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G protein-coupled receptor 35 (GPR35), a member of the largest druggable gene family, has emerged as a critical regulator of tumor metabolism and immune modulation. Aberrant expression of GPR35 is frequently observed in digestive system malignancies and is associated with poor prognosis. This review comprehensively explores GPR35’s role in metabolic reprogramming, highlighting its regulatory functions in glucose, lipid, amino acid, and microbial metabolite metabolism. GPR35 shapes the tumor microenvironment through modulation of metabolite signaling, influencing angiogenesis, immune cell infiltration, and inflammation. It also acts as a key interface between host cells and the gut microbiota, contributing to cancer progression via microbial-derived metabolites. Pharmacological targeting of GPR35 shows promise, with several agonists and antagonists advancing through preclinical and early clinical development. However, challenges such as species-specific pharmacodynamics, ligand selectivity, and receptor isoform variability complicate drug development. Recent advances, including the creation of humanized GPR35 models, have facilitated translational research. Targeting GPR35-mediated metabolic reprogramming represents a novel therapeutic strategy, particularly for metabolically active digestive cancers. Future studies should focus on clarifying the metabolic pathways governed by GPR35 and optimizing receptor-specific therapeutics for clinical application.
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1 Introduction

Digestive cancers represent a major global health burden, with significant increases in incidence and mortality projected across nearly all regions worldwide (1). These malignancies originate within the gastrointestinal tract and encompass a broad spectrum of diseases, including colorectal cancer (CRC), hepatocellular carcinoma (HCC), gastric cancer (GC), and pancreatic ductal adenocarcinoma (PDAC), among others (2, 3). Early detection remains challenging due to the limited sensitivity of current screening methods and a high degree of biological heterogeneity, that collectively contribute to poor prognoses and elevated mortality rates (4). This variability necessitates the development of tailored strategies for both diagnosis and treatments. According to the World Health Organization, digestive cancers account for over one-quarter of the global cancer burden, comprising 26% of all newly diagnosed cancer cases. With global populations expanding and aging, the incidence of digestive cancers is expected to rise significantly, reaching an estimated 7.5 million new cases annually by 2040 (5). In several high-income countries, cancer has surpassed cardiovascular disease as the leading cause of death, with digestive cancers contributing disproportionately to this trend (6). Consequently, the development of effective strategies for prevention, early detection and treatment is an urgent global health priority.

The study of cancer metabolism predates the discovery of oncogenes and tumor suppressors by several decades, and recent research continues to underscore its fundamental role in cancer progression, particularly in tumors of digestive system (7–10). Cancer cells undergo profound metabolic reprogramming to sustain uncontrolled proliferation, invasion and resistance to therapy (11–14). These alterations involve the dysregulation of glucose, amino acid, and lipid metabolism, along with complex interactions with the gut microbiome (15). A classical hallmark of this metabolic shift is the Warburg effect, wherein cancer cells preferentially rely on aerobic glycolysis and glutamine metabolism for rapid energy production, even under oxygen-rich conditions (16). For example, the glycolytic enzyme ENO1 undergoes O-GlcNAcylation at threonine 19, promoting dimerization and enhancing glycolytic flux to support tumor growth (17). Similarly, overexpression of glucose transporters, such as sodium-glucose cotransporter 2 and glucose transporter 1 (GLUT1), contributes to metabolic reprogramming and tumorigenesis in HCC (18). Bone morphogenetic protein 4, a key regulator of adipogenesis in obesity and diabetes, promotes glycogen synthesis and HCC progression via the small mother against decapentaplegic/solute carrier family 2 member 1 signaling pathway (19). Collectively, these findings underscore the essential role of metabolic dysregulation in tumor development and progression, highlighting its value as a therapeutic target.

GPR35, a rhodopsin-like orphan G protein-coupled receptor (GPCR), has recently emerged as a key modulator of both metabolic regulation and immune signaling. GPR35 is widely expressed, particularly in the digestive system, and participates in diverse physiological functions, including metabolic homeostasis, intestinal barrier integrity, inflammation, and immune modulation (20–22). Notably, GPR35 regulates multiple metabolic pathways, including lipid, glucose, and amino acid metabolism. Studies in GPR35 knockout mice have demonstrated increased body weight, elevated hepatic triglyceride levels, and exacerbated steatohepatitis (23). Upon activation, GPR35 triggers intracellular signaling cascade, including Ca2+ mobilization, phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2), and activation of peroxisome proliferator-activated receptor gamma coactivator 1alpha (PGC-1α), thereby accelerating lipid metabolism (21, 24). GPR35 is instrumental in regulating hepatocellular lipid synthesis and mediating signaling through pathways, such as the p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK). The GPR35 agonist lodoxamide has been shown to inhibit hepatic lipid accumulation, indicating its potential as a therapeutic agent for nonalcoholic fatty liver disease (NAFLD) (25). In glycolytic regulation, GPR35 is essential for sustaining energy metabolism and proliferation in intestinal epithelial cells by interacting with the α-subunit of the sodium-potassium pump, promoting ion transport, activating Src kinase, and increasing cellular glucose demand (26). In amino acid metabolism, GPR35 also plays a crucial role by sensing kynurenic acid (KYNA), a critical metabolite in the tryptophan metabolic pathway, particularly in contexts such as chemotherapy-induced intestinal injury (27).

While recent reviews have comprehensively summarized the molecular basis of GPR35 in cancer and immunity, as well as advances in its therapeutic targeting (28, 29), a focused examination of its role in the metabolic reprogramming of digestive system tumors remains unexplored. Once considered an “orphan receptor”, GPR35 has now emerged as a pivotal player in gastrointestinal cancer biology. The network of interactions between GPR35 and its endogenous ligands, and how they precisely regulate oncogenic signal transduction, constitutes an active and critical frontier at the cellular level (28, 29). It is this multifunctionality that provides a compelling rationale for its distinct role in physiology and pathophysiology compared to other GPCRs, solidifying its potential as a promising oncology target, emerging evidence have identified GPR35 as a critical regulatory factor in digestive cancers. For instance, Macrophage-specific GPR35 deletion attenuates colitis-associated and spontaneous colon tumor formation by disrupting Na+/K+-ATPase (NKA)/Src-mediated angiogenesis and extracellular matrix remodeling (30). In gastric cancer, enhancer release and relocalization (ERR) activates GPR35 expression in tumor tissues, promoting disease progression and negatively impacting patient prognosis (31). GPR35 also facilitates intestinal tumorigenesis by enhancing glycolysis through its interaction with NKA (26). In CRC, modulation of GPR35 expression affects fatty acid β-oxidation and phosphatidylethanolamine metabolism, indicating its pivotal role in tumor metabolic regulation (32). As research continues to unravel the dual role of GPR35 in metabolic control and oncogenesis, the interplay between GPR35-mediated metabolic adaptations and cancer progression is gaining increasing attention. This review synthesizes current findings on the role of GPR35 in cancer biology and metabolism and highlights its potential as a therapeutic target for metabolic reprogramming in digestive cancers.





2 Methods

This review encompassed all records from the inception of the databases to November 2025, using keywords including “GPR35”, “cancer”, “metabolic reprogramming”, “ligand”, “tumor microenvironment”, “digestive cancers” and “gut microbiota”. The selected databases included PubMed (https://pubmed.ncbi.nlm.nih.gov), Web of Science (http://apps.webofknowledge.com/), China National Knowledge Infrastructure (http://www.cnki.net), and Elsevier ScienceDirect (https://www.sciencedirect.com/).

The inclusion criteria for this review encompassed studies related to the expression, function, and molecular mechanisms of GPR35 in digestive cancers (including gastric cancer, liver cancer, pancreatic cancer, and colorectal cancer); studies specifically focusing on how GPR35 influences the occurrence and development of digestive cancers through the regulation of metabolic reprogramming (such as glucose metabolism, lipid metabolism, amino acid metabolism, etc.); and research involving ligands, agonists, or antagonists targeting GPR35 and their potential applications in cancer therapy. All published studies in English and Chinese, including basic research, in vitro and in vivo experiments, and relevant preclinical studies, were included without any language restrictions. The literature screening process initially involved a preliminary selection based on article titles, followed by a secondary screening through abstract review. Finally, the full texts of the eligible studies were thoroughly read and analyzed in detail.




3 The expression pattern and function of GPR35

GPR35 is a rhodopsin-like, seven-transmembrane domain receptor and a member of the class A GPCR family. In humans, GPR35 gene exists in two splice variants: GPR35a and GPR35b, comprising 309 and 340 amino acids, respectively. According to recent cryo-electron microscopy studies, GPR35 shares structural features common to GPCRs, including three extracellular loops, three intracellular loops, and a characteristic amphiphilic helical transmembrane domain (33). It contains two conserved motifs, NPXXY and CWXP, which are critical for their function. While nonconservative substitutions occur in the NPXXY motif, substitutions in the CWXP motif are more conserved across species (33, 34). Sequence similarity between human GPR35a and its mouse and rat homologs is approximately 72% and 73%, respectively (35), with species-specific differences noted in GPR35 phosphorylation and activation mechanisms (36).

GPR35 is broadly expressed across multiple organ systems, with particularly high levels in the small intestine and colon, as well as in the stomach, liver, spleen, kidneys, and sympathetic neurons (35, 37). This expression profile suggests a significant role in maintaining gastrointestinal homeostasis. At the cellular level, GPR35 is expressed in various immune cell types, including monocytes, T cells, neutrophils, dendritic cells, and invariant natural killer T cells, implicating its role in immune responses (38, 39).

Although GPR35 is classified as an orphan receptor due to the lack of a universally accepted endogenous ligand, several both endogenous and exogenous molecules, have been shown to activate it and elicit physiological responses. Early candidates include lysophosphatidic acid (LPA) (40), KYNA (41) and C-X-C motif chemokine ligand 17 (CXCL17) (42). Although the classification of CXCL17 as a GPR35 ligand remains controversial, recent studies demonstrate that the CXCL17-GPR35 axis mediates myeloid-derived suppressor cell recruitment during liver ischemia-reperfusion injury (43) and activates IL-17 signaling to promote chemoresistance in CRC (44). KYNA has been shown to activate GPR35 in a dose-dependent manner, attenuate acetic acid-induced writhing in mice, and alleviate inflammatory pain (45). More recently, 5-hydroxyindoleacetic acid (5-HIAA) has been identified as a novel ligand for GPR35, capable of activating both human and rodent receptors at nanomolar concentrations and promoting neutrophil chemotaxis (46). Additionally, specific breast milk oligosaccharides, such as 3’-O-sialic acid lactose and 6’-O-sialic acid lactose, have been reported to activate GPR35 (47). While debate continues over the definitive identity of endogenous ligands, the broad physiological effects of GPR35 underscore its therapeutic relevance, particularly in digestive system disorders.




4 Role of GPR35 in digestive cancers

Following the preliminary elucidation of GPR35’s receptor characteristics, tissue distribution, and complex ligand repertoire, the pathological roles and underlying mechanisms it plays in various digestive tract malignancies have emerged as a pivotal scientific issue requiring urgent investigation. This section will focus on the specific signal transduction mechanisms of GPR35 in digestive tract cancers, systematically examining how it regulates key downstream pathways to influence tumor cell proliferation, apoptosis, invasion, migration, and tumor microenvironment remodeling, thereby profoundly contributing to the pathogenesis of these cancers.



4.1 GPR35 in hepatocellular carcinoma

Hepatocellular carcinoma is the third leading cause of cancer-related death worldwide and ranks fifth among men and seventh among women in global cancer mortality (1, 48), with particularly high incidence rates in East Asia (49). Despite advancements in prevention and treatment, the prognosis for HCC remains poor, with fewer than 20% of patients surviving beyond five years. GPR35, due to its pleiotropic biological functions, has been implicated in the complex pathogenesis of HCC. High CXCL17 expression in HCC tissues is associated with poor prognosis (Table 1). CXCL17 promotes the infiltration of CD4+ T cells and CD68+ immune cells into the tumor microenvironment, thereby accelerating tumor growth and metastasis (50). Additionally, CXCL17 directly enhances HCC cell proliferation and migration, contributing to malignant progression (51). This tumor-promoting role is further supported by CXCL17’s ability to inhibit autophagy and activate the LKB1-AMPK signaling pathway while modulating immune cell infiltration (51) (Figure 1).


Table 1 | Role of GPR35 in digestive cancers.
	Cancer
	Role
	Refs



	HCC
	CXCL17 triggers malignant progression of HCC
	(50, 51)


	GC
	Promotes GC progression
	(31, 52)


	Highly expressed in tumor regions of GC patients and may be involved in GC formation
	(53)


	CRC
	Associated with poor prognosis in CRC patients
	(54)


	Drives CRC tumorigenesis and chemoresistance
	(44)


	Activates Src and promotes intestinal epithelial cell proliferation
	(26, 30)


	Promotes CRC angiogenesis and metastasis
	(55)


	GPR35 antagonist CID-2745687 inhibits CRC cells growth
	(56)


	Pancreatic cancer
	A predicted pivotal therapeutic targets pancreatic adenocarcinoma.
	(57)


	Regulates the proliferation, migration, and invasion of pancreatic cancer cells, Predicts poor prognosis
	(54, 58)


	CXCL17 promotes anti-tumor immunity in the early stages of pancreatic cancer
	(59)
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Figure 1 | Role of GPR35 and its endogenous ligands in digestive cancers. GPR35 exerts diverse and critical roles across multiple malignancies by mediating oncogenic signaling pathways. (1) In HCC, CXCL17 enhances metastatic by activating the LKB1-AMPK pathway while concurrently suppressing autophagic flux. (2) In GC, ERR-mediated upregulation of GPR35 fosters an immunosuppressive tumor microenvironment by inducing macrophage M2 polarization and T-cell exhaustion. (3) GPR35 activation promotes angiogenesis and chemoresistance in CRC through IL-17 signaling. (4) In PDAC, GPR35 enhances tumor progression by kynurenine (KYN) pathway-mediated TGF-β1 upregulation, while paradoxically inhibiting proliferation via decreased AKT and HIF-1α (hypoxia-inducible factor-1 alpha) phosphorylation. LiverkinaseB1: LKB1, Na+/K+-ATPase: NKA, Matrix Metalloproteinases: MMPs, Tumor-associated macrophages: TAMs, Enhancer release and retargeting: ERR, Vascular endothelial growth factor: VEGF, C-X-C motif chemokine ligand 17: CXCL17.

Beyond its role in the CXCL17 axis, GPR35 is also critical for hepatic lipid metabolism. Spatial multi-omics analysis has shown that GPR35 knockout mice fed a high-fat diet exhibit excessive weight gain, exacerbated nonalcoholic fatty liver disease, and increased hepatic triglyceride accumulation (23), all established risk factors for HCC development. These findings suggest that GPR35 may promote the pathogenesis and metastasis of HCC through CXCL17-mediated oncogenic signaling. Interestingly, GPR35 also appears to play a protective role in hepatic lipid metabolism. This dual function highlights the complexity of GPR35 in liver pathophysiology, and further studies are needed to clarify the underlying mechanisms.




4.2 GPR35 in gastric cancer

Gastric cancer is one of the most common malignant tumors of the digestive system and ranks as the fifth most prevalent cancer globally (1, 60). Patients with GC frequently face challenges such as the absence of reliable early diagnostic biomarkers, frequent metastasis, and resistance to standard therapies, all of which contribute to poor clinical outcomes (61–63). Both GPR35a and GPR35b are present in GC, with the mRNA level of GPR35b being significantly higher than that of GPR35a. Given the high expression and transforming activity of GPR35 in GC, these two novel isoforms are likely involved in gastric tumorigenesis (53) (Table 1). Furthermore, emerging evidence suggests that GPR35 activation in GC may be regulated through ERR-mediated mechanisms, offering a novel deorphanization and activation pathway (31).

GPR35 facilitates immune evasion in GC by depleting key immune cell populations, such as CD8+ T cells and CD4+ memory T cells, and by altering immune cells, particularly affecting T cells and macrophages. These alterations contribute to immune suppression and tumor progression (Figure 1). Notably, GPR35 is highly expressed in CTSB+ and CD68+ macrophages and may serve as an early genetic indicator of GC (31). Mechanistically, GPR35 modulates intracellular calcium levels, promotes receptor internalization, and activates ERK1/2 in GC via Gα13 and Gi/o signaling, thereby enhancing GC cell migration, invasion, and remodeling of the tumor microenvironment (52). Additionally, CXCL17 influences the tumor milieu by upregulating CCL20 expression in HGC27 cells. CCL20, in turn, regulates the behavior of fibroblasts, macrophages, and immune cells (64). While CCL20 has tumor-promoting functions, it also recruits dendritic cells and elicits antitumor immune responses under certain condition (65), indicating a context-dependent dual role (Figure 1).




4.3 GPR35 in colorectal cancer

Colorectal cancer, a prevalent malignancy of the gastrointestinal tract, ranks third in global cancer incidence and is the second leading cause of cancer-related mortality worldwide (1). Despite the availability of chemotherapy and targeted therapies, treatment efficacy is often undermined by drug resistance, adversely affecting patient survival outcomes (66–68). Elevated GPR35 expression has been observed in individuals at increased risk of CRC, and its expression level is significantly correlated with the advanced stage of the tumor and poor prognosis of patients (Table 2), implicating the receptor in tumor initiation and progression. However, its direct causal role still requires further verification (69, 70) (Table 1). In addition, mRNA expression of GPR35a and GPR35b has been detected in normal intestinal mucosa (69), but there are still differences in the expression distribution and function of GPR35a and GPR35b. For example, in these colon tissues or cells, GPR35b is the predominantly expressed subtype, with its expression level being much higher than that of GPR35a, and GPR35b mRNA serves as a marker for poor prognosis in patients with colon cancer (69). GPR35 and its putative ligand CXCL17 are both highly expressed in CRC tissues and positively correlate with poor clinical outcomes (71). Notably, upregulation of GPR35 and CXCL17 in drug-resistant tumors highlights their role in mediating chemoresistance. Silencing of CXCL17 has been shown to reduce GPR35 expression and inhibit tumor cell proliferation, supporting the therapeutic potential of targeting GPR35–CXCL17 axis (44). In vitro studies using GPR35-deficient (Gpr35-/-) mice in Apcmin and azoxymethane/dextran sodium sulfate (AOM/DSS) models have demonstrated significant reductions in tumor burden, likely due to disrupted NKA-Src signaling and downstream effectors such as ERK1/2 and Akt (26). Furthermore, GPR35 has been shown to promote anchorage-independent growth and malignant transformation through regulation of YAP/TAZ transcriptional coactivators. Its inhibition by the antagonist CID-2745687 suppresses these oncogenic effects (56).


Table 2 | Expression difference of GPR35 between normal and tumor tissues.
	Cancer type
	Expression in normal tissue
	Expression in tumor (up/down-regulated)
	Clinicopathological features
	Prognostic value
	Refs



	HCC
	–
	Up-regulated
	Positively correlated with the presence of liver cirrhosis
	High expression of CXCL17 is significantly associated with shorter overall survival (p = 0.015)
	(50)


	GC
	–
	Up-regulated
	Positively correlated with advanced TNM stage
	High expression is significantly correlated with shorter overall survival (OS) (p = 4.30e-08)
	(31)


	CRC
	High
	Significantly up-regulated
	Positively correlated with lymph node metastasis status
	High expression is primarily associated with poor prognosis (P = 0.002 when combined with CEA)
	(69)


	PDAC
	Low
	Up-regulated
	–
	–
	(54)







Blocking GPR35 signaling also reduces the secretion of angiogenic factors, including vascular endothelial growth factor (VEGF) and CXCL1, thereby inhibiting tumor angiogenesis and tumor cell proliferation (30) (Figure 1). Additional evidence comes from studies on neuroglobin (NGB), which is frequently downregulated in CRC. Overexpression of NGB leads to decreased GPR35 expression, enhanced its degradation, and subsequent inhibition angiogenesis and metastasis (55). Collectively, these findings establish GPR35 as a central regulator of CRC development chemoresistance, and angiogenesis, its potential as a therapeutic target.




4.4 GPR35 in pancreatic cancer

Pancreatic ductal adenocarcinoma is among the most lethal malignancies, with a dismal 5-year survival rate of less than 10%, and below 3% for patients (72). Despite advancements in multimodal treatments, including surgery, chemotherapy, radiotherapy, and immunotherapy, clinical outcomes remain poor due to rapid treatment resistance (73–75). The expression of GPR35 is significantly elevated in PDAC tumor tissues, and its expression level shows a positive correlation trend with tumor stage, grade, and resectability, suggesting it may represent a potential biomarker for pancreatic cancer. However, additional clinical studies are required to validate its suitability as an early diagnostic marker (54). The KYN pathway, a known modulator of immune tolerance and tumor growth in PDAC, has been identified as a key activator of GPR35 (76). Silencing GPR35 using siRNA leads to a marked reduction in TGF-β1 expression, a critical mediator of cell dedifferentiation, metastasis, and immune suppression in PDAC (57) (Figure 1). The downregulation of GPR35 inhibits AKT phosphorylation at Ser473, thereby compromising the protein stability of its key downstream effector HIF-1α. Inactivation of this signaling axis ultimately suppresses cancer cell proliferation and promotes apoptosis. Additionally, GPR35 silencing disrupts autophagic flux by altering the expression of critical autophagy-regulating proteins, such as LC3B lipidation and p62 accumulation, and concurrently induces G0/G1 cell cycle arrest. These combined effects significantly reduce the viability of pancreatic cancer cells under stress conditions, including hypoxia and nutrient deprivation. This revision description makes explicit that “GPR35 downregulation” leads to the inactivation of the AKT/HIF-1α signaling pathway, which in turn produces two synergistic anti-tumor outcomes: inhibition of proliferation and promotion of apoptosis (58).

In addition to KP (kynurenine pathway), CXCL17 plays a crucial role in PDAC development. CXCL17 is upregulated in intraductal papillary mucinous adenomas, promoting immune cell infiltration by recruiting immature medullary dendritic cells. Its downregulation in intraductal papillary mucinous carcinomas may signal the onset of immune escape and tumor progression (59).





5 GPR35 plays as a key regulator of diverse metabolic pathways

Since the identification of KYNA as an endogenous agonist of GPR35, the critical regulatory role of this receptor in metabolic processes has become increasingly evident. GPR35 is highly expressed in white adipose tissue and the liver, where it regulates adipocyte metabolism, thermogenesis, hepatic gluconeogenesis, cholesterol homeostasis, and bile acids (BAs) biosynthesis (77). Additionally, GPR35 activation promotes intestinal secretion of glucagon-like peptide-1 (GLP-1), thereby mediating the incretin effect and contributing to appetite regulation. GPR35 signaling also influences gut microbiota composition and enhances colonic epithelial cell sensitivity to enterotoxigenic Bacteroides fragilis (ETBF), exacerbating intestinal inflammation (78). Given its multifaceted roles in improving insulin sensitivity, glycemic control, lipid metabolism, body weight regulation, and inflammatory responses, GPR35 has emerged as a promising therapeutic target for metabolic disorders such as type 2 diabetes mellitus (T2DM), obesity, and NAFLD (79).



5.1 GPR35 and glucose metabolism

Carbohydrates are essential energy sources that support cellular homeostasis and physiological function. Dysregulation of glucose metabolism is implicated in a range of diseases, including metabolic disorders, cardiovascular disease, and cancer (80). Recent studies have revealed that GPR35 influences glucose metabolism through multiple signaling pathways. GPR35 interacts with the α-subunit of the NKA, enhancing its ion transport function and promoting Src kinase activation (Figure 2). This cascade increases cellular glucose demand and accelerates glycolysis, facilitating energy production and supporting tumor cell proliferation (26) (Table 3). Additionally, lysophosphatidylcholine 17:0, a lipid metabolite with an odd-carbon chain, upregulates GPR35 expression and has been shown to reduce blood glucose levels and improve insulin sensitivity in high-fat diet-fed mice by enhancing GLP-1 secretion and insulin release (78) (Table 3). Gpr35 knockout mice exhibit progressive weight gain and glucose intolerance, indicating that GPR35 deletion disrupts glycolysis-dependent energy metabolism and impairs overall metabolic health (21).
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Figure 2 | Impact of GPR35 on glucose and lipid metabolic pathways. (1) In glucose metabolism, GPR35 interacts with the α-subunit of the NKA, promoting glycolysis, wherein glucose is converted to pyruvate. Under aerobic conditions, pyruvate enters the mitochondria to fuel ATP production. (2) In lipid metabolism, the GPR35 agonist lodoxamide inhibits hepatic lipid accumulation in a concentration-dependent manner through activation of the p38 MAPK and JNK signaling pathways. KYNA-activated GPR35 signaling induces the expression of steroidogenic acute regulatory protein-related lipid transfer domain-containing 4 (STARD4) via ERK1/2 phosphorylation, thereby promoting cholesterol esterification and BAs synthesis in hepatocytes, as well as adipose tissue remodeling through enhanced thermogenesis. p38/Mitogen-activated protein kinase: p38/MAPK, c-Jun N-terminal kinase: JNK, Liver X receptor: LXR, Bile acids: Bas, StAR related lipid transfer domain containing 4: STARD4, Sterol Reg-Ulatory Element Binding Protein-1c: SREBP-1c, Regulator of G-protein signaling 14: RGS14.


Table 3 | Role of GPR35 in metabolic regulation.
	Metabolism
	Metabolic pathway
	Refs



	Glucose metabolism
	Promotes glycolytic processes, glucose transport, cell proliferation
	(26)


	Improves glycemic control and insulin resistance
	(78)


	Regulates adipose tissue energy homeostasis and inflammation
	(21)


	Lipid metabolism
	Inhibits lipid accumulation
	(25, 81)


	Enhances BAs synthesis and ameliorates MAFLD
	(77)


	Promotes adipocyte thermogenesis and β-adrenergic signaling
	(21)


	Regulates lipid accumulation, inflammation and metabolism-related factor expression
	(23)


	Tryptophan metabolism
	KYNA triggers Ca²+ mobilization and inositol phosphate production
	(41)


	Reduces acetic acid-induced writhing responses in mice
	(45)


	Triggers monocyte adhesion and activation
	(86)


	Suppresses inflammatory cytokines and alleviates endometritis
	(85)


	Participates in mitochondrial remodeling and provides ischemic protection
	(87)


	Gut microbe and metabolism
	Regulates gut microbial metabolite balance
	(79, 93)


	Drives Th17 immune responses, exacerbating experimental encephalitis
	(99)


	Maintains intestinal homeostasis
	(94, 96)


	GPR35 plays a role in colitis.
	(95, 97)


	Promotes epithelial repair by Lacticaseibacillus paracasei-derived collagen peptides
	(98)










5.2 GPR35 and lipid metabolism

Lipid metabolism is essential for maintaining cellular energy balance, membrane integrity, hormone synthesis, and intracellular signaling. Dysregulation of lipid metabolism contributes to metabolic diseases such as obesity, NAFLD, and nonalcoholic steatohepatitis (NASH) (81). GPR35 plays a crucial role in modulating hepatic lipid metabolism and has been implicated in the pathogenesis of these disorders. In NASH models, enhances the expression of STARD4 and upregulates the key enzymes CYP7A1 and CYP8B1, which catalyze the conversion of cholesterol into BAs (Table 3). Simultaneously, GPR35 increases the expression of acetyl-coenzyme A cholesterol acyltransferase 2, facilitating cholesterol esterification, thereby reducing free cholesterol levels and preventing lipid accumulation in hepatocytes. This action attenuates lipotoxicity and mitigates inflammation and fibrosis in the liver (77) (Figure 2).

GPR35 also modulates phospholipid homeostasis, inflammation, and hepatocyte repair by regulating the expression of lipid metabolism-related genes, playing a protective role in liver function and disease progression (23). The GPR35 agonist lodoxamide has been shown to reduce hepatic lipid accumulation via the p38 MAPK and JNK pathways, reinforcing the receptor’s hepatoprotective effects (25). Furthermore, GPR35 suppresses liver X receptor (LXR)-mediated lipid accumulation and downregulates lipogenic gene expression, thereby limiting lipid synthesis and storage in hepatocytes (81).

Beyond the liver, GPR35 is also involved in systemic lipid metabolism. It promotes the expression of thermogenic and energy expenditure genes such as uncoupling protein 1, PGC-1α, and PR domain-containing 16. It also enhances β-adrenergic receptor signaling in adipocytes, partly through the upregulation of regulator of G protein signaling 14 (21) (Figure 2). GPR35 contributes to exercise-induced browning of white adipose tissue, a process critical for energy homeostasis. Notably, Gpr35−/− mice exhibit weight gain and glucose intolerance, further underscoring the receptor’s central role in lipid and glucose metabolism (21). Collectively, these findings establish GPR35 as a key regulator of lipid metabolism and position it as a promising therapeutic target for metabolic disorders characterized by lipid dysregulation.




5.3 GPR35 and tryptophan metabolism

Amino acid metabolism is fundamental to protein synthesis and the generation of bioactive molecules essential for maintaining physiological homeostasis. Disruptions in amino acid metabolism are associated with a range of disorders, including malnutrition, hepatic and renal dysfunction, and systemic inflammatory conditions. Among amino acids, tryptophan plays a particularly critical role in regulating inflammation and maintaining intestinal mucosal integrity (82). More than 95% of dietary tryptophan is metabolized through the KP, producing intermediates such as N-formyl KYN and KYN (83). KYN serves diverse functions in immune regulation, neuronal health, and intestinal homeostasis (84). KYNA, a downstream metabolite of KYN, modulates immune responses and exerts anti-inflammatory effects by inhibiting the production of tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta, as well as suppressing nuclear factor-kappa B (NF-κB) activation in lipopolysaccharide-stimulated mouse endometrial epithelial cells, an effect mediated via GPR35 activation (85) (Figure 3). KYNA also binds to GPR35 on human peripheral monocytes, triggering adhesion and cellular activation, thereby contributing to immune surveillance and response modulation (86) (Table 3). Beyond its immunomodulatory role, KYNA acts as an N-methyl-D-aspartate receptor antagonist, reducing neuronal hyperexcitability, oxidative stress, and neuroinflammation, thereby providing neuroprotection.

[image: Flowchart illustrating the metabolic pathways of tryptophan and its derivatives, focusing on the role of GPR35 in inflammation, pain, and ischemic protection. Tryptophan is converted into several compounds, including kynurenine and tryptamine, influencing various cellular processes. Key elements include signaling pathways involving GPR35, effects on inflammation and pain in endometrium and dorsal root ganglion, and ischemic protection in cardiomyocytes. Molecular structures, such as serotonin and melatonin, are depicted alongside cellular interactions.]
Figure 3 | GPR35 and tryptophan metabolism. KYNA orchestrates diverse biological effects through activation of the GPR35 receptor. It suppresses inflammatory signaling by engaging the GPR35/NF-κB axis and alleviates acetic acid-induced visceral pain in mice. Mechanistically, KYNA triggers Gi and G12/13-coupled pathways to maintain mitochondrial bioenergetic homeostasis, promotes leukocyte-endothelial adhesion, and induces intracellular calcium flux, phosphoinositide biosynthesis, and receptor internalization, highlighting its role in immune regulation and cellular energy balance. Tumor necrosis factor-alpha: TNF-α, Arylformamidase: AFMID, Intercellular cell adhesion molecule-1: ICAM-1.

GPR35 is activated by micromolar concentrations of KYNA and plays a pivotal role in intestinal wound repair, an essential process for maintaining gut barrier function. Inhibition of GPR35 signaling disrupts KYNA metabolism, leading to impaired repair of intestinal mucosal damage (27). Furthermore, KYNA–GPR35 interaction activates Gi- and G12/13-coupled signaling pathways and facilitates binding to ATP synthase inhibitory factor subunit 1 on the outer mitochondrial membrane (Figure 3). This interaction promotes ATP synthase dimerization, preserving mitochondrial ATP during ischemic stress and protecting against cardiac injury (87).




5.4 GPR35 and microbial metabolism

The gut microbiome is a key regulator of host metabolic homeostasis and is implicated in the development of various metabolic disorders, including obesity and NAFLD (88). Microbial diversity and compositional balance are essential to health and are shaped by dietary patterns (89), host genetics, and pharmacological interventions (90). Disruption of the gut microbiota is strongly associated with the onset and progression of metabolic and inflammatory diseases (91). GPR35 functions as a molecular sensor for microbial composition and microbial-derived metabolites (92). In Gpr35-/- mice, an increased abundance of Parabacteroidoides distasonis correlates with decreased serum levels of indole-3-carboxaldehyde (IAld) and elevated levels of indole-3-lactic acid (ILA) (93). IAld enhances neurite outgrowth and synaptic function, particularly in the nucleus ambiguus, whereas ILA exhibits inhibitory effects on neuronal activity (93) (Figure 4). These findings are consistent with human studies, where reduced IAld levels and increased P. distasonis abundance have been observed in patients with depression, suggesting a potential role for GPR35 in neuroimmune regulation and mood disorders (93).

[image: Diagram comparing homeostasis to disease states in intestinal health. Homeostasis includes macrophage activity, GPR35 signaling, and gut microbiota maintenance, promoting intestinal repair and inflammation reduction. Disease involves changes in microbiota, reduced goblet cell function, increased IL-6 and hepatic steatosis, and altered tryptophan pathways, contributing to inflammation and behavioral changes.]
Figure 4 | GPR35 and the gut microbiome. GPR35 signaling in CX3CR1+ macrophages mediates LPA-induced TNF and Cyp11b1 expression, leading to elevated corticosterone production that sustains intestinal homeostasis. GPR35 also activates ERK1/2 to promote epithelial repair and mediates KYNA sensing to ameliorate DSS-induced colitis. GPR35 deficiency compromises intestinal barrier integrity, exacerbates BFT-induced inflammation, induces dysbiosis, and alters microbial-derived neuroactive metabolites-contributing to depressive behaviors. This deficiency also reduces goblet cell populations and remodels microbial tryptophan/phenylalanine metabolism, potentiating hepatic steatosis. Microbiota-derived KYNA recruits GPR35+ macrophages to amplify Th17 responses, thereby linking intestinal inflammation to encephalitis. Lysophosphatidic acid: LPA, Indole-3-carboxaldehyde: IAld, Indole-3-lactate: ILA.

In the gastrointestinal tract, GPR35 may contribute to the protection of intestinal integrity and microbial homeostasis. For example, GPR35 is thought to protect against ulcerative colitis by monitoring KYNA levels and maintaining mucosal barrier function (94). GPR35 also mediates host responses to ETBF. Its inhibition reduces epithelial responses to B. fragilis toxin (BFT), including E-cadherin cleavage, β-arrestin recruitment, and IL-8 secretion, key events that exacerbate colitis (95) (Table 3). During intestinal inflammation, the endogenous GPR35 ligand LPA stimulates TNF production in macrophages. GPR35 deficiency leads to impaired TNF synthesis and reduced corticosterone levels, thereby aggravating colitis severity (96). These observations further implicate GPR35 in mucosal immune regulation. Recent studies support GPR35’s therapeutic potential in colitis. Ethanol extract of Limonium bicolor has been shown to restore microbial balance in mice with ETBF-induced colitis by reducing Proteobacteria and increasing probiotic genera such as Lactobacillus and Blautia (97). Additionally, collagen peptides derived from Lactobacillus paracasei promote intestinal epithelial repair via GPR35-mediated ERK1/2 signaling (98) (Figure 4).

Beyond colitis, KYNA-GPR35 interaction facilitates macrophage recruitment and promotes T-helper 17 (Th17) cell accumulation in the small intestine, contributing to experimental autoimmune encephalomyelitis pathogenesis (99). GPR35 deficiency disrupts microbiota composition, increasing the relative abundance of genera such as Bacteroides and Ruminococcus. In particular, Ruminococcus gnavus, when combined with a high-fat diet, promotes obesity and hepatic steatosis in mice (23). Collectively, these findings establish GPR35 as a vital molecular link between the gut microbiome, immune regulation, and host metabolism.





6 Targeting GPR35 to modulate metabolic reprogramming: a promising therapeutic strategy for cancer

Metabolic reprogramming is a hallmark of cancer, enabling tumor cells to sustain proliferation, resist apoptosis, and adapt to oxidative stress by altering glycolysis, oxidative phosphorylation, amino acid utilization, lipid metabolism, and nucleotide biosynthesis (15, 100). Digestive system cancers, characterized by high metabolic demand, frequently display dysregulated metabolic pathways. As previously discussed, GPR35 is highly expressed in various cancers and governs key metabolic processes, particularly glucose and lipid metabolism, during tumorigenesis. Due to its favorable druggable structure and the feasibility of designing high-affinity agonists and inhibitors, pharmacological modulation of GPR35 represents a promising strategy for treating digestive and other cancers. In this section, we examine the mechanisms by which GPR35 drives tumor development via metabolic reprogramming and highlight potential avenues for therapeutic intervention.



6.1 Targeting GPR35 to reprogram glucose metabolism in cancer

Rapid proliferation of cancer cells is largely dependent on aerobic glycolysis, a phenomenon known as the Warburg effect, despite its lower ATP yield compared to mitochondrial oxidative phosphorylation (101). Tumors display increased glucose uptake and conversion to lactate, facilitating biosynthesis and energy production (102). Hallmarks of this metabolic phenotype include overexpression of glucose transporters such as GLUT1 and GLUT3, which enhance glucose influx (103). GPR35 contributes to tumor cell metabolism by interacting with the α-subunit of the Na+/K+-ATPase, activating Src kinase signaling, and promoting the secretion of the neoangiogenic factors such as VEGF and CXCL1. This cascade supports angiogenesis and tissue remodeling, facilitating tumor growth (26) (Table 4). GPR35-mediated activation of Src also influences downstream effectors including ERK1/2 and Akt, modulating cell proliferation and survival (104).


Table 4 | Mechanistic evidence indicates that GPR35 drives cancer progression by reprogramming cellular metabolism.
	Cancer
	Metabolism
	Molecular mechanism
	Refs



	CRC
	Glucose metabolism
	Interacts with NKA to drive glycolysis and tumorigenesis
	(26)


	Lipid metabolism
	Promotes BAs synthesis, inhibits anti-tumor immunity
	(105)


	Amino acid metabolism
	Aggravates immunosuppression, fueling CRC liver metastasis
	(106)


	Gut microbial metabolism
	IL-17/NF-κB drives distal colon tumorigenesis
	(107)


	HCC
	Glucose metabolism
	Promotes epithelial-mesenchymal transition and drives HCC progression
	(108)


	Lipid metabolism
	Exacerbates steatohepatitis and HCC initiation
	(77)


	Amino acid metabolism
	KYN/AHR blockade boosts anti-Tumor T Cells in HCC
	(109)


	GC
	Glucose metabolism
	Modulates IFN/MAPK to promote proliferation, apoptosis, migration and invasion
	(110)


	Lipid metabolism
	Promotes gastric epithelial cells growth
	(111)


	Amino acid metabolism
	Reduces CD4+ T and CD8+ T cell infiltration in GCs
	(112)


	Gut microbial metabolism
	Disrupts gut microbiota balance and promotes gastric cancer development
	(113)


	Pancreatic cancer
	Lipid metabolism
	BAs activates FXR in the pancreas and reduces pancreatic cancer
	(114)


	Amino acid metabolism
	KYNA/GPR35 are potential anti-cancer targets
	(57)







By regulating NKA activity, GPR35 indirectly maintains intracellular calcium homeostasis, which is critical for signaling pathways governing cell cycle progression, apoptosis, and differentiation. Through this mechanism, GPR35 supports glucose uptake and enhances glycolytic flux, potentially via modulation of glycolytic enzyme activity and ATP production (26). GPR35 has also been shown to coordinate aerobic glycolysis and oxidative phosphorylation in macrophages and intestinal epithelial cells, promoting energy homeostasis through NKA-mediated enhancement of both metabolic pathways (26). Given the dual role of NKA in both ion transport and signal transduction, its dysregulation in cancer is notable. NKA functions as a dual regulator: in normal tissues, it supports cell proliferation (115), while in cancer cells, its modulation affects signaling molecules involved in invasion and metastasis, such as Rac/Cdc42, profilin, ERK1/2, and P70S6K (116).

Increased NKA activity is associated with enhanced glycolytic metabolism in tumor cells, supporting rapid growth. Conversely, NKA inhibition has therapeutic potential in both cardiovascular and neoplastic diseases (117). The ATPase Na+/K+ transporting subunit alpha 1 (ATP1A1), a key NKA component, regulates ionic balance and cell volume, and contributes to gastric cancer progression by modulating interferon (IFN) and MAPK signaling. High ATP1A1 expression is linked to poor prognosis in GC patients (110) (Table 4). Specific NKA inhibitors, such as digoxin and ouabain, exhibit antitumor effects. Digoxin increases intracellular Ca²+, activates stress pathways, and induces cell cycle arrest and apoptosis. It also inhibits HIF-1α, NKA, and NF-κB, enhancing its anticancer properties (118). Ouabain exerts cytotoxic effects by increasing intracellular Na+ and Ca²+, inhibiting proliferation, and inducing apoptosis and cell cycle arrest (119). In vivo studies confirm that NKA inhibition reduces tumor burden in HCC by suppressing angiogenic factors, pro-survival signaling, and metastatic potential (108). Together, these findings support a therapeutic model in which targeting GPR35 and associated glycolytic signaling, particularly through NKA modulation, may offer novel treatment avenues for metabolic reprogramming in cancer.




6.2 Targeting GPR35 to reprogram lipid metabolism in cancer

Cancer cells undergo extensive lipid metabolic reprogramming to meet elevated demands for energy, membrane synthesis, and signaling molecules essential for rapid proliferation and survival (120). This metabolic shift is a hallmark of cancer, enabling tumor cells to resist apoptosis and adapt to the nutrient-depleted, hypoxic tumor microenvironment (121). Compared to normal cells, cancer cells exhibit enhanced de novo lipogenesis, increased fatty acid uptake, and altered β-oxidation pathways (120). GPR35 activation by the agonist lodoxamide has been shown to inhibit hepatic lipid accumulation (25). In the context of NASH, GPR35 reduces steatohepatitis severity by inducing STARD4 expression and promoting cholesterol conversion into BAs, thereby attenuating lipotoxicity (77) (Table 4). Dysregulated BA metabolism has been associated with elevated risk of digestive cancers, influencing disease progression via alterations in gut microbiota composition, nuclear receptor farnesoid X receptor (FXR) signaling, and immune modulation (122).

Studies in patient samples and animal models reveal that BA pool size and the expression of key synthases increase with STARD1 upregulation. High-cholesterol diets elevate BA levels, contributing to HCC progression by influencing gene expression and inflammatory signaling pathways (123). Furthermore, secondary BAs, produced via microbial transformation of primary Bas, are implicated in colorectal cancer (124). Notably, deoxycholic acid, a secondary BA elevated in CRC, suppresses antitumor immunity by enhancing plasma membrane Ca²+ ATPase activity and dampening the Ca²+-NFAT2 pathway, reducing IFN-γ and TNF-α expression and promoting tumor growth (105) (Table 4). In PDAC, elevated FXR expression correlates with lymph node metastasis and poor prognosis (125). BA–FXR signaling inhibits autophagy by downregulating Atg7 and LAMP-2 and promotes cytokine expression (e.g., TNF-α, IL-6, IL-10, TGF-β), modulating immune responses and delaying PDAC progression (114) (Table 4). In GC, BAs activate the IL-6/JAK1/STAT3 pathway, alter gastric pH, promote epithelial proliferation and inflammation, collectively driving tumorigenesis (111). Given GPR35’s regulatory role in BA synthesis and lipid metabolism, pharmacological modulation of GPR35 activity may provide a promising strategy to disrupt lipid metabolic dependencies in digestive cancers.




6.3 Targeting GPR35 to reprogram amino acid metabolism in cancer

Amino acids are essential intermediates for biosynthesis and serve as key energy sources in cancer cells, supporting the synthesis of proteins, nucleotides, and redox molecules (126). Among tryptophan metabolites, 5-HIAA is a GPR35 agonist that plays an important role in neutrophil activation (20). During inflammation, GPR35 is upregulated in activated neutrophils and eosinophils, enhancing their migratory capacity. Concurrently, platelets and mast cells produce 5-HIAA, which promotes transendothelial migration of these immune cells (127). However, excessive neutrophil infiltration may foster chronic inflammation and colorectal tissue damage via reactive oxygen species, increasing the risk of genetic instability and tumor development (128, 129). Moreover, neutrophils can transfer lipids to tumor cells, thereby supporting tumor proliferation and survival (130).

KYNA, another key tryptophan-derived metabolite, plays a critical role in intestinal homeostasis. In chemotherapy-induced intestinal injury, the tryptophan-KYNA axis is upregulated. Both GPR35 and the aryl hydrocarbon receptor (AHR) function as sensors of KYN metabolism, modulating inflammation and preserving mucosal integrity through KYNA gradient sensing (27), the KYNA-GPR35 axis has also been identified as a “molecular switch” that regulates host appetite (131). Notably, recent studies have shown that “superfoods” containing ligands for the AhR and GPR35 receptors can modulate intestinal immune and inflammatory responses, holding significant importance for preventing colorectal cancer in IBD patients (132). Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) are overexpressed in various cancers and catalyze tryptophan degradation to KYN, which is further converted to KYNA by KYN aminotransferases (133). Alterations in IDO activity are potential biomarkers for CRC therapy response (134), with CRC patients exhibiting decreased serum tryptophan and elevated KYN levels (135). Endothelial IDO expression in CRC correlates with recurrence and hepatic metastases and is associated with reduced CD3+ T cell infiltration (106) (Table 4). Pharmacological inhibition of GPR35 using TMER1i enhances antitumor immune responses by disrupting Hippo-YAP signaling in T regulatory and cytotoxic T cells, counteracting IDO1-driven immunosuppression in the tumor microenvironment (136). Elevated serum KYN levels in HCC patients predict poor prognosis (137), and TDO promotes HCC cell proliferation and invasion (138). Inhibition of TDO reduces KYN-AHR signaling and enhances T cell responses in HCC (109).

In gastric cancer, elevated tryptophan, tyrosine, and phenylalanine levels in gastric fluid are associated with increased IDO expression and a shift toward immunosuppressive regulatory T cells (Tregs) populations (112) (Table 4). In pancreatic adenocarcinoma, IDO overexpression predicts poor outcomes and contributes to NK cell dysfunction, which can be alleviated by IDO inhibitors (139). Beyond classical amino acid metabolism, GPR35 regulates osmolyte levels critical for tumor cell survival. In HepG2 cells, GPR35 silencing reduces intracellular concentrations of glycerophosphocholine, glycerophosphoethanolamine, and proline betaine—osmolytes that counteract cellular stress, highlighting GPR35’s role in both nutrient acquisition and stress adaptation (140). Together, these findings underscore GPR35’s dual function in shaping inflammatory responses and reprogramming tumor metabolism, making it a promising target for therapeutic intervention in amino acid metabolism-driven cancers.

Although current research on GPR35-mediated metabolic regulation often focuses on isolated pathways, emerging evidence suggests its potential role as a central integrator that coordinates metabolic networks. Unlike receptors that exert indirect effects, GPR35 demonstrates the potential for “hard-wired” control, enabling coordination of glucose, lipid, and amino acid metabolism. Compelling evidence stems from its direct interaction with the NKA. As the primary engine maintaining membrane potential and sodium gradients, the sodium-potassium pump’s activity is a key driver for sodium-glucose cotransporters (SGLTs) in glucose uptake. This finding positioning suggests that GPR35 may be can simultaneously establish the foundation for glucose metabolism. Furthermore, hepatic GPR35 is indispensable for systemic lipid homeostasis, as its deletion disrupts lipid balance. Moreover, an elegant intrinsic sensing loop exists between GPR35 and its endogenous ligand, KYNA. Since KYNA is a direct product of tryptophan metabolism, the status of amino acid metabolism can directly influence GPR35 activation. This relationship forms a feedforward/feedback circuit, positioning GPR35 as a sensor of intracellular nutrient status capable of orchestrating broad metabolic reprogramming.




6.4 Targeting GPR35 to reprogram microbial metabolites in cancer

The gut microbiota plays an integral role in immune homeostasis, and its dysregulation is linked to chronic inflammation and cancer development, particularly in colorectal cancer (141, 142). GPR35 is highly expressed in colonic epithelial cells and acts as a molecular bridge between microbial metabolites and host signaling pathways, contributing to intestinal immune regulation (96). In mouse models, GPR35 mediates host responses to ETBF by sensing BFT and initiating downstream signaling cascades, including β-arrestin recruitment, E-cadherin cleavage, and IL-8 secretion that promote inflammation and epithelial barrier disruption (95). ETBF-host interactions drive chronic inflammation, a known risk factor for CRC development (143).

ETBF is significantly enriched in the colonic mucosa and feces of CRC patients compared to controls (144). In ApcMin/+ mice, ETBF induces distal colon tumors via IL-17 and NF-κB signaling pathways (107) (Table 4). ETBF also contributes to gastric carcinogenesis by disrupting intercellular junctions and promoting M1 macrophage transmigration across the epithelium, leading to inflammation and neoplasia (113) (Table 4). Given its role in regulating host responses to microbial signals, GPR35 represents a key node in the inflammation-microbiome-cancer axis. Therapeutically targeting GPR35 to modulate gut microbial interactions could offer a novel approach to preventing or treating digestive system cancers.





7 A comprehensive view of GPR35 in digestive system cancers: current efforts and existing challenges



7.1 Species-specific challenges

A long-standing central issue in GPR35 research stems from the significant species selectivity of its ligand pharmacology between humans and rodents. The ligand-binding pocket of human GPR35 features an “upper” region rich in positively charged residues and a neutral “lower” region, whereas the rat orthologue presents the opposite configuration–a neutral upper region and a positively charged lower region. For instance, lodoxamide was the first agonist reported to exhibit high and nearly equal potency at both human and rat GPR35, yet it is virtually ineffective at the mouse GPR35. Paradoxically, in vivo studies in mice have shown that lodoxamide exerts a GPR35-dependent anti-liver fibrosis effect through some unknown mechanism, highlighting its complex species-dependent differences (145). These structural differences cause negatively charged ligands to adopt distinct binding orientations, which partly explains why certain ligands are highly potent at human GPR35 but largely ineffective in rats/mice (146). Consequently, results from existing animal studies are difficult to extrapolate directly to humans, significantly impeding the clinical translation of preclinical data.




7.2 Targeting GPR35 in digestive system cancers: current explorations

In recent years, the role of GPR35 in tumor development has gained increasing attention. Its functional regulation can occur either through activation by endogenous ligands or via its intrinsic activity independent of ligands.

In terms of ligand-dependent activation, several endogenous ligands have been identified. The endogenous agonist KYNA, a tryptophan metabolite, not only functions in the central nervous system and possesses antioxidant properties (21), but also shows increased expression in colonic mucosa after colon cancer chemotherapy. It can directly activate epithelial GPR35, induce receptor internalization, and promote ERK1/2 phosphorylation, thereby accelerating epithelial cell migration and injury repair. This suggests a protective role of the KYNA-GPR35 axis in chemotherapy-induced intestinal toxicity. However, this mechanism doesn’t directly participate in cancer progression or drug resistance itself, and its effects may vary depending on cancer type, stage, and microenvironment (27). Another ligand, CXCL17, plays a central role in various malignancies, associated with tumor development, invasion and metastasis (28). In CRC, the CXCL17-GPR35 axis promotes tumor proliferation, migration, invasion and chemotherapy resistance by activating the IL-17 signaling pathway, thereby driving malignant progression (44). In GC, although CXCL17 expression gradually increases in precancerous lesions but significantly decreases in gastric cancer tissues, GPR35 remains consistently highly expressed, suggesting that CXCL17 loss and GPR35 activation may jointly promote gastric cancer progression by upregulating CCL20 to reshape the immune microenvironment (52). Additionally, in HCC, CXCL17 has also been found associated with unfavorable CD4+ T cell and CD68+ macrophage infiltration (50). On the other hand, GPR35 can also participate in tumor progression through its constitutive activation independent of ligands. In the tumor microenvironment, macrophage GPR35 promotes VEGF, CXCL-1 and MMPs expression through the NKA-Src signaling axis, thereby driving angiogenesis and matrix remodeling. Using the selective inhibitory peptide g35i2 or conditional knockout of this receptor significantly inhibits tumor growth (30). In CRC cells, GPR35 inhibits YAP/TAZ phosphorylation, thereby enhancing YAP/TAZ transcriptional activity and promoting anchorage-independent growth of cancer cells, while small molecule inhibitors CID-2745687 and ML145 can effectively block this pathway (56). In GC, GPR35 knockdown not only inhibits cancer cell proliferation and migration and promotes apoptosis, but also blocks macrophage polarization to M2 phenotype, suggesting its role as an immune regulation node and potential therapeutic target (31). In PDAC, GPR35 promotes tumor proliferation, metabolic reprogramming and metastasis by activating AKT, stabilizing HIF-1α and regulating autophagy (58).

In summary, GPR35 has complex and context-dependent mechanisms in cancer. It can mediate either protective or cancer-promoting effects through different ligands in specific cancer types, and can also regulate multiple oncogenic signaling pathways through its intrinsic activity independent of ligands, making it a potential therapeutic target across multiple cancers.




7.3 The molecular landscape of GPR35-mediated cancer progression remains incomplete

The molecular landscape driving cancer progression through GPR35 constitutes a complex and not yet fully connected dynamic network. The incompleteness of our understanding stems not only from gaps in individual signaling pathways, but more importantly, from an insufficient grasp of its context-dependent regulatory logic.

Currently, several molecules have been proposed as endogenous ligands for GPR35; However, their authenticity under physiological conditions and their pathological relevance remain debated. These ligands exhibit significant potency differences across species, and the precise binding sites for most ligands are still unclarified. For instance, KYNA shows significantly higher activation potency for rodent GPR35 compared to the human receptor, demonstrating strong species selectivity (41). At the signaling mechanism level, GPR35 primarily transduces signals by coupling with Gα12/13 and Gαi/o classes of G proteins (147). Upon agonist activation, GPR35 can recruit β-arrestin, leading to receptor internalization and desensitization (148, 149). Furthermore, GPR35 can interact with Na+/K+-ATPase, trans-activating Src kinase and driving downstream pro-survival and proliferative signals (26). Within the tumor microenvironment, GPR35 can promote macrophage polarization towards the M2 phenotype and the release of pro-angiogenic factors, thereby indirectly supporting tumor growth and shaping an immunosuppressive microenvironment (30).

Although the aforementioned mechanisms are gradually being uncovered, a core limitation of current research lies in the lack of a systematic explanation for the molecular basis of GPR35-mediated cancer progression. Specifically, we still do not understand which mechanisms—such as specific ligands, receptor isoforms, or cellular contexts—determine the signaling bias of GPR35 in different cancer types or stages. Secondly, the specific functional division of labor between the two splice isoforms, GPR35a and GPR35b, remains unclear, and their specific interactomes and downstream biological effects urgently need clarification. Ultimately, the greatest challenge facing this field is how to integrate these disparate signaling modules, intrinsic activities, and immunoregulatory functions into a systems-level model capable of predicting cell fate. This would allow for accurately defining the key dependency states driven by GPR35 in tumor progression, providing a theoretical basis and identifying potential therapeutic windows for targeted interventions.





8 Conclusion and future perspectives

GPR35, a member of the largest druggable family in the human, plays distinct and multifaceted physiological roles in cancer growth, metastasis, and metabolic regulation. Aberrant GPR35 expression has been consistently associated with poor prognosis across several malignancies, particularly those affecting the digestive system. GPR35 contributes to cancer progression by orchestrating metabolic reprogramming, directly modulating glucose, lipid, amino acid, and microbial metabolite metabolism. Moreover, it influences the tumor microenvironment and immune responses by regulating the production and utilization of metabolic intermediates. This review provides a comprehensive summary of the role of GPR35 in the metabolic regulation of digestive cancers, highlighting how its signaling axis governs tumorigenesis via metabolic reprogramming. The evidence presented supports GPR35 as a compelling therapeutic target, with intervention in its metabolic pathways offering novel opportunities for cancer treatment.

However, translating this promise into clinical reality requires overcoming multi-layered challenges, spanning fundamental understanding to drug development. A primary obstacle lies in our still-fragmentary grasp of GPR35’s molecular mechanisms, which is further complicated by its context-dependent roles across different cancer subtypes and within the tumor microenvironment. While the two key isoforms, GPR35a and GPR35b, are known to exhibit distinct expression patterns and prognostic associations in gastrointestinal malignancies (e.g., GC and CRC), this likely represents only a fraction of a more complex landscape. Future work must move beyond bulk tissue analysis to investigate the dynamic changes and functional heterogeneity of GPR35 across different molecular subtypes of cancer. For instance, it remains unexplored whether GPR35 expression and signaling are enriched in specific malignant cell subpopulations, such as those with stem-like properties, or how its function is modulated by cues from cancer-associated fibroblasts or immune cells within the tumor microenvironment. Current methodological limitations in discretely studying isoform-specific and cell-type-specific functions leave these critical downstream interactomes and signaling networks largely unmapped. Therefore, employing novel technologies like CRISPR-based gene editing, single-cell multi-omics sequencing, and spatial transcriptomics to delineate the precise functions of each isoform within specific cellular contexts will be crucial. This approach will not only decipher GPR35’s core oncogenic mechanisms but also reveal its adaptive roles in tumor-stroma interactions, representing a highly valuable direction for future research.

Furthermore, the pronounced species-dependent differences in GPR35 ligand pharmacology represent an Achilles’ heel for clinical translation. The inverted binding pocket conformation between human and rodent orthologs renders many compounds effective in preclinical models (e.g., zaprinast) poorly translatable to humans. This bottleneck underscores the urgent need for more predictive humanized GPR35 mouse models, which are indispensable for bridging foundational discoveries and clinical trials.

Encouragingly, despite these hurdles, the clinical exploration of GPR35-targeted drugs has gained tangible momentum. Several compounds for different indications have entered the clinical pipeline (Table 5): CT-3001, as the first-in-class GPR35 inhibitor, is being closely watched for its efficacy in advanced cancers (153), while KYNA-based formulations and GSK4381406 are pioneering new avenues in scar modulation and gut-selective therapy, respectively (151, 152). These advances not only validate GPR35’s “druggability” but also provide invaluable human data for the field.


Table 5 | The GPR35 drug development pipeline: current clinical candidates and preclinical innovations.
	Stage
	Compound/ intervention
	Pharmacological action
	Indications
	Key findings
	Refs



	Clinical trial
	GSK4381406
	Agonists
	IBD
	Phase I ongoing (NCT05999708); Enhance intestinal barrier function and suppress IBD.
	(150)


	KYNA
	Agonists
	Scar
	Phase II trial paused (NCT02340325) due to formulation issues; Mechanistic validation in lipid regulation.
	(151, 152)


	Clinical trial
	CT-3001
	Antagonists
	Advanced malignant solid tumors, CRC, PDAC
	Phase I/II ongoing (NCT06598007); Targets GPR35-mediated immunosuppression in TME.
	(153)


	Preclinical
	Pamoic acid
	Agonists
	Pain in internal organs
	Suppressed via Gi/o-ERK1/2/β-arrestin2 axis, offering a novel analgesic approach for gut disorders.
	(154)


	GPR35 inverse agonists
	Agonists
	Gastrointestinal disorders
	Strongly linked to inflammatory bowel diseases
	(155)


	TCG1001,
Zaprinast
	Agonist
	Osteoporosis
	Activates Gi/o and G12/13 signaling, suppressing osteoclast activity.
	(156)


	Cromolyn, Zaprinast
	Agonist
	Visceral pain (colonic hyperalgesia)
	Inhibits colonic nociception, suggesting non-opioid analgesic potential.
	(157)


	Lodoxamide
	Agonist
	Hepatic steatosis
	Blocks LXR-SREBP-1c pathway to reduce lipid synthesis.
	(81)


	Olsalazine
	Agonist
	IBD
	Attenuates colitis via NF-κB/JAK-STAT3 pathway downregulation.
	(158)


	CID-2745687
	Antagonists
	CRC
	Suppresses YAP/TAZ activity.
	(56)


	ML145
	Antagonists
	IBD
	Prevents epithelial damage and inflammatory responses.
	(95)







Deciphering the intricate biology of GPR35 is the cornerstone for unlocking its full therapeutic promise. Achieving this demands a multidisciplinary strategy focused on two fronts: first, to define the molecular determinants of its signaling preference and build integrated, predictive models of its functions; and second, to create advanced, human-relevant animal models that circumvent the confounding issue of species-specific pharmacology. The ultimate goal is to pioneer novel combination therapies that co-target the GPR35 axis alongside established immuno-oncology or metabolic interventions, thereby overcoming treatment resistance and paving the way for more effective outcomes in difficult-to-treat cancers.
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Glossary

ACAT2: Acyl-coenzyme A cholesterol acyltransferase 2

AMPK: AMP-activated protein kinase

Atg7: Autophagy Related 7

AHR: Aromatic hydrocarbon receptor

AOM/DSS: Azoxymethane/dextran sodium sulfate

ATP1A1: ATPase Na+/K+ transporting subunit alpha 1

ATPIF1: ATP synthase inhibitory factor subunit 1

BAs: Bile acids

BMP4: Bone morphogenetic protein 4

CECs: Colonic epithelial cells

CCL20: Chemokine (C-C motif) ligand 20

CRC: Colorectal cancer

CXCL1: C-X-C motif chemokine ligand 1

CXCL17: C-X-C motif chemokine ligand 17

CYP7A1: Cytochrome P450 family 7 subfamily A member 1

CYP8B1: Cytochrome P450 family 8 subfamily B member 1

DCA: Deoxycholic acid

ETBF: Enterotoxigenic Bacteroides fragilis

ERK1/2: Extracellular signal-regulated kinases 1 and 2

ERR: Enhancer release and retargeting

FXR: Farnesoid X receptor

GC: Gastric cancer

GPCR: G protein-coupled receptor

GPR35: G protein-coupled receptor 35

GLUT1: Glucose transporter 1

GLUT3: Glucose transporter 3

GLP-1: Glucagon-like peptide-1

HCC: Hepatocellular carcinoma

HFD: High fat diet

IAld: Indole-3-carboxaldehyde

ILA: Indole-3-lactate

IBD: Inflammatory bowel disease

IDO: Indoleamine 2,3-dioxygenase

IFN: Interferon

IPMA: Intraductal papillary mucinous adenoma

JNK: c-Jun N-terminal kinase

KYN: Kynurenine

KYNA: Kynurenic acid

KP: Kynurenine pathway

Lamp-2: Lysosome-associated membrane protein 2

LKB1: Liver Kinase B1

LPA: Lysophosphatidic acid

LXR: Liver X receptor

MMPs: Matrix Metalloproteinases

NAFLD: Non-alcoholic fatty liver disease

NASH: Non-alcoholic steatohepatitis

NFK: N-formyl kynurenine

NKA: Na⁺/K⁺-ATPase

NGB: Neuroglobin

NMDA: N-methyl-D-aspartic acid

NSCLC: Non-small cell lung cancer

PDAC: Pancreatic ductal adenocarcinoma;

p38/MAPK: p38 Mitogen-activated protein kinase

Pgc-1α: PPARγ

PMCA: Plasma membrane Ca2+ ATPase;

RGS14: Regulator of G-protein signaling 14

ROS: Reactive oxygen species

SGLT2: Sodium-glucose transport protein 2

SLC2A1: Solute carrier family 2 member 1

SMAD: Small mother against decapentaplegic

SREBP-1c: Sterol Reg-Ulatory Element Binding Protein-1c

STARD4: STAR-related lipid transfer domain containing 4

SNP: Single-nucleotide polymorphism

TDO: Tryptophan 2,3-dioxygenase

TNF-α: Tumor necrosis factor-alpha

TG: Triglyceride

Tregs: Regulatory T cell

UCP1: Uncoupling protein 1

VEGF: Vascular endothelial growth factor

WHO: World Health Organization

5-HIAA: 5-hydroxyindole acetic acid
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