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Abstract: Inflammatory bowel disease (IBD) is a chronic intestinal condition characterized by microbial dysbiosis, metabolic
alterations, and immune dysregulation. Succinate, a key tricarboxylic acid (TCA) cycle intermediate and microbiota-derived metabo-
lite, has emerged as a central regulator within the host microbiota-metabolism-immune axis in IBD. This narrative review delineates
succinate metabolism and its dual signaling roles, operating both intracellularly and through extracellular receptors. We synthesize
evidence on its context-dependent immunomodulatory functions, which can paradoxically drive both pro- and anti-inflammatory
responses, and elucidate the specific factors that dictate these outcomes. Finally, we critically evaluate the translational potential of
targeting the succinate pathway, outlining promising avenues for future research in IBD diagnosis and treatment.
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Introduction

Inflammatory bowel disease (IBD), which primarily includes Crohn’s disease (CD) and ulcerative colitis (UC), is a group of
chronic, non-specific intestinal inflammatory disorders with an incompletely understood etiology.' Clinically, it often presents
with abdominal pain, diarrhea, fatigue, and weight loss, with some patients also exhibiting extraintestinal manifestations such as
oral ulcers, osteoarticular lesions, dermatological manifestations, and ocular lesions. The course of IBD is characterized by
alternating remission and active phases of varying durations, following a chronic relapsing and remitting pattern.
Epidemiological studies show that approximately 0.3% to 0.5% of the global population suffers from IBD, and its incidence
has been consistently rising in recent years.” With disease progression, certain patients with IBD experience complications
including intestinal stenosis, obstruction, hemorrhage, perforation, and occasionally malignant transformation, usually requiring
surgical treatment, which significantly affects patient quality of life and imposes substantial economic burdens on families and
society. Therefore, exploring novel diagnostic biomarkers and effective therapeutic strategies is of great significance.

The traditional view holds that the pathogenesis of IBD is primarily associated with genetic susceptibility, environmental
factors, infection, and immune dysregulation. However, with the widespread application of high-throughput sequencing
technologies, the role of the gut microbiota and its metabolites in the pathogenesis of IBD has gained increasing attention.*
Studies have demonstrated significant dysbiosis in the gut microbiota of IBD patients, marked by reduced microbial diversity
and irregular shifts in certain bacterial populations.®” These alterations in microbial composition disrupt the intestinal
metabolic microenvironment, resulting in reduced synthesis of short-chain fatty acids (SCFAs) and an abnormal buildup of
metabolites like succinate. The abnormal changes in intestinal metabolites further establish a unique dynamic regulatory
network of “microbiota-metabolism-immunity” by modulating mitochondrial function in intestinal epithelial cells, inducing
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Graphical Abstract

Succinate's Dual Roles in Inflammatory Bowel Disease
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metabolic reprogramming of immune cells, and affecting epigenetic modifications, ultimately profoundly influencing the
pathophysiological progression of IBD.'%"

Recent studies have revealed that succinate plays a significant role in the development of various digestive system
diseases, including IBD, as well as in cardiovascular diseases, metabolic disorders, and tumors.'"'*17 Present studies on
IBD largely focus on the pro-inflammatory roles of succinate, while its anti-inflammatory effects remain underexplored.
In this review, we systematically outline the metabolic features and signal transduction pathways of succinate and
elucidate its dual immunomodulatory functions in IBD based on the emerging concept of the “microbiota-metabolism-
immunity” axis. Lastly, we will focus on the clinical translation potential of succinate, discussing individualized
therapeutic approaches targeting succinate and its applications in the diagnosis and precision medicine of IBD.

The Generation, Degradation, and Transport of Succinate

Succinate, a central metabolite in the gut microenvironment, functions as a critical nexus in the “microbiota-metabolism-
immune” axis and significantly influences the onset and progression of IBD. It originates from two primary sources: the
host’s intracellular tricarboxylic acid (TCA) cycle and the metabolic activities of the gut microbiota (Figure 1). This
section will delineate the cellular and microbial origins of succinate, its subsequent metabolism, and its dynamic
transport processes across cellular membranes.

Host Cell-Derived Succinate

In host cells, succinate is predominantly generated through the classical TCA cycle.'® The TCA cycle, also known as the
citric acid or Krebs cycle, is a key aerobic metabolic pathway. It occurs in the mitochondrial matrix and is essential for
producing energy during cellular respiration. Through a series of enzymatic reactions, this cycle completely oxidizes

15018 ‘s Journal of Inflammation Research 2025:18



Zhao et al

Gut Microbiota-Derived Succinate Host Cell-Derived Succinate

Acetyl CoA

Succinate-producing bacteria
such as Prevotella spp., Bacteroides spp.

Succinate- ? \? i
cgnhsummg acteria | succinate

such as
 Phascolarctobacterium
4 spp. and Dialister spp. \

Oxaloacetate

SCFAs igfaci
3 . ® o Acetate, Propionate, Butyrate
succingte_
Gut lumen e = "ﬁ" 1 TCA Cycle l
L

?Y vy yu ¥ sLci3A2
i @ \ ) SDH OGDHy
L* SUCNR1 | \ :
X . :'.succinate Succinyl CoA

1 SCS

I

GABA)+—— Glutamine

Figure | Dual Sources of Succinate in IBD. The diagram illustrates the key bacterial taxa, metabolic pathways, and transporters (SLC13A2) involved. In IBD, disruption of the
balance between succinate-producing and consuming bacteria, coupled with host metabolic dysregulation, subsequently modulates intestinal immune responses. Created in

BioRender. Zhao, M. (2025) https://BioRender.com/0fhmdfk.

metabolic products of carbohydrates, fats, and proteins into carbon dioxide and water, releasing substantial energy for
Adenosine Triphosphate (ATP) synthesis.'” Within the cycle, a-ketoglutarate (0-KG) transforms into succinyl-CoA via
the a-ketoglutarate dehydrogenase complex (OGDHc). Succinyl-CoA is then transformed into succinate by succinyl-
CoA synthetase (SCS), and the resulting succinate undergoes further oxidation to fumarate by succinate dehydrogenase
(SDH).*® Moreover, intracellular succinate can also be produced through the metabolism of glutamate via the v-

aminobutyric acid (GABA) shunt pathway.'*

Gut Microbiota-Derived Succinate
In the gut microenvironment, resident microbiota synthesize succinate by fermenting undigestible carbs like dietary fiber,

a process that yields SCFAs. SCFAs are organic fatty acids containing 1 to 6 carbon atoms, with acetate, propionate, and
butyrate as the primary forms. The total concentration of SCFAs in the colonic lumen is approximately 60—150 mmol/
L.! The biological functions of SCFAs are primarily mediated through activation of specific G protein-coupled receptors
(GPCRs) and inhibition of histone deacetylase (HDAC) activity. In the pathogenesis of IBD, SCFAs play a protective
role through several potential mechanisms, such as strengthening intestinal barrier integrity, regulating immune balance,
and inhibiting excessive inflammatory responses. The main synthetic pathways of succinate in the intestinal lumen
include the succinate-propionate pathway, succinate-acetate pathway, and succinate-butyrate pathway.”* >* As an exam-
ple, taking the succinate-propionate pathway, certain gut bacteria first convert carbohydrates into phosphoenolpyruvate
(PEP). In the presence of carbon dioxide (CO,), PEP is catalyzed by phosphoenolpyruvate carboxykinase (PEPCK) to
form oxaloacetate (OAA). OAA is then sequentially reduced to succinate through enzymatic reactions involving malate
dehydrogenase and fumarate reductase. Finally, with the participation of vitamin B12, succinate is converted through
succinyl-CoA into methylmalonate (MMA), which is then further converted into propionate.®**’
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Within the gut microbiota, Prevotella spp., Bacteroides spp., and members of the Veillonellaceae family are the
primary producers of succinate.” %’ Conversely, Phascolarctobacterium spp. and Dialister spp. are key succinate-
consuming bacteria. Importantly, succinate-producing and -consuming bacteria form a dynamic “succinate metabolic
axis” via cross-feeding interactions to sustain gut homeostasis.”**° Under normal physiological conditions, succinate
levels in the gut lumen and feces are typically maintained at approximately 1 to 3 uM. Under inflammatory conditions
like IBD, mitochondrial dysfunction in host cells, combined with gut microbiota dysbiosis, results in the abnormal
accumulation of succinate both within host cells and the intestinal lumen. This leads to concentrations that are

significantly elevated to 7-25 mM, which are thousands of times higher than those found in healthy individuals.?’*°

The Dynamic Exchange of Succinate Inside and Outside the Cell

Succinate can dynamically exchange between intracellular and extracellular spaces; however, as a negatively charged
dicarboxylic acid, it cannot freely diffuse across the cell membrane or mitochondrial inner membrane, and its transmem-
brane transport is strictly dependent on specific transport proteins.®' >* When succinate moves from the mitochondrial
matrix to the extracellular space, it first enters the cytosol through the dicarboxylate carrier (DIC, SLC25A10), positioned
within the mitochondrial inner membrane. Following this, the voltage-dependent anion channel (VDAC) enables the
movement across the mitochondrial outer membrane into the cytoplasm, where succinate can be secreted into the
extracellular fluid via organic anion transporters (OATs) or the monocarboxylate transporter 1 (MCT1). Extracellular
succinate can then be taken up into cells via sodium-dependent dicarboxylate transporters (SLC13 family) or MCT]1,
thereby completing its dynamic intracellular-extracellular cycling.*** Tt is important to note that this SLC13-mediated
transport underpins a critical transcellular pathway at the tissue level. Specifically, in the gut, luminal succinate derived
from the microbiota is absorbed by epithelial cells via apical SLC13 transporters (eg, SLC13A2) and delivered to the
lamina propria. There, macrophages enhance their uptake of succinate via the basolateral transporter SLC13A3, a process
fine-tuned by SLC26A6 and SUCNRI. This microbiota-epithelium-macrophage succinate axis drives pro-inflammatory
polarization in macrophages, positioning the SLC13 transport family as a central player in metabolic-immune commu-
nication, particularly in the context of inflammatory bowel diseases.*'

The Signaling Pathways of Succinate

Succinate plays a pivotal role in the onset and progression of IBD. Its signaling functions are broadly categorized into
intracellular and extracellular mechanisms, which, together, orchestrate a range of pro-inflammatory and anti-
inflammatory responses in the intestinal microenvironment (Figure 2).

Intracellular Signaling of Succinate

Regarding intracellular mechanisms, succinate regulates several inflammation-associated signaling pathways via meta-
bolic reprogramming, primarily involving the stabilization of the hypoxia-inducible factor-lo. (HIF-1a) pathway,
disrupting the equilibrium between regulatory T (Treg) cells and T helper 17 (Th17) cells, and inducing mitochondrial
oxidative stress along with inflammasome activation. Specifically, intracellular succinate accumulation inhibits prolyl
hydroxylase (PHD) activity, stabilizing HIF-1a and promoting its nuclear translocation.*® Activated HIF-1a subsequently
boosts transcription of pro-inflammatory cytokines like interleukin-1B (IL-1B) and interleukin-6 (IL-6), promotes
glycolysis, and disrupts the function of the intestinal mucosal barrier.’’>° Succinate within cells can also inhibit the
expression of OGDHc, decreasing the synthesis of succinyl-CoA, leading to decreased succinylation of forkhead box
protein P3 (FOXP3), the critical Treg cell transcription factor, thereby exposing its lysine residues and facilitating
ubiquitin-dependent proteasomal degradation. FOXP3 deficiency leads to the loss of immunosuppressive function in Treg
cells, causing them to shift towards a Th17-like phenotype with increased secretion of interleukin-17 (IL-17), which
aggravates intestinal inflammation.*® Additionally, intracellular succinate accumulation competitively inhibits SDH
activity, inducing mitochondrial dysfunction and increasing mitochondrial reactive oxygen species (mtROS) generation.
These mtROS function as essential second messengers to trigger the activation of the NOD-like receptor pyrin domain-
containing protein 3 (NLRP3) inflammasome, promoting maturation and secretion of pro-inflammatory cytokines

including IL-1p and interleukin-18 (IL-18), thereby amplifying the inflammatory response.'**'
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Figure 2 Intracellular and extracellular signaling pathways of succinate in IBD. Succinate modulates IBD inflammation by acting both inside and outside the cell.
Intracellularly, it stabilizes HIF-1a, disrupts the Treg/Th17 balance, and promotes inflammasome activation. Extracellularly, by activating SUCNRI, it triggers Gai and Gaq
signaling, mobilizing PKC and MAPK effectors. The ultimate immune outcome is context-dependent. Created in BioRender. Zhao, M. (2025) https://BioRender.com/7bjvvwc.

Extracellular Signaling of Succinate

On the extracellular signaling front, succinate mediates regulation via its specific receptor, succinate receptor 1
(SUCNRU), also referred to as G protein-coupled receptor 91 (GPR91).*> SUCNRI is extensively expressed across
different tissues and cells, including the kidney, liver, spleen, adipose tissue, and intestine, as well as in specialized cells
such as intestinal epithelial cells, macrophages, dendritic cells, and T cells.**** Notably, SUCNRI expression is
markedly increased in the intestinal tissues of patients with CD who have penetrating lesions (B3 type), particularly in
areas surrounding the fistula.*> As a G protein-coupled receptor, SUCNRI can differentially activate Gaq and Gai
signaling pathways, with its signal output highly dependent on the cell’s metabolic state and receptor subcellular
localization. Stimulation of the Goq pathway triggers phosphoinositide hydrolysis mediated by phospholipase C[
(PLCB), leading to the release of intracellular calcium ions (Ca?+). This subsequently initiates the protein kinase
C (PKC) and mitogen-activated protein kinase (MAPK) signaling cascades. In contrast, Goi pathway activation inhibits
adenylate cyclase, reducing cyclic adenosine monophosphate (¢cAMP) concentrations.**** Furthermore, recent studies
indicate that SUCNRI signaling can also exert key immunoregulatory roles by activating the interleukin-4 receptor o
subunit (IL-4Ra)/HIF-1a axis on the surface of myeloid cells.*® Succinate activates intestinal lamina propria macro-
phages and dendritic cells through SUCNRI binding, upregulating the CCL2/CCR2 chemokine axis to promote
monocyte recruitment to sites of inflammation.*® In intestinal epithelial cells, succinate engagement of SUCNRI
activates Wnt/B-catenin signaling. This activation drives epithelial-mesenchymal transition (EMT), a process strongly
implicated in CD-associated fistula pathogenesis. Simultaneously, the succinate-SUCNRI1 signaling axis can also directly

Journal of Inflammation Research 2025:18 hetps: 15021


https://BioRender.com/7bjvvwc

Zhao et al

promote intestinal fibroblast proliferation and collagen deposition, collectively mediating IBD-associated intestinal
fibrosis.'>* Moreover, gut microbiota-derived succinate activates T helper 9 cells (Th9) through the SUCNRI1/HIF-1a
axis, stimulating substantial IL-9 secretion, which disrupts the intestinal epithelial barrier function, ultimately exacer-
bating colonic inflammation.*’

Interactions Between Succinate and Other Intestinal Metabolites

Intestinal metabolites are diverse, and succinate, as one of them, exhibits complex interactions with SCFAs, secondary
bile acids (SBAs), tryptophan metabolites, and others, forming an intricately regulated metabolic network.*’*® Research
indicates that SCFAs like butyrate play a key role in immune regulation by stimulating the development of Treg cells and
enhancing epithelial barrier function. This occurs through the activation of G protein-coupled receptors 41 and 43
(GPR41/43), as well as the suppression of HDAC activity. As a result, butyrate helps counteract some of the
inflammatory responses triggered by succinate.*’ There is a notable correlation between succinate and secondary bile
acids. In IBD patients, the levels of both succinate and deoxycholic acid (DCA) are significantly increased. Succinate
signals through its receptor SUCNR1, whereas DCA activates G protein-coupled bile acid receptor 1 (GPBARI1/TGRS)
and farnesoid X receptor (FXR), jointly promoting Th17 differentiation and intensifying pro-inflammatory responses.
Conversely, lithocholic acid (LCA) and its metabolite 12-keto lithocholic acid (12-KLCA) significantly inhibit secretion
of interleukin-17A (IL-17A) by colonic group 3 innate lymphoid cells (ILC3s) through activating vitamin D receptor
(VDR) and pregnane X receptor (PXR), thereby antagonizing succinate’s pro-inflammatory effect.’® Moreover, the
tryptophan metabolite kynurenine is also significantly elevated in patients with active IBD and, similar to succinate, can
suppress Treg cell function. However, indole derivatives produced by probiotic metabolism of tryptophan, such as
indole-3-aldehyde (I3A), enhance epithelial barrier function and induce anti-inflammatory interleukin-22 (IL-22) expres-
sion through the activation of the aryl hydrocarbon receptor (AhR), thus exacerbating profibrotic effects via the
succinate-SUCNR1 pathway.!' The complex interaction network among these metabolites provides an important
theoretical basis for developing combination therapies for IBD, especially the joint use of probiotics and SUCNRI

antagonists.”’

The Dual Role of Succinate in IBD

The role of succinate in IBD is complex and context-dependent, with substantial evidence supporting its pro-
inflammatory actions, while emerging research reveals specific scenarios where it may facilitate anti-inflammatory and

repair processes (Table 1).

Table | Summary of the Dual Immunoregulatory Roles of Succinate in IBD

Functional Context Immune/Cellular Effects Molecular Mechanism Experimental Models/ References

Evidence

Anti-inflammatory

Context

Physiological Enhances intestinal epithelial SUCNRI activation — In vitro (IPEC-)2 cells), In [51]
Concentration / Small barrier function upregulation of tight junction vivo (pig model, dietary

Intestinal Environment proteins (eg, ZO-1, Claudin-I) succinate)

Physiological Induces type 2 immunity; Succinate — tuft cell (SUCNRI/ | In vivo physiological models [52,53]
Concentration / Small suppresses bacterial colonization | TRPM5) — IL-25 — ILC2 — IL-

Intestinal Environment and Th17/ILC3 responses; 13 — epithelial remodeling

promotes Paneth and goblet cell

hyperplasia

(Continued)
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Table | (Continued).

Functional Context

Immune/Cellular Effects

Molecular Mechanism

Experimental Models/
Evidence

References

Oral Succinate
Administration in Colitis

Pro-inflammatory
Context

Pathological
Concentration / Active
Disease Phase

Pathological
Concentration / Active
Disease Phase
Pathological
Concentration / Active

Disease Phase

Pathological
Concentration / Active

Disease Phase

Colonic Environment /

Fistulizing Crohn’s Disease

Intestinal Fibrosis in
Crohn’s Disease(CD)

Ulcerative Colitis (UC)
Specific

Gut Microbiome
Succinotype: P-type (fast-
consuming
Phascolarctobacterium) vs

D-type (slow-consuming

Dialister)

Attenuates inflammation;
enhances barrier integrity and
host defense; reprograms
myeloid cell function

Disrupts epithelial barrier;
induces pro-inflammatory
cytokine production

Amplifies Th9-driven

inflammation

Promotes Treg/Thl7 imbalance

Primes innate immune

inflammasome

Promotes EMT, intestinal

fibrosis, and fistula formation

Activates fibroblasts and

myofibroblasts

Drives glycolysis-inflammation
amplification loop and enhances
Th17 responses

P-type: low luminal succinate —
anti-inflammatory tendency;
D-type: high luminal succinate —
pro-inflammatory tendency
(IBD-associated)

Luminal succinate — SUCNRI
on tuft cells — tuft-ILC2 circuit
— |L-13/IL-4 — IL-4Ra on
myeloid cells — HIF-la
stabilization — metabolic
reprogramming (glycolysis) —
“trained” monocytes —

protective macrophages

HIF-10/ROS pathway — M|
macrophage polarization —
increased IL-1p, IL-6; decreased
tight junction proteins
SUCNRI activation on Th9 cells
— HIF-la stabilization —
increased IL-9
Increased intracellular succinate
— inhibits OGDHc — reduced
succinyl-CoA — decreased
FOXP3 succinylation —
enhanced ubiquitination —
FOXP3 degradation — Treg
suppression
Increased intracellular succinate
— inhibits PHD — stabilizes
HIF-1a. — pro-IL-1B
transcription (inflammasome
priming)

SUCNRI activation — Wnt
ligand induction — nuclear B-
catenin — SNAILI1/2, vimentin
(EMT)

SUCNRI activation — STAT3
and NF-xB phosphorylation —
increased fibrotic markers (eg,
COLIALI, o-SMA, TGF-B)

SUCNRI/NF-kB activation —
upregulates GLUT I, HK-II,
LDHA — synergizes with Thl7
cells
Differential microbial succinate
consumption rates determine
luminal levels. High succinate
promotes inflammation via
SUCNRI/GPR9I.

In vivo (DSS colitis), In vitro

models

In vitro models; active IBD

patient data

In vitro (Th9 differentiation),
In vivo (colitis models),
human UC data
In vitro (T cell
differentiation), In vivo
(genetic models), human
data

In vitro (macrophage

models)

In vitro (epithelial cells), In
vivo (mouse models), human

tissues

In vitro (human/murine
intestinal fibroblasts), In vivo
(Sucnrl™/ transplant
model), human tissue
(SUCNRI-a-SMA
correlation)

In vitro (IECs + Thl7), In
vivo (DSS colitis), human UC

tissue/serum

In vitro (bacterial cultures),
cohort analysis (D-type
linked to IBD),
metabolomics (elevated fecal

succinate in D-type)

[46]

[30]

[29]

[40]

[>4]

[45]

[15]

[53]

[28]
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The Pro-Inflammatory Role

Substantial evidence from clinical and preclinical studies establishes succinate as a potent pro-inflammatory driver in
IBD. Elevated fecal and serum succinate levels are observed in IBD patients compared to healthy individuals, correlating
positively with clinical disease activity, as demonstrated in clinical studies.?**'~*® In vivo studies directly demonstrate
succinate’s pro-inflammatory properties. In the dextran sulfate sodium (DSS)-induced mouse colitis model, intrarectal
administration of exogenous succinate significantly exacerbates disease severity, as evidenced by greater weight loss,
severe colonic shortening, higher histopathology scores, and significantly elevated levels of pro-inflammatory cytokines,
including IL-6 and TNF-a, in colon tissue. Notably, in this model, transplantation of succinate-consuming bacteria or
administration of SUCNRI1 antagonists effectively reduces colonic succinate levels, alleviates intestinal inflammation,
and is accompanied by suppression of Th9 cell-related inflammatory pathways.?>*® Beyond acute inflammation, the
succinate-SUCNRI1 axis is critically implicated in the pathogenesis of intestinal fibrosis, a major complication of Crohn’s
disease. SUCNRI expression is significantly upregulated in the intestinal tissue and isolated fibroblasts of CD patients.
Activation of SUCNRI by succinate drives fibroblast activation in a dose-dependent manner, upregulating fibrotic
markers (COL1A1, a-SMA) and pro-fibrotic mediators (TGF-f), and activating STAT3 and NF-«xB signaling pathways.
Conversely, genetic deletion of SUCNRI in mice confers protection against both TNBS-induced colitis and a heterotopic
transplant model of intestinal fibrosis, characterized by attenuated collagen deposition, reduced expression of pro-
inflammatory cytokines, and a shift in macrophage polarization towards an anti-inflammatory M2 phenotype."> In
vitro studies further confirm the pro-inflammatory role of succinate; treatment of human CD4+ T cells with 5—
10 mmol/L succinate promotes differentiation of Th17 cells, while concurrently mediating degradation of FOXP3 protein
via the ubiquitin-proteasome pathway, thereby significantly impairing the immunosuppressive function of Treg cells.*
Succinate activates pro-inflammatory signaling networks through multiple pathways, among which the SUCNR1-Gq-

PLC-IP3 pathway and the HIF-1o pathway are core drivers.**"%

The Anti-Inflammatory Role

In contrast to the prevailing pro-inflammatory paradigm, certain conditions unveil a protective role for succinate. In the
DSS-induced experimental colitis mouse model, supplementation of succinate (300 mM) in drinking water significantly
alleviates disease severity, as evidenced by attenuation of colon shortening, reduction of histopathological damage,
reduced expression of critical inflammatory mediators TNF-a and IL-6, and enhancement of intestinal barrier function.
Mechanistically, succinate in the intestinal lumen exerts its effects mediated by the receptor SUCNRI, chiefly through the
IL-4Ro/HIF- 10 signaling pathway. This signaling axis drives metabolic reprogramming of Ly6C™ monocytes, promoting
their differentiation into intestinal macrophages with tissue repair functions while retaining pro-inflammatory response
potential. This process ultimately restores intestinal barrier integrity and suppresses pro-inflammatory cytokine expres-
sion, thereby significantly alleviating DSS-induced colitis.*®

Determinants of Succinate’s Dual Immunoregulatory Role in IBD

The net immunoregulatory effect of succinate in IBD, spanning pro-inflammatory to anti-inflammatory outcomes, is
orchestrated by a complex interplay of factors. These factors include gut microbiota composition, local succinate
concentration, disease stage and location, target cell types, host genetics, and dietary influences, which collectively
determine its context-dependent functions (Figure 3).

Gut Microbiota Composition and External Influences

Microbiota play a critical role in maintaining the succinate balance in the gut. Succinate-producing bacteria are enriched
in IBD patients, primarily generating succinate through the fumarate reductase pathway by metabolizing dietary fibers.
This process leads to their excessive proliferation, which is positively associated with colitis severity. In contrast, key
succinate-consuming bacteria, including Phascolarctobacterium and Dialister, are often deficient or diminished in IBD
patients. These bacteria utilize the succinyl-CoA transferase to methylmalonyl-CoA decarboxylase pathway to transform
succinate into propionate. Significantly, these two genera of succinate consumers demonstrate pronounced, mutually

15024 ‘s Journal of Inflammation Research 2025:18



Zhao et al

Types of target
cells

:

Microbiota

4

/ o .
w1y Immune Succinate

Composition of the | \/ \/V\/{ Stages of disease ]
Gut Microbiota

Concentration of . ;
succinate [ Location of disease ]

manifestation

Figure 3 The Microbiota-Succinate-Immune Axis in IBD and Its Regulatory Factors. As a key hub molecule of the “microbiota-metabolism-immune” axis, succinate exhibits
complex, dual immunoregulatory effects in IBD, which can both promote and inhibit inflammation. The final effect is determined by various critical factors, including gut
microbiota composition, local succinate concentration, disease location, disease stage, target cell types, genetics, diet, and other factors. Created in BioRender. Zhao,
M. (2025) https://BioRender.com/avpf4ul.

exclusive colonization within the intestine, forming distinct “succinotypes”. In fact, experimental in vitro findings
demonstrate that Phascolarctobacterium consumes succinate at an average rate of 63.7 mM/h/OD, about double that
of Dialister’s 30.7 mM/h/OD. This inherent difference in succinate consumption efficiency between the two genera is
a major factor driving inter-individual variation in intestinal succinate levels and may be directly linked to IBD
susceptibility.?®

Diet and antibiotics are two critical external factors that regulate microbial composition and succinate metabolism.
Regarding diet, the specific dietary composition directly influences microbial functions and succinate accumulation by
altering the availability of fermentable substrates in the gut. For instance, in mouse studies, consumption of purified
fructooligosaccharides elevated cecal succinate levels, while supplementation with refined inulin has been shown to
induce abnormal succinate accumulation, which aggravates colitis and potentially facilitates tumor development. On the
other hand, a low-calorie Mediterranean diet combined with physical activity can increase the abundance of succinate-
consuming bacteria, optimize the production-consumption ratio of succinate, and reduce its overall level in the gut. The
use of antibiotics severely disrupts the equilibrium of the gut microbiota and markedly alters succinate metabolism.
While eliminating pathogenic bacteria, antibiotics also selectively deplete key succinate-consuming microbes, disrupting
metabolic homeostasis. This disruption leads to succinate accumulation, which can trigger inflammatory responses or

facilitate opportunistic infections such as Clostridioides difficile.*”>

Concentration of Succinate

Succinate exhibits a significant concentration-dependent bidirectional regulatory effect on intestinal inflammation. At
physiological concentrations (1-3 mM), succinate triggers SUCNR1 signaling in both intestinal epithelial and immune
cell populations, including macrophages and tuft cells, mediating type 2 immune responses, promoting monocyte
differentiation into tissue-repairing macrophages, inducing a trained immunity-like phenotype, enhancing intestinal

barrier integrity, and significantly alleviating experimental colitis. The underlying protective mechanisms include
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activation of the IL-4Ra/HIF-1a signaling axis, increased host antibacterial capability, and decreased intestinal mucosal
permeability.*® Conversely, at pathological high concentrations of succinate (>5 mM), excessive activation of SUCNR1
leads to Wnt/p-catenin signaling-dependent EMT, which promotes intestinal fibrosis and fistula formation.*> This
concentration-dependent “metabolic switch” effect enables succinate at physiological levels to exert mucosal protective
functions, while excessive concentrations may drive inflammatory cascade responses.”’

Location of Disease Manifestation

The immunomodulatory effects of succinate display marked regional heterogeneity along the gastrointestinal tract. Under
physiological conditions in the small intestine, succinate activates the SUCNRI receptors on tuft cells, leading to IL-
25 secretion and subsequent activation of the type 2 innate lymphoid cell (ILC2)/interleukin-13 (IL-13) axis. This in turn
promotes Paneth cell hyperplasia and reshapes antimicrobial peptide expression, effectively inhibiting mucosal bacterial
colonization and improving barrier integrity, thereby suppressing excessive inflammation via GATA3+ cell expansion
and IL-4/IL-13-driven Th2 immune polarization. Such coordinated responses help maintain intestinal homeostasis.’>>* In
contrast, within the colon, where the elevated microbiota density and reduced oxygen tension restrict SDH activity, there
is abnormal succinate accumulation in this segment of the gut. As a result of this metabolic shift, elevated succinate
levels activate SUCNRI, inducing Wntl1/4/10A ligand expression, triggering B-catenin nuclear translocation, and
upregulating SNAIL1/2 and vimentin-mediated EMT, thus facilitating fibrosis and fistula development.*> Additionally,
in the specific context of ulcerative colitis, succinate accumulation activates the SUCNR1/NF-«kB pathway, synergizing
with Th17 cells to drive a pathogenic glycolytic switch in intestinal epithelial cells. This UC-specific metabolic-immune
cascade, characterized by upregulation of GLUT1, HK-II, and LDHA, establishes a pro-inflammatory feed-forward loop
that perpetuates mucosal inflammation.”

Stages of Disease

The immunoregulatory function of succinate evolves with disease progression. During the active phase of the disease, pro-
inflammatory effects predominate. In patients with active UC, dysbiosis is characterized by an increased relative abundance
of succinate-producing bacteria and a reduction of succinate-consuming bacteria, leading to succinate accumulation in the
intestinal lumen. The accumulated succinate activates intestinal Th9 cells via SUCNRI, promoting secretion of IL-9 and
other factors, indirectly recruiting neutrophils and amplifying the inflammatory cascade.?® Additionally, through the HIF-1a/
ROS pathway, succinate facilitates M1 macrophage polarization, which elevates the production of pro-inflammatory
cytokines including IL-1B and IL-6, and suppresses expression of epithelial tight junction proteins like occludin and
claudin-1, thereby worsening the damage to the intestinal barrier.’® In active IBD patients, clinical data reveal a strong
positive correlation (r=0.78, p<0.001) between fecal succinate concentrations and fecal calprotectin levels.”® Conversely,
during disease remission, succinate shows protective functions. In the DSS-induced colitis recovery model, exogenous
succinate activates intestinal tuft cell SUCNRI receptors, stimulating ILC2 to secrete interleukin-4 (IL-4) and IL-13, thereby
promoting macrophage polarization to the reparative M2 type and facilitating intestinal tissue repair.*®

Types of Target Cells

The biological effects of succinate are highly cell-type specific within the intestinal microenvironment. In innate immune
cells, succinate directly activates dendritic cells and macrophages via its receptor SUCNR1, promoting NLRP3 inflamma-
some assembly and IL-1p release.’*“° In adaptive immune cell subsets, high concentrations of succinate significantly inhibit
the immunosuppressive function of Treg cells by inducing degradation of the key transcription factor FOXP3, while
promoting differentiation of Th9 and Thl7 cells, thereby driving IL-9 and IL-17-mediated intestinal inflammatory
responses.””** In intestinal epithelial cells, physiological concentrations of succinate upregulate the expression of tight
junction proteins ZO-1 and Claudin-1 via the SUCNR1 signaling pathway, helping to maintain intestinal barrier integrity.”'
However, at pathological concentrations, succinate induces mitochondrial fission, disrupting energy metabolic homeostasis
in epithelial cells, which exacerbates intestinal barrier dysfunction. Notably, butyrate can effectively antagonize this
mitochondrial damage process by activating free fatty acid receptor 3 (FFAR3).°' In intestinal stromal cells, succinate
activates SUCNR1 on fibroblasts, initiating the transforming growth factor beta (TGF-B) signaling cascade, promoting
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collagen deposition and activation of a-smooth muscle actin (a-SMA)-positive myofibroblasts, thereby accelerating intest-
inal fibrosis progression and potentially leading to intestinal stricture formation.'> In conclusion, succinate performs complex
and varied biological roles via multiple signaling pathways in various cell types.

The Potential Application of Succinate in Clinical Diagnosis of IBD

Numerous studies have demonstrated that succinate levels in urine and feces can serve as important biomarkers
reflecting intestinal microbiota dysbiosis and disease activity.®> Clinically, the detection of succinate primarily
utilizes techniques such as gas chromatography-mass spectrometry (GC-MS), liquid chromatography-tandem mass
spectrometry (LC-MS/MS), capillary electrophoresis (CE), and enzymatic assays. Each method, however, presents
notable limitations: GC-MS requires complex derivatization procedures; LC-MS/MS, while offering high sensitivity
and specificity, is costly and susceptible to matrix effects; CE suffers from poor reproducibility; and enzymatic
assays lack specificity, typically yielding only semi-quantitative results. These technical challenges, therefore,
currently hinder the standardization and high-throughput application of succinate measurement in routine IBD
diagnostics.**

The relationship between succinate levels and IBD pathophysiology is increasingly clear. In CD patients,
reduced urinary succinate correlates with gut metabolic dysregulation, whereas heightened fecal succinate indi-
cates pathogenic bacterial expansion and inflammatory activation.’®>® Furthermore, the “succinotype” classifica-
tion strategy based on gut microbiota metabolic features provides a novel dimension for precise IBD subtype
classification.”® Clinical cohort research confirms that IBD patients characterized by a Dialister-dominant D-type
succinotype have higher rates of disease relapse and more severe mucosal injury observed endoscopically than
those with a Phascolarctobacterium-dominant P-type succinotype.®® Additionally, future approaches may integrate
fecal succinate levels, urinary metabolomics, and microbiota sequencing to develop non-invasive, personalized

dynamic monitoring systems, enabling more accurate assessment of IBD disease activity.”®®

The Potential Application of Succinate in Clinical Treatment of IBD
The immunomodulatory function of succinate in IBD is notably bidirectional, and its final biological outcomes are
intricately governed by multidimensional networks such as the intestinal microbiota composition. Based on this

regulatory network, potential targeted therapeutic strategies mainly include three aspects.

Targeting the Gut Microbiota Structure

Regulating the gut microbiota “succinotype” by supplementing probiotics or succinate-consuming bacteria, and imple-
menting personalized dietary plans to adjust the consumption/production ratio of succinate. Preliminary studies indicate
that oral administration of Phascolarctobacterium faecium can significantly reduce fecal succinate levels in UC patients
and improve clinical symptoms via the succinate-to-propionate metabolic pathway.®® Supplementing fermentable dietary
fibers such as oligofructose can promote the proliferation of succinate-consuming bacteria, while the use of refined fibers

like inulin additives should be avoided to prevent dysbiosis and abnormal succinate accumulation.®’

Targeting Succinate Signaling and Metabolic Pathways

Succinate mainly mediates multiple immune pathways via its receptor SUCNR1; therefore, developing SUCNRI antagonists
is a core strategy. Specifically, SUCNRI antagonists can be used to block pro-inflammatory signals during active IBD,
whereas during remission, succinate or its precursors can be supplemented to promote mucosal repair. Although SUCNR1
antagonists for IBD treatment have defined targets and lead compounds such as TUG-2465, clinical translation still faces
challenges including species differences, insufficient tissue selectivity, and the bidirectionality of succinate/SUCNRI signal-
ing, all of which require humanized animal models and more precise delivery strategies to overcome.®” Moreover, the
development of drugs targeting key succinate metabolism enzymes like SDH and SCS could hold considerable potential.
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Targeting the Transporters of Succinate

The distribution of succinate between intracellular and extracellular environments depends on specific transport proteins
such as DIC, OATs, MCTs, and members of the SLC13 family. Regulating the activity of these transporters could
influence the local microenvironment’s succinate levels and its accessibility to SUCNRI, thus modulating downstream
signaling cascades. Therefore, the further application of this approach requires the elucidation of the precise concentra-
tion thresholds and tissue-specific effects through which succinate mediates its distinct immune regulatory roles.

Conclusion and Prospects

This review comprehensively summarizes the dual immunomodulatory role of succinate in IBD and highlights its central
position in the microbiota-metabolism-immune axis. Research shows that the function of succinate exhibits significant
context dependence: it can mediate immune cell activation and pro-inflammatory responses through both SUCNRI1-
dependent and independent pathways, while simultaneously contributing to anti-inflammatory and tissue repair processes
in specific microenvironments. This duality of action indicates that the final biological effects of succinate are not solely
determined by its intrinsic properties, but rather depend on its concentration, spatial distribution, and the complex
interactions between local metabolism and immune status in the gut. Therefore, understanding the dynamic balance
between these opposing roles is crucial for elucidating its overall impact on intestinal homeostasis.

Despite continuous basic research revealing the key role of succinate in the pathogenesis of IBD, its clinical
translation still faces significant challenges. Although numerous studies have deepened our understanding of succinate-
mediated inflammatory pathways, translating these findings into effective therapies remains difficult. For example,
strategies to regulate the gut “succinotype” through methods such as fecal microbiota transplantation (FMT) face issues
such as lack of precision and limited success rates.®® In addition, such interventions often fail to achieve stable and long-
term modulation of intestinal metabolites, further limiting their clinical applicability. Moreover, the systemic application
of SUCNRI antagonists presents additional obstacles, as their widespread receptor distribution may result in unintended
off-target effects and potential liver or kidney toxicity. Taken together, these limitations underscore the urgent need to
develop novel, precise intervention strategies that can selectively modulate succinate signaling within the intestinal
microenvironment while minimizing systemic risks.

Future research should focus on the following directions. Firstly, there is a need to develop more targeted intervention

9,70

tools, such as live biological therapies based on engineered probiotics or succinate-consuming bacteria, microenvir-

onment-specific SUCNR1 antagonists, and smart nanoparticle drug delivery systems,’””!

aimed at improving interven-
tion efficiency and safety. Secondly, it is essential to integrate multi-omics data, such as host genetic polymorphisms, gut
microbiota metabolic functions, and dynamic metabolomics, to construct comprehensive and predictive models for the
precise stratification of IBD patients, thereby providing a solid basis for personalized succinate-related treatments.”* ’*
Furthermore, it will be crucial to strengthen longitudinal and translational studies that link molecular mechanisms to
clinical outcomes, so as to ensure that findings from laboratory research can be effectively applied in clinical contexts.

It should be noted that the immunomodulatory mechanisms of succinate discussed in this review are primarily derived
from preclinical models and thus require direct validation in human tissues and clinical cohorts. Therefore, bridging this
gap between experimental and clinical research will be essential to confirm the translational relevance of current findings.
As research into IBD immunometabolism continues to deepen, the integration of multi-dimensional analyses of the
succinate functional network with the rational design of precise and personalized intervention strategies is expected to
transform these mechanistic insights into effective clinical applications, ultimately opening up new paths for the

diagnosis and treatment of IBD.
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