induced liver injury is a widely accepted 
model of acute immune liver injury in humans [20]. 
ConA induces the infiltration of various immune cell 
types and mediates gradual necroinflammation and deg-
radation of hepatic parenchyma cells [21]. In this study, 
we investigated the protective role of succinic acid, an 
intermediate of the tricarboxylic acid cycle and a metabo-
lite of the gut microbiota, in ConA-induced hepatocyte 
degeneration. This protection may be related to Kupffer 
cells and the upregulation of anti-apoptotic proteins.

The liver is a unique metabolic organ that moni-
tors metabolites in the portal and systemic circulation. 
Succinic acid is a metabolite that helps regulate cellular 
nutrient metabolism, with potential applications in medi-
cal care [8]. Succinic acid decreases hyperglycemia in 
obese mice by regulating intestinal gluconeogenesis or 
improving glucose tolerance [10, 22]. Additionally, suc-
cinic acid is reportedly a potential therapeutic agent for 
hematopoiesis [23], sepsis [24], and cancer [25]. How-
ever, excessive succinate accumulation contributes to the 
activation of hepatic stellate cells (HSCs) and increases 
the risk of hepatic fibrosis and liver cancer [26–28]. This 
study shows that succinic acid at an appropriate dose 
attenuates ConA-induced autoimmune hepatitis.

Fig. 5  Succinic acid treatment downregulates the Bim/Bcl-2/Bax 
signaling pathway in the liver. a Venn plot visualization. b PPI net-
work. c GO enrichment analysis. d KEGG enrichment analysis (the 
abscissa shows the enrichment factor, the ordinate shows the pathway 
name, the color represents the p value, and the size of the dot repre-
sents the number of genes). e Screening of the apoptotic Bim/Bcl-2/
Bax signaling pathway. f mRNA levels of Bim, Bcl-2, and Bax in the 
liver of mice pretreated with succinic acid or PBS alone before the 
ConA challenge, measured using RT-qPCR. g Western blot analy-
sis of total liver lysates for the Bcl-2 and Bax. (h, i) ALT and AST 
serum levels measured 12 h after ConA injection. Data are presented 
as mean ± SEM of three independent experiments (n = 3). ns, P ≥ 0.05; 
*P < 0.05; ***P < 0.001; ****P < 0.0001. ConA, concanavalin A; GO, 
gene ontology; KEGG, Kyoto Encyclopedia of Gene and Genome; 
PBS, phosphate buffer saline; RT-qPCR, reverse transcription-quanti-
tative polymerase chain reaction.
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ConA triggers an inflammatory cascade first by first 
stimulating resident KCs in the liver, inducing neutrophil 
recruitment, and then initiating T cell infiltration (especially 
CD4 +) [29–31]. SUCNR1 (known as GPR91) is a G protein-
coupled receptor distributed in several different cell and tis-
sue types, including HSCs, macrophages, DCs, and platelets, 
and is involved in the regulation of innate immunity, inflam-
mation, and allergic reactions [27, 32]. Our flow cytometry 
results showed that succinate acid decreases the percentage 
of neutrophils which promote inflammation and increases 
that of monocytes that might phagocytose necrotic tissues 
in the liver. These results indicate that succinic acid regu-
lates immune balance in ConA-induced hepatitis. Notably, 
no additional benefits were observed in the group pretreated 
with succinic acid compared with the control group after KCs 
depletion, which suggests that KCs play an important role in 
the regulation of immune balance by succinic acid.

The ConA-induced inflammatory response is ampli-
fied by the release of various pro-inflammatory cytokines, 
namely TNF-α, IFN-γ, and IL-1β, which play a crucial role 
in acute liver injury [33, 34]. It has been reported that ConA-
induced liver injury is ameliorated by the downregulation 
of TNF-α and IFN-γ expression in the mouse [34, 35]. We 
extracted total mRNA from the liver for RT-qPCR, and the 
results showed that the levels of the pro-inflammatory fac-
tors, TNF-α, IFN-γ, IL-2, and IL-1β, were decreased in the 
group pretreated with succinic acid. Similarly, the inhibitory 
factors, TGF-β and IL-10, were decreased, which might be 
beneficial for immune homeostasis. Moreover, the ELISA 
results showed that the TNF-α, IFN-γ, and IL-1β levels were 
decreased after succinic acid treatment. These results indi-
cate that succinic acid could inhibit ConA-induced inflam-
mation to some extent.

The Bcl family plays a significant role in the regula-
tion of mitochondrial apoptosis [36]. Among these, Bcl-2 
is an anti-apoptotic gene belonging to the Bcl-2 family 
located in the mitochondrial outer membrane [37, 38]. 
Bax induces apoptosis by acting on the mitochondria and 
regulating caspase activity, whereas Bcl-2 counteracts the 
action of Bax and consequently inhibits apoptosis. There-
fore, the Bax/Bcl-2 protein ratio is of great significance to 
determine survival or death following apoptotic stimulation. 
Bioinformatics analysis revealed that the Bim/Bcl-2/Bax 
signaling pathway may be a potential mechanism by which 
succinic acid protects the liver cells against apoptosis. RT-
qPCR and western blotting revealed a significant increase 
in the expression of Bcl-2, and a significant decrease in 
the expression of Bax in the group pretreated with succinic 
acid, both at the mRNA and protein levels. Therefore, we 

speculated that succinic acid may have a protective effect 
against ConA-induced liver cell apoptosis by affecting the 
expression levels of members of the Bcl-2 family.

As reported previously, clodronate liposomes were 
used in this study to deplete KCs [29]; however, clo-
dronate liposomes can also deplete many other cell types, 
including monocytes, macrophages, and DCs. Moreover, 
SUCNR1 is not only expressed by KCs but also by HSCs 
and DCs [15, 16]. Our results cannot rule out the possibil-
ity that HSCs, DCs, or other cell types might participate 
in the protective effect of succinic acid against ConA-
induced liver injury, which might also involve Bcl-2 and 
Bax expression in hepatocytes.

CONCLUSION

Our results indicate that the administration of 
succinic acid ameliorates ConA-induced liver damage 
by regulating the immune balance, inhibiting pro-
inflammatory factors, and having an anti-apoptotic effect. 
This study provides novel insights into the biological 
functions and therapeutic potential of succinic acid in 
the treatment of autoimmune liver injury.
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