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Abstract
Low pH in the gut is associated with severe inflammation, fibrosis, and colorectal cancer (CRC) and is a hallmark of active 
inflammatory bowel disease (IBD). Subsequently, pH-sensing mechanisms are of interest for the understanding of IBD 
pathophysiology. Tissue hypoxia and acidosis—two contributing factors to disease pathophysiology—are linked to IBD, and 
understanding their interplay is highly relevant for the development of new therapeutic options. One member of the proton-
sensing G protein-coupled receptor (GPCR) family, GPR65 (T-cell death-associated gene 8, TDAG8), was identified as a 
susceptibility gene for IBD in a large genome-wide association study. In response to acidic extracellular pH, GPR65 induces 
an anti-inflammatory response, whereas the two other proton-sensing receptors, GPR4 and GPR68 (ovarian cancer G protein-
coupled receptor 1, OGR1), mediate pro-inflammatory responses. Here, we review the current knowledge on the role of these 
proton-sensing receptors in IBD and IBD-associated fibrosis and cancer, as well as colitis-associated cancer (CAC). We 
also describe emerging small molecule modulators of these receptors as therapeutic opportunities for the treatment of IBD.
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Inflammatory bowel disease (IBD) 
is accompanied by low pH in the gut

IBD includes two main phenotypic subgroups: ulcera-
tive colitis (UC) and Crohn’s disease (CD). In 2017, 6.8 
million cases of IBD were documented worldwide [16]. 
Chronic intestinal wall inflammation that results in severe 
and long-lasting mucosal tissue destruction is a defining 
feature of IBD. An expanding body of literature has pro-
vided evidence that the pathophysiology of IBD is associ-
ated with genetic susceptibility [34], intestinal microbiota 
alterations [73], environmental factors [114], and immu-
nological abnormalities [90].

Increased local proton concentration, tissue hypoxia, 
low perfusion, and high levels of glycolytic metabolite 
synthesis (e.g., lactic acid) reduce tissue pH in chronic 
inflammation and inflammation-associated malignan-
cies [5, 29, 69, 94, 105], leading to pro-inflammatory 
cytokine production [69]. An acidic tissue microenvi-
ronment is not only the result of inflammation but also 
influences the degree and outcome of inflammation [8, 
44, 88]. In line with this, the pathogenesis of IBD as well 
as disease flares have been linked to a local decrease of 
the pH in the gut lumen and surrounding mucosa, with 
some reports showing a pH ranging between 2.3 and 3.4 
in the proximal colon of patients with active UC [29, 94]. 
Caprilli et al. also showed that the fecal fluid is character-
ized by low pH and bicarbonate in patients with severe 
UC when compared to healthy controls (pH, 6.06 versus 
6.52;  HCO3−, 8.4 versus 34.6 mq/L) [11]. Moreover, an 
early study which monitored changes in lactate levels in 
relation to UC severity reported a progressive increase in 
lactate, from mild colitis (3.0 ± 1.8 mM/L) to severe colitis 
(21.4 ± 18.6 mM/L) [139].

About 20 years ago, a family of G protein-coupled 
receptors (GPCRs) was described to sense extracellu-
lar protons in a narrow and physiologically relevant pH 
range. The G protein-coupled receptor (GPR)4 family 
of proton-sensing receptors consists of three members: 
GPR4, GPR65 (T-cell death-associated gene 8, (TDAG8) 
and GPR68 (ovarian cancer G protein-coupled receptor 1, 
OGR1). They are activated by a decrease in extracellular 
pH (below the physiological level), reaching their maximal 
activation at around pH 6.8. In contrast, they are inactive 
or almost silent at a pH higher than 7.6 [78, 88]. These 
receptors were shown to play important roles in inflam-
mation, bone metabolism, pain-sensing, kidney function, 
and breathing regulation [51, 54, 123].

With respect to IBD, three aspects make research on 
pH-sensing receptors particularly interesting. First: pH-
sensing receptor TDAG8 has been identified as an IBD risk 
gene in genome-wide association studies [34]. Second: 

Specific pH-sensing receptors that are known to play a role 
in inflammatory processes can be detected in the intestine. 
Third: Orally active antagonists that selectively bind to 
pro-inflammatory pH-sensing receptors (OGR1, GPR4) 
have been recently developed.

It should be noted that a fourth receptor, G2A/GPR132, 
was described as pH sensing [89]. However, effects were 
cell-type-dependent, and similar evidence could not be 
obtained by other laboratories [106, 123]. This receptor also 
lacks key amino acid residues required for pH sensing in 
GPR4, OGR1, and TDAG8 [116]. There is strong evidence 
today that G2A/GPR132 is activated by oxidized lipids and 
other related molecules [33]. For these reasons, we do not 
consider G2A/GPR132 as a bona fide pH-sensing receptor, 
and we limit the scope of this review to GPR4, OGR1, and 
TDAG8. We provide here an overview of the association of 
these GPCRs with inflammation, fibrosis, and tumorigenesis 
in the context of IBD.

Proton‑sensing G protein‑coupled receptors 
are linked to IBD

TDAG8

TDAG8 is mainly expressed in cells of the immune system 
[134]. In humans, TDAG8 is expressed predominantly in 
peripheral blood leukocytes and lymphoid tissue, includ-
ing the spleen, lymph nodes, and thymus [67], suggesting 
an important function in innate and adaptive immune reac-
tions. TDAG8 acts as a negative regulator of inflammation 
[95, 131] through the activation of a Gαs-coupled mecha-
nism [88], which augments downstream cyclic adenosine 
monophosphate (cAMP). Upon extracellular acidification, 
TDAG8 activates the adenylyl cyclase (AC)/cAMP/Protein 
Kinase A pathway through Gs proteins [54, 140] and Rho 
signaling via  G12/13 [54]. Rho signaling is of major impor-
tance in controlling leukocyte migration and phagocytosis 
in innate immune cells.

Interest in the role of TDAG8 in the gut increased when a 
large-scale meta-analysis identified a single nucleotide vari-
ant in the TDAG8 gene (I231L, rs3742704) as a susceptibil-
ity locus for IBD [56]. Additionally, the minor TDAG8 vari-
ant rs8005161 is associated with UC [130], and IBD patients 
carrying the rs8005161-TT and rs8005161-CT alleles pre-
sent an increased disease severity [130]. Following an extra-
cellular acidic pH shift imposed on  CD14+ monocytes from 
IBD patients, an impaired RhoA activation was observed 
irrespective of the rs8005161 allele [130], suggesting a still 
unknown adaptation of this signaling pathway in the disease.

In mice, TDAG8 is found on mast cells in the jejunum 
[154], T cells, macrophages, dendritic cells, and granulo-
cytes in the lamina propria of the colon [131]. In inflamed 
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tissue, the expression of TDAG8 is increased compared to 
non-inflamed areas, likely reflecting increased leukocyte 
influx [131]. The function of TDAG8 has been investigated 
in Tdag8 knock-out mice as well as knock-in mice harboring 
the murine orthologue of the IBD-associated variant GPR65 
I231L. These strategies result in loss of function or dimin-
ished function of TDAG8, respectively. Loss of functional 
TDAG8 in Tdag8 knock-out mice increases the recruitment 
of macrophages and neutrophils to the colon and enhances 
the expression of pro-inflammatory mediators in murine 
models of acute and chronic colitis, such as the DSS model 
of colitis, the T cell transfer model [81, 131], or interleu-
kin (IL)-10-deficient animals [102]. In the latter model, the 
pro-inflammatory effect of TDAG8 deficiency is particu-
larly pronounced and manifests with a significant increase 
in IL-6 levels and an increased presence of F4/80+CD64+ 
macrophages and IL-23+γδT cells in colitis lesions [102]. 
IL-10 is an important immune regulator in the gut, promot-
ing mucosal tolerance and preserving epithelial integrity 
[91]. The available data indicate that TDAG8 signaling 
cooperates with IL-10 signaling to maintain homeostasis. 
A role of TDAG8 beyond the regulation of inflammatory 
mediators and lymphocyte trafficking is found in pathogen 
clearance through lysosomal activity. Deletion of Tdag8 
in mice or knock-in of the IBD-associated variant GPR65 
I231L results in lysosomal dysfunction, which impacts bac-
terial autophagy and pathogen defense, thereby increasing 
the risk of developing colitis [70]. Thus, functional TDAG8 
was shown to play an important role in the clearance of Cit-
robacter rodentium in a murine infection model [70].

Th17 cells and their secreted cytokines play an important 
role in the abnormal immune response in IBD [14]. Activa-
tion of TDAG8 is linked to Th17- and Th22-cell differentia-
tion, and  RAG1−/− mice reconstituted with TDAG8-defi-
cient T cells were protected from experimental autoimmune 
encephalitis (EAE) [37]. Impaired TH17 cell differentiation 
in TDAG8-deficient mice was also reported in the T cell 
transfer model of colitis and correlated with elevated IL12 
and IL23 [13]. IL23 and its receptor IL23R play a key role 
in IBD pathogenesis [84], and IL17 may have a protective 
role in IBD rather than a detrimental one as in psoriasis or 
EAE [30]. In addition to IBD, TDAG8 has been identified as 
a risk gene for other inflammatory diseases, such as chronic 
obstructive pulmonary disease, asthma, multiple sclerosis, 
and ankylosing spondylitis [45, 47, 53, 56].

GPR4

Initial reports described an important role of GPR4 in 
endothelial cell (EC) function, and sphingosylphos-
phorylcholine [62] and lysophosphatidylcholine [79] were 
described as ligands of GPR4. Although these molecules 
are no longer considered specific ligands of GPR4, there is 

a high correlation between the transcriptional regulation of 
GPR4 and endothelial function [26, 86, 148]. Open public 
repositories of gene expression data report moderate expres-
sion of GPR4 in the small intestine and colon. IBD patients 
exhibit increased GPR4 mRNA expression compared to 
healthy controls [141], which most likely reflects inflam-
mation accompanied by an angiogenic response. Addition-
ally, single-cell RNA sequencing (scRNA-seq) revealed 
that, in the human colon, GPR4 is expressed in  CD36+ ECs 
present in the capillaries and in Duffy antigen/receptor for 
chemokines (DARC)+ cells lining postcapillary venules 
[65].

In mice, Gpr4 mRNA has been detected on ECs in the 
lamina propria of the colon [143]. This was confirmed in 
scRNA-seq profiles where GPR4 was found in the colon 
arteries, arterioles, capillaries, venules, and vein cells [55]. 
Deletion of GPR4 in mouse models of experimental coli-
tis decreased the expression of the endothelial adhesion 
molecules, vascular cell adhesion molecule-1 (VCAM1), 
and E-selectin in the intestinal microvasculature. This was 
associated with decreased mucosal leukocyte infiltration 
and reduced intestinal inflammation [117, 141]. Intestinal 
inflammation in CD is indeed characterized by an increased 
vessel density and angiogenesis [20, 119], associated with 
enhanced production of vascular endothelial growth factor 
(VEGF) in the local microvasculature. These data are in 
agreement with the notion that GPR4 drives VEGF produc-
tion and is required for a full angiogenic response to this 
growth factor [148].

Similar to TDAG8, GPR4 is a Gs-coupled receptor which 
drives the activity of adenylate cyclase to generate the sec-
ond messenger cAMP [78]. Signaling via  G13 and  Gq/11 has 
also been documented, resulting in the activation of RhoA 
signaling pathway and calcineurin-dependent nuclear factor 
of activated T cell (NFAT)1 promoter-driven transcription, 
respectively [133]. In ECs, Rho family proteins are of par-
ticular importance in regulating endothelial barrier function 
and leukocyte transmigration [125].

While expression of GPR4 appears prominent in ECs, 
there is also evidence for its presence in other cell types. 
Colon tissue scRNA-seq profiling from both murine [55] and 
human [65] cellular communities revealed the presence of 
GPR4 also in stromal cells, including pericytes surrounding 
vessels and fibroblasts. In our own work, we detected GPR4 
mRNA expression in murine and human primary intestinal 
fibroblasts [143]. The increased number of  GPR4+ cells in 
intestinal inflammation may not only arise through local 
angiogenesis and recruitment of precursor cells but also 
through mechanisms involving transition from ECs or peri-
cytes and cell de-differentiation [107]. For instance, it is well 
documented that inflammation can result in endothelial-to-
mesenchymal transition (EndoMT) [109] and could contrib-
ute to an increased number of  GPR4+ mesenchymal cells. 
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EndoMT may be driven by the pro-inflammatory cytokines 
tumor necrosis factor (TNF)α and IL-1β [12], as well as 
pro-fibrotic transforming growth factor (TGF)-β1 [3, 152], 
a powerful immune mediator upregulated in IBD.

Pericytes surrounding the vascular system also represent 
a cellular reservoir for several mesenchymal cell types dur-
ing tissue repair [38]. These cells can detach from vessels 
and differentiate into collagen-synthesizing fibroblasts, as 
observed in experimental dermal scarring [126]. Impor-
tantly, VEGF signaling stimulates myofibroblast trans-
formation through the induction of TGFβ1, as shown for 
subconjunctival [100] and kidney fibrosis [76]. These data 
indicate that GPR4 could represent a target for the treatment 
of fibrotic diseases. In this context, it is important to note 
that pharmacological tools already exist to inhibit GPR4, 
and these molecules have been successfully tested in several 
animal models, including models of colitis ([86, 118, 143], 
and chapter below.)

OGR1

In contrast to the rather cell type-specific expression of 
TDAG8 and GPR4, predominant in immune system cells 
and in ECs, respectively, OGR1 is expressed in various cell 
types, including monocytes/macrophages, T cells, granulo-
cytes, ECs, and various mesenchymal cell lineages. OGR1 
couples predominantly through Gαq/11 proteins, leading to 
activation of the phospholipase C (PLC)/inositol phosphate 
(IP)/Ca2+/extracellular signal-regulated kinases (ERK) path-
way [78] and the Gα12/13/Rho signaling pathway [77, 134, 
144, 146]. A role of OGR1 in inflammation was described 
early on, and several studies have shown a crucial role for 
OGR1 in the expression of inflammatory and tissue remode-
ling factors under acidic conditions [49, 83]. In IBD patients, 
intestinal tissue shows increased expression of OGR1, espe-
cially in inflamed areas, compared to the intestinal mucosa 
of healthy individuals [22, 25]. Furthermore, the expres-
sion of OGR1 correlates with higher clinical scores in IBD 
patients, suggesting that OGR1 has a clinically relevant 
pro-inflammatory effect that could be targeted for treatment 
[22, 25]. In a murine model of spontaneous colitis, OGR1 
perpetuated intestinal inflammation through the expression 
of IL-6, TNFα, IL-8, and SPARC [22], a collagen-binding 
protein that mediates fibrosis [6, 7], while Ogr1-deficiency 
was protective [22, 25].

The extracellular acidification-induced expression of 
these OGR1-dependent genes was greatly enhanced under 
hypoxic conditions in human intestinal macrophages, and 
this effect was reversed by NF-κB inhibition [23]. OGR1 
has also been implicated in other physiological processes, 
including kidney function and bone metabolism [50, 66]. Of 
particular interest is the recent observation that a homozy-
gous loss of function of OGR1 was described in families 

with amelogenesis imperfecta, suggesting that OGR1 is 
required for dental enamel formation [101]. At present, 
there is no information on the response of these individuals 
to inflammatory challenges, but this observation suggests 
that therapeutic inhibition of OGR1 may be well tolerated 
in adult subjects.

Hypoxia regulates the expression 
and function of pH‑sensing receptors

Accumulating evidence shows that the intestinal mucosa and 
the underlying tissue are deprived of adequate oxygen sup-
ply during inflammation [2, 27, 59]. Hypoxia results from 
increased local metabolic requirements from resident and 
infiltrating inflammatory cells combined with a reduced 
oxygen supply from the bloodstream due to edema, vaso-
constriction, and thrombosis [15, 59, 64].

Adaptive transcriptional responses to oxygen tension 
are mediated through the hydroxylation of the nuclear fac-
tors hypoxia-inducible factor (HIF)-1α and HIF-2α. Oxy-
gen deprivation blocks hydroxylation, allowing HIF-1α 
and HIF-2α to accumulate and translocate to the nucleus 
where the expression of HIF target genes is induced [122]. In 
accordance with the hypoxic conditions in inflamed tissue, 
both HIF-1α and HIF-2α are induced in the mucosa from 
IBD patients and mouse models of colitis [39, 59]. HIFs 
can also be stabilized following the activation of immune 
receptors, such as Toll-like receptors (TLRs) [103], or by 
metabolic by-products, such as succinate [127], which sig-
nals through GPR91. HIFs are also stabilized during infec-
tion with different pathogens under hypoxic conditions [60, 
93, 103, 145] and through hypoxia-independent mechanisms 
[42], including the inhibition of prolyl hydroxylase domain 
proteins through the chelation of  Fe2+ ions with bacterial 
siderophores [46]. Thus, tissue hypoxia plays an important 
role in the regulation of innate immunity and inflammatory 
responses. At a mechanistic level, hypoxia activates the 
NF-κB signaling pathway [27, 128] by blocking the hydrox-
ylation of upstream IκB kinase (IKK)-β [19]. Additionally, 
hypoxia triggers the expression of pro-inflammatory TNFα 
and IL-6 in monocytes [23] and supports inflammasome 
activation and production of IL-1β [32].

In accordance with the hypoxic environment and 
increased acidosis observed in IBD [39, 121], low oxygen 
tension promotes the expression of pH-sensor OGR1 via 
HIF-1α in human monocytic cell lines, intestinal epithelial 
cells, and macrophages, suggesting a crucial role of OGR1 
in hypoxia-associated responses [23]. Additionally, TNFα 
induces the expression of OGR1 in cells of human mac-
rophage lineage and primary human monocytes through an 
NF-κB-mediated mechanism [22, 23]. A study using rabbits 
subjected to hypoxia showed that TNFα is able to induce the 
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binding of HIF-1α to the promoter of HIF-1α target genes 
through a NF-κB-mediated mechanism [135]. An in silico 
analysis identified several putative DNA binding sites for 
NF-κB and HIF-1α within the proximal regions of the OGR1 
promoter variants [22]. Accordingly, chromatin precipitation 
analysis showed that hypoxia induced the binding of HIF-1α 
to the OGR1 promoter, confirming that OGR1 is under the 
transcriptional control of HIF-1α.

Recent reports indicate that low oxygen partial pres-
sure experienced during aircraft travel heightens the risk of 
flares in IBD patients [138], and altitude-associated hypoxia 
increases pro-inflammatory gene expression in the duode-
num of healthy subjects [147]. Accordingly, the expression 
of OGR1 is upregulated in the intestinal mucosa of CD and 
UC patients subjected to hypoxic conditions resembling an 
altitude of 4000 m above sea level for 3 h [23]. Consider-
ing that the intestinal epithelium is constantly exposed to 
luminal insults and oxygen deprivation, the interdependence 
between HIF and NF-κB signaling pathways appears most 
important in regulating intestinal epithelial barrier endur-
ance and function [35, 129], and OGR1 may play a crucial 
effector role in inflammation driven by hypoxia and acidosis.

Intestinal fibrosis as a consequence 
of inflammation/acidification

An exquisite balance between multiple pro- and anti-fibrotic 
stimuli on extracellular matrix (ECM)-producing cells is 
necessary for adequate wound healing [61, 98, 136, 137]. 
Rapid wound closure is crucial to reduce the time of an 
impaired barrier function of the intestinal wall. Nevertheless, 
the recurring and sometimes excessive tissue repair caused 
by inflammation leads to fibrosis, which may impair gastro-
intestinal function. Intestinal fibrosis is a common clinical 
problem in patients with CD and UC [21] that leads to stric-
ture formation requiring surgical intervention in 30–50% of 
CD patients [18, 71, 108]. In the context of CD, clinical 
findings have shown that fibrosis only develops in segments 
of the gut where inflammation is present [110].

Fibroblasts are central to tissue fibrosis because they are 
key producers of deposited ECM components and possess 
contractile abilities and the capacity to secrete growth fac-
tors [36]. Fibroblasts in fibrotic tissue can arise in multiple 
ways: Fibroblasts may migrate into the inflamed area, local 
stromal fibroblasts may proliferate, and importantly, ECs 
and epithelial cells may undergo de- and re-differentiation 
processes, namely EndoMT and epithelial to mesenchymal 
transition (EMT), respectively [9, 107]. EMT is a well-
characterized phenomenon that takes place in different 
tissues and diseases [92]. TGF-β1 is a key inducer and an 
important regulator of EMT. Upon exposure to inflamma-
tory stimuli (e.g., cytokines [74, 75], extracellular matrix 

components [10, 75], pathogen-associated molecular pat-
terns [72], and damage-associated molecular patterns [31] 
such as succinate [127, 149]), fibroblasts switch to an acti-
vated state. Of particular interest here, acidification can be 
added to the list of inflammatory stimuli.

OGR1 expression and OGR1-dependent signaling were 
observed in primary human and murine intestinal fibro-
blasts, and proton-activated OGR1-mediated signaling 
increases filamentous actin (F-actin) stress fibers at acidic 
pH in vitro [25]. Gpr4 expression has also been reported in 
primary intestinal fibroblasts [143], and fibroblasts found 
in other organs, e.g., rat kidney [111]. Baseline levels of 
GPR4 may already be sufficient to promote inflammation 
or fibrosis. Interestingly, an increased expression of GPR4 
was determined in primary intestinal fibroblasts follow-
ing an acidic pH shift in vitro [143]. The fact that GPR4 
mRNA expression is detected in human and murine pri-
mary intestinal fibroblasts and that the cells respond to 
acidification with increased activation of RhoA, an impor-
tant mediator of fibrosis [143] suggests that  GPR4+ ECs 
are converted to  GPR4+ fibroblasts by EndoMT.

During the course of kidney fibrosis in mice, approxi-
mately 14–15% of fibroblasts are derived from the bone 
marrow and about 36% emerge via EMT [58]. Approxi-
mately 30 to 50% of fibroblasts showed co-expression of 
EC and fibroblast markers [153] and may be derived from 
ECs residing within the kidney via EndoMT. The remain-
ing fibroblast populations may arise from resident fibro-
blasts, pericytes [97, 104], and fibrocytes in the circulation 
[1]. It is plausible that fibroblast recruitment in intestinal 
inflammation follows a similar pattern.

In human disease, paired intestinal tissue samples from 
patients with CD undergoing ileocecal resection due to 
stenosis were analyzed. Samples from highly fibrotic areas 
showed an increased expression of GPR4 as compared to 
the non-fibrotic areas [143]. GPR4 and the expression 
of markers involved in different phases of fibrosis, e.g., 
ACTA2, a marker for myofibroblast activation, and the 
pro-collagens COL1A1 and COL3A1, were positively cor-
related [143]. Similarly, samples from fibrotic areas pre-
sented higher expression levels of OGR1 as compared to 
the non-fibrotic resection margin, and the expression of 
fibrotic markers, such as ACTA2 and the pro-collagens 
COL3A1 and TGFβ1 were positively correlated [48]. 
One can speculate that elevated numbers of  GPR4+ and 
 OGR1+ fibroblasts in intestinal fibrosis may arise through 
EndoMT, with GPR4 being inherited from the parental 
ECs. Increased expression of GPR4 and OGR1 triggered 
by inflammation-associated acidification, and subsequent 
cellular responses, may perpetuate inflammation-induced 
fibrosis in IBD. Similar considerations apply for the devel-
opment of fibrosis in severe asthma and irreversible airway 
obstruction [63, 83].
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In mice, Gpr4-deficiency leads to a decrease in fibro-
genesis in models of intestinal fibrosis [143]. The pres-
ence of shorter vessels and decreased angiogenic factors 
were indicative of lowered vascularization. Additionally, 
mRNA expression levels of Pdgfβ, a potent chemoattract-
ant for fibroblasts and other cells [115], were reduced in 
Gpr4−/− mice. Likewise, decreased fibrosis was observed in 
Ogr1-deficient mice following chronic or spontaneous coli-
tis. Ogr1-deficiency leads to a decrease in mRNA expres-
sion of fibrosis markers, as well as a reduction of collagen 
deposition in models for intestinal fibrosis [48]. In summary, 
the absence of GPR4 or OGR1 is associated with a decrease 
in inflammation [22, 141] and fibrosis [48, 143] in animal 
models of intestinal fibrosis.

Proton‑sensing GPCRs in colorectal cancer 
(CRC)

CRC is the second most diagnosed cancer in women and the 
third in men. Different risk factors contribute to the devel-
opment of CRC, such as the patient’s genetic background, 
age, diet, environmental factors, as well as chronic intestinal 
inflammation as in CD or UC, and colitis-associated cancer 
(CAC). The risk of CAC in patients with IBD is increased 
after a long disease duration, especially in patients with 
chronic active disease [41, 113]. Oncogenic mutations alone 
do not seem sufficient to induce CRC or CAC. Tumorigen-
esis, tumor growth, and the formation of metastases depend 
on additional, non-mutational mechanisms. Such mecha-
nisms involve inflammatory or regenerative programs that 
are either activated in the tumor tissue itself or in cells of 
the surrounding tissue stroma [40]. These programs induce 
phenotypic plasticity in CRC cells such as EMT [40], a pre-
requisite for fistula formation [4] and fibrosis in IBD [120], 
as well as metastasis [87].

Hypoxia, inflammation, fibrosis, and tumor formation in 
the intestine, as in CRC and CAC, are linked on many levels 
and induce each other [27]. Thus, hypoxia may be induced 
by inflammation (inflammatory hypoxia) [27], and it influ-
ences tissue pH in the mucosa [96]. It is well established 
that an acidic environment is not only an epiphenomenon 
that results from tumor formation or inflammation but also 
affects the outcome of the immune response to cancers [8, 
44, 88]. Acidosis modulates EMT [132] and changes the 
expression of EMT cell markers in vitro and in vivo [112].

In tumors, protons  (H+) are generated and accumulate due 
to several mechanisms, including increased anaerobic and 
aerobic glycolysis (Warburg effect). As a result, lactic acid 
is released and acidification of the tumor-associated extra-
cellular micro-environment (TME) follows [69, 99, 124].

In the TME, a local pH below 7.0 is not uncommon and 
contributes to the progression of malignancy, tumor growth, 

metastasis, metabolic rewiring, and a decreased immune sur-
veillance [17, 28, 57, 68]. Consequently, restoring normal 
tissue pH has been suggested to reduce tumor growth and to 
improve anti-tumor therapy [142]. However, normalizing the 
pH is difficult to achieve in the cancer tissue microenviron-
ment. It is therefore tempting to consider the pH-sensing 
GPCRs, which mediate at least some effects of low pH on 
cells and tissues, as targets for therapy.

Proton-sensing GPCRs, TDAG8, GPR4, and/or OGR1 
are expressed in a large number of human cancers, includ-
ing stomach cancer [52], prostate cancer [150], and CRC 
[151]. In patients suffering from CRC, GPR4 mRNA and 
protein are increased as compared to non-tumor tissue, and 
high expression correlates with late-stage tumors and poor 
overall survival [151]. In a murine model with subcutane-
ous HCT116 xenografts, tumor progression was reduced 
when xenografts were depleted of GPR4 with shRNA [151]. 
Experiments with GPR4-deficient mice showed reduced 
tumor angiogenesis and tumor growth in an orthotopic tumor 
model using the murine colorectal carcinoma cell line CT26 
[148]. Histological analysis of tumors indicated altered ves-
sel morphology, length, and density. The reduced angio-
genesis is linked to a reduced response of ECs to VEGF, 
a key mediator of the vascular response to hypoxia [148]. 
Similarly, intestinal inflammation, development of CRC, and 
tumor angiogenesis were reduced in GPR4-deficient mice 
compared to WT control [82].

Ogr1 mRNA expression is increased in murine colonic 
tumors compared with normal colonic mucosa [23]. The 
induction of Ogr1 in tumor tissue is in good agreement with 
the known interaction between tumor hypoxia and acidosis 
[85], and several putative DNA binding sites for HIF-1α 
within the proximal regions of the Ogr1 promoter variants 
have been identified [22].

Small molecule modulators of pH‑sensing 
receptors may become a therapeutic 
opportunity for IBD and CRC 

The pharmaceutical industry has started to develop modula-
tors of pH-sensing receptors, and information on a few of 
these molecules is now in the public domain. A group of 
imidazopyridine derivatives were developed by Novartis, 
CH as orally active inhibitors of GPR4 and were evaluated 
for the treatment of inflammatory diseases and pain [86]. 
Derivative 39c showed promising pharmacokinetic proper-
ties (low clearance, good bioavailability, and oral exposure) 
and was therefore chosen for further profiling. This molecule 
was tested in an angiogenesis model in rodents and inhibited 
VEGF-induced angiogenesis in a dose-dependent manner 
[86]. Importantly, GPR4 antagonist 39c also decreased col-
lagen deposition in a murine model of gut fibrosis [143]. 
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These data further corroborate results from Gpr4-deficient 
mice in models of intestinal fibrosis, indicating that colla-
gen deposition is reduced in the absence of GPR4 signal-
ing. The expression of Vegfα mRNA was also decreased 
upon Gpr4 antagonist treatment and the presence of shorter 
vessels and decreased angiogenic factors was indicative 
of less vascularization. The pathophysiological relevance 
of GPR4 inhibition was determined in cultured primary 
human and murine intestinal fibroblasts. An acidic pH shift 
increased mRNA and protein levels of pro-fibrotic factors 
as well as stress fiber formation, which were reversed in 
the presence of the GPR4 antagonist 39c [143]. GPR4 sig-
nals via  G12/13 through GTP-RhoA. RhoA activity increased 
following acidification in human fibroblasts and decreased 
upon treatment with the GPR4 antagonist. A close analog of 
derivative 39c, GPR4 inhibitor compound 13 (also known 
as NE-52-QQ57), reduced clinical severity and macroscopic 
disease indicators of intestinal inflammation in a murine 
acute colitis model [118]. Compound 13 reduced EC acti-
vation, leukocyte recruitment into inflamed intestinal tissue, 
and pro-inflammatory gene expression in the distal colon. 
Inhibition of GPR4 activity by pharmacological intervention 
may represent a promising novel approach to reduce inflam-
mation by attenuating vascular EC activation and leukocyte 
infiltration into inflamed tissues [118].

An OGR1 small-molecule inhibitor (OGR1-I) was 
developed by Takeda Pharmaceuticals, San Diego, CA, 
USA. OGR1-I was tested in a murine model of acute coli-
tis and reduced clinical severity [24]. Ameliorated inflam-
mation upon OGR1-I was also demonstrated by endoscopy 
and histology. Moreover, OGR1-I reduced infiltration of T 
cells in acute colitis and macrophage recruitment in chronic 
colitis. OGR-I was also tested in in vitro experiments using 
the human colon carcinoma cell line Caco-2. These studies 
showed that endoplasmic reticulum (ER) stress is induced 
by acidosis-activated OGR1-mediated signaling [80]. ER 
stress was mediated by OGR1-dependent activation of c-Jun 
N-terminal kinase (JNK) signaling, the splicing of X-Box 
binding protein (XBP)1, and the expression of the unfolded 
protein response marker binding immunoglobulin protein 
(BiP). Conversely, JNK signaling, XBP1 splicing, and BiP 
expression were prevented in the presence of the inhibitor 
OGR1-I. This inhibitor also restored late-stage autophagy 
blocked by acidic activation of OGR1 in a human intestinal 
epithelial cell model overexpressing OGR1 [80].

Summary

Research on proton-sensing GPCRs over recent years has 
demonstrated that pH variations in a narrow physiological 
range can actively and specifically influence cell signal-
ing and physiological processes. Progression of IBD is 

accompanied by low pH and acidosis in the gut; conse-
quently, the three pH-sensing GPCRs, TDAG8, GPR4, and 
OGR1 play an important role in IBD-associated inflamma-
tion, fibrosis, and tumorigenesis.

Anti-inflammatory TDAG8 emerged as a receptor of 
particular interest because of its genetic link to IBD and 
other chronic immune pathologies. TDAG8 has a promi-
nent role as a negative regulator of inflammation, due to 
its cAMP-elevating action in immune cells in response to 
low extracellular pH.

Pro-inflammatory GRP4 is predominantly expressed on 
ECs and regulates the expression of endothelial adhesion 
molecules and angiogenic factors, thereby affecting vascu-
larization and mucosal leukocyte infiltration, key factors 
in the progress of inflammation. In IBD patients, GPR4 
expression is elevated compared to healthy controls, likely 
reflecting enhanced local angiogenesis and EndoMT in 
diseased tissue, leading to fibrosis. In patients suffering 
from CRC, high expression levels of GPR4 correlate with 
late-stage cancer and poor overall survival.

Pro-inflammatory OGR1 exhibits a pronounced expres-
sion in monocytes/macrophages, T cells, granulocytes, ECs, 
and mesenchymal cells and perpetuates intestinal inflamma-
tion through the expression of pro-inflammatory mediators. 
Moreover, OGR1 appears to play a crucial effector role in 
inflammation driven by hypoxia and acidosis. As might be 
expected, the expression of OGR1 correlates with clinical 
scores given to IBD patients, and samples from fibrotic areas 
showed increased OGR1 when compared to the non-fibrotic 
resection margin. An OGR1 small-molecule inhibitor 
reduced clinical severity in a murine model of acute colitis. 
Considering the aforementioned, small molecule modula-
tors of pH-sensing receptors constitute a new therapeutic 
opportunity for IBD and CRC therapy.

Currently, it is unclear how pH-sensing by GPCRs con-
nects with other pH-sensing mechanisms such as certain 
ion channels and pH-sensitive intracellular enzymes [43]. 
Work is ongoing to shed more light on this interplay. With 
respect to therapeutic opportunities, it is noteworthy that 
GPCRs are expressed on the cell surface and evolved to 
respond to extracellular cues in very specific ways. For 
these reasons, they constitute a particularly successful 
class of molecular targets for therapeutic intervention.

Author contributions M.H., K.S., M.B., C.dV., P.R. and G.R. wrote 
the main manuscript text.

Funding Open access funding provided by University of Zurich

Data availability No datasets were generated or analysed during the 
current study.



618 Pflügers Archiv - European Journal of Physiology (2024) 476:611–622

Declarations 

Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Abe R, Donnelly SC, Peng T, Bucala R, Metz CN (2001) Periph-
eral blood fibrocytes: differentiation pathway and migration to 
wound sites. J Immunol 166(12):7556–7562

 2. Abraham C, Cho JH (2009) Inflammatory bowel disease. N Engl 
J Med 361(21):2066–2078

 3. Arciniegas E, Sutton AB, Allen TD, Schor AM (1992) Trans-
forming growth factor beta 1 promotes the differentiation of 
endothelial cells into smooth muscle-like cells in vitro. J Cell 
Sci 103(Pt 2):521–529

 4. Bataille F, Rohrmeier C, Bates R, Weber A, Rieder F, Brenmoehl 
J et al (2008) Evidence for a role of epithelial mesenchymal tran-
sition during pathogenesis of fistulae in Crohn’s disease. Inflamm 
Bowel Dis 14(11):1514–1527

 5. Boedtkjer E, Pedersen SF (2020) The acidic tumor microenviron-
ment as a driver of cancer. Annu Rev Physiol 10(82):103–126

 6. Bradshaw AD, Sage EH (2001) SPARC, a matricellular protein 
that functions in cellular differentiation and tissue response to 
injury. J Clin Invest 107(9):1049–1054

 7. Brekken RA, Sage EH (2000) SPARC, a matricellular protein: 
at the crossroads of cell-matrix. Matrix Biol 19(7):569–580

 8. Brokelman WJ, Lensvelt M, BorelRinkes IH, Klinkenbijl JH, 
Reijnen MM (2011) Peritoneal changes due to laparoscopic sur-
gery. Surg Endosc 25(1):1–9

 9. Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A (1994) 
Circulating fibrocytes define a new leukocyte subpopulation that 
mediates tissue repair. Mol Med 1(1):71–81

 10. Burke JP, Cunningham MF, Sweeney C, Docherty NG, 
O’Connell PR (2011) N-cadherin is overexpressed in Crohn’s 
stricture fibroblasts and promotes intestinal fibroblast migration. 
Inflamm Bowel Dis 17(8):1665–1673

 11. Caprilli R, Frieri G, Latella G, Vernia P, Santoro ML (1986) 
Faecal excretion of bicarbonate in ulcerative colitis. Digestion 
35(3):136–142

 12. Chaudhuri V, Zhou L, Karasek M (2007) Inflammatory cytokines 
induce the transformation of human dermal microvascular 
endothelial cells into myofibroblasts: a potential role in skin 
fibrogenesis. J Cutan Pathol 34(2):146–153

 13. Chen X, Jaiswal A, Costliow Z, Herbst P, Creasey EA, Oshiro-
Rapley N et al (2022) pH sensing controls tissue inflammation 
by modulating cellular metabolism and endo-lysosomal function 
of immune cells. Nat Immunol 23(7):1063–1075

 14. Chen L, Ruan G, Cheng Y, Yi A, Chen D, Wei Y (2022) The role 
of Th17 cells in inflammatory bowel disease and the research 
progress. Front Immunol 13:1055914

 15. Colgan SP, Taylor CT (2010) Hypoxia: an alarm signal dur-
ing intestinal inflammation. Nat Rev Gastroenterol Hepatol 
7(5):281–287

 16. Collaborators GBDIBD (2020) The global, regional, and national 
burden of inflammatory bowel disease in 195 countries and ter-
ritories, 1990–2017: a systematic analysis for the Global Burden 
of Disease Study 2017. Lancet Gastroenterol Hepatol 5(1):17–30

 17. Corbet C, Pinto A, Martherus R, Santiago de Jesus JP, Polet F, 
Feron O (2016) Acidosis drives the reprogramming of fatty acid 
metabolism in cancer cells through changes in mitochondrial and 
histone acetylation. Cell Metab 24(2):311–23

 18. Cosnes J, Cattan S, Blain A, Beaugerie L, Carbonnel F, Parc R, 
Gendre JP (2002) Long-term evolution of disease behavior of 
Crohn’s disease. Inflamm Bowel Dis 8(4):244–250

 19. Cummins EP, Berra E, Comerford KM, Ginouves A, Fitzger-
ald KT, Seeballuck F et al (2006) Prolyl hydroxylase-1 nega-
tively regulates IkappaB kinase-beta, giving insight into 
hypoxia-induced NFkappaB activity. Proc Natl Acad Sci U S A 
103(48):18154–18159

 20. Danese S, Sans M, de la Motte C, Graziani C, West G, Phil-
lips MH et al (2006) Angiogenesis as a novel component of 
inflammatory bowel disease pathogenesis. Gastroenterology 
130(7):2060–2073

 21. de Bruyn JR, Meijer SL, Wildenberg ME, Bemelman WA, van 
den Brink GR, D’Haens GR (2015) Development of fibrosis 
in acute and longstanding ulcerative colitis. J Crohns Colitis 
9(11):966–972

 22. de Valliere C, Wang Y, Eloranta JJ, Vidal S, Clay I, Spalinger 
MR et al (2015) G Protein-coupled pH-sensing Receptor OGR1 
is a regulator of intestinal inflammation. Inflamm Bowel Dis 
21(6):1269–1281

 23. de Valliere C, Cosin-Roger J, Simmen S, Atrott K, Melhem H, 
Zeitz J et al (2016) Hypoxia positively regulates the expression 
of pH-sensing G-protein-coupled receptor OGR1 (GPR68). Cell 
Mol Gastroenterol Hepatol 2(6):796–810

 24. de Valliere C, Babler K, Busenhart P, Schwarzfischer M, Maeya-
shiki C, Schuler C et al (2021) A Novel OGR1 (GPR68) Inhibitor 
attenuates inflammation in murine models of colitis. Inflamm 
Intest Dis 6(3):140–153

 25. de Valliere C, Cosin-Roger J, Baebler K, Schoepflin A, Mamie 
C, Mollet M et al (2022) pH-sensing G protein-coupled receptor 
OGR1 (GPR68) expression and activation increases in intestinal 
inflammation and fibrosis. Int J Mol Sci 23(3):1419

 26. Dong L, Li Z, Leffler NR, Asch AS, Chi JT, Yang LV (2013) 
Acidosis activation of the proton-sensing GPR4 receptor stimu-
lates vascular endothelial cell inflammatory responses revealed 
by transcriptome analysis. PLoS ONE 8(4):e61991

 27. Eltzschig HK, Bratton DL, Colgan SP (2014) Targeting hypoxia 
signalling for the treatment of ischaemic and inflammatory dis-
eases. Nat Rev Drug Discov 13(11):852–869

 28. Fais S, Venturi G, Gatenby B (2014) Microenvironmental acido-
sis in carcinogenesis and metastases: new strategies in prevention 
and therapy. Cancer Metastasis Rev 33(4):1095–1108

 29. Fallingborg J, Christensen LA, Jacobsen BA, Rasmussen SN 
(1993) Very low intraluminal colonic pH in patients with active 
ulcerative colitis. Dig Dis Sci 38(11):1989–1993

 30. Fauny M, Moulin D, D’Amico F, Netter P, Petitpain N, Arnone D 
et al (2020) Paradoxical gastrointestinal effects of interleukin-17 
blockers. Ann Rheum Dis 79(9):1132–1138

 31. Fiocchi C, Lund PK (2011) Themes in fibrosis and gastroin-
testinal inflammation. Am J Physiol Gastrointest Liver Physiol 
300(5):G677–G683

http://creativecommons.org/licenses/by/4.0/


619Pflügers Archiv - European Journal of Physiology (2024) 476:611–622 

 32. Folco EJ, Sukhova GK, Quillard T, Libby P (2014) Moderate 
hypoxia potentiates interleukin-1beta production in activated 
human macrophages. Circ Res 115(10):875–883

 33. Foster JR, Ueno S, Chen MX, Harvey J, Dowell SJ, Irving AJ, 
Brown AJ (2019) N-Palmitoylglycine and other N-acylamides 
activate the lipid receptor G2A/GPR132. Pharmacol Res Per-
spect 7(6):e00542

 34. Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith 
GL, Ahmad T et al (2010) Genome-wide meta-analysis increases 
to 71 the number of confirmed Crohn’s disease susceptibility 
loci. Nat Genet 42(12):1118–1125

 35. Furuta GT, Turner JR, Taylor CT, Hershberg RM, Comerford K, 
Narravula S et al (2001) Hypoxia-inducible factor 1-dependent 
induction of intestinal trefoil factor protects barrier function dur-
ing hypoxia. J Exp Med 193(9):1027–1034

 36. Gabbiani G, Ryan GB, Majne G (1971) Presence of modified 
fibroblasts in granulation tissue and their possible role in wound 
contraction. Experientia 27(5):549–550

 37. Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C 
et al (2015) Single-cell genomics unveils critical regulators of 
Th17 cell pathogenicity. Cell 163(6):1400–1412

 38. Gerhardt H, Betsholtz C (2003) Endothelial-pericyte interactions 
in angiogenesis. Cell Tissue Res 314(1):15–23

 39. Giatromanolaki A, Sivridis E, Maltezos E, Papazoglou D, Simo-
poulos C, Gatter KC et al (2003) Hypoxia inducible factor 1alpha 
and 2alpha overexpression in inflammatory bowel disease. J Clin 
Pathol 56(3):209–213

 40. Greten FR, Grivennikov SI (2019) Inflammation and cancer: trig-
gers, mechanisms, and consequences. Immunity 51(1):27–41

 41. Grivennikov SI (2013) Inflammation and colorectal cancer: coli-
tis-associated neoplasia. Semin Immunopathol 35(2):229–244

 42. Haeberle HA, Durrstein C, Rosenberger P, Hosakote YM, Kuh-
licke J, Kempf VA et al (2008) Oxygen-independent stabilization 
of hypoxia inducible factor (HIF)-1 during RSV infection. PLoS 
ONE 3(10):e3352

 43. Hajjar S, Zhou X (2023) pH sensing at the intersection of tissue 
homeostasis and inflammation. Trends Immunol 44(10):807–825

 44. Hanly EJ, Aurora AA, Shih SP, Fuentes JM, Marohn MR, 
De Maio A, Talamini MA (2007) Peritoneal acidosis medi-
ates immunoprotection in laparoscopic surgery. Surgery 
142(3):357–364

 45. Hardin M, Cho M, McDonald ML, Beaty T, Ramsdell J, Bhatt S 
et al (2014) The clinical and genetic features of COPD-asthma 
overlap syndrome. Eur Respir J 44(2):341–350

 46. Hartmann H, Eltzschig HK, Wurz H, Hantke K, Rakin A, Yazdi 
AS et al (2008) Hypoxia-independent activation of HIF-1 by 
enterobacteriaceae and their siderophores. Gastroenterology 
134(3):756–767

 47. Hussman JP, Beecham AH, Schmidt M, Martin ER, McCau-
ley JL, Vance JM et al (2016) GWAS analysis implicates NF-
kappaB-mediated induction of inflammatory T cells in multiple 
sclerosis. Genes Immun 17(5):305–312

 48. Hutter S, van Haaften WT, Hunerwadel A, Baebler K, Herfarth 
N, Raselli T et al (2018) Intestinal activation of pH-sensing 
receptor OGR1 [GPR68] contributes to fibrogenesis. J Crohns 
Colitis 12(11):1348–1358

 49. Ichimonji I, Tomura H, Mogi C, Sato K, Aoki H, Hisada T et al 
(2010) Extracellular acidification stimulates IL-6 production and 
Ca(2+) mobilization through proton-sensing OGR1 receptors in 
human airway smooth muscle cells. Am J Physiol Lung Cell Mol 
Physiol 299(4):L567–L577

 50. Imenez Silva PH, Katamesh-Benabbas C, Chan K, Pastor Arroyo 
EM, Knopfel T, Bettoni C et al (2020) The proton-activated ovar-
ian cancer G protein-coupled receptor 1 (OGR1) is responsible 
for renal calcium loss during acidosis. Kidney Int 97(5):920–933

 51. Imenez Silva PH, Camara NO, Wagner CA (2022) Role of pro-
ton-activated G protein-coupled receptors in pathophysiology. 
Am J Physiol Cell Physiol 323(2):C400–C414

 52. Insel PA, Sriram K, Salmeron C, Wiley SZ (2020) Proton-sensing 
G protein-coupled receptors: detectors of tumor acidosis and can-
didate drug targets. Future Med Chem 12(6):523–532

 53. International Genetics of Ankylosing Spondylitis C, Cortes 
A, Hadler J, Pointon JP, Robinson PC, Karaderi T et al (2013) 
Identification of multiple risk variants for ankylosing spondyli-
tis through high-density genotyping of immune-related loci. Nat 
Genet 45(7):730–8

 54. Ishii S, Kihara Y, Shimizu T (2005) Identification of T cell death-
associated gene 8 (TDAG8) as a novel acid sensing G-protein-
coupled receptor. J Biol Chem 280(10):9083–9087

 55. Jasso GJ, Jaiswal A, Varma M, Laszewski T, Grauel A, Omar 
A et al (2022) Colon stroma mediates an inflammation-driven 
fibroblastic response controlling matrix remodeling and healing. 
PLoS Biol 20(1):e3001532

 56. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, 
Hui KY et al (2012) Host-microbe interactions have shaped 
the genetic architecture of inflammatory bowel disease. Nature 
491(7422):119–124

 57. Justus CR, Dong L, Yang LV (2013) Acidic tumor microenviron-
ment and pH-sensing G protein-coupled receptors. Front Physiol 
5(4):354

 58. Kalluri R, Neilson EG (2003) Epithelial-mesenchymal transition 
and its implications for fibrosis. J Clin Invest 112(12):1776–1784

 59. Karhausen J, Furuta GT, Tomaszewski JE, Johnson RS, Col-
gan SP, Haase VH (2004) Epithelial hypoxia-inducible fac-
tor-1 is protective in murine experimental colitis. J Clin Invest 
114(8):1098–1106

 60. Kempf VA, Lebiedziejewski M, Alitalo K, Walzlein JH, Ehehalt 
U, Fiebig J et al (2005) Activation of hypoxia-inducible factor-1 
in bacillary angiomatosis: evidence for a role of hypoxia-induci-
ble factor-1 in bacterial infections. Circulation 111(8):1054–1062

 61. Kim H, Oda T, Lopez-Guisa J, Wing D, Edwards DR, Solo-
way PD, Eddy AA (2001) TIMP-1 deficiency does not attenuate 
interstitial fibrosis in obstructive nephropathy. J Am Soc Nephrol 
12(4):736–748

 62. Kim KS, Ren J, Jiang Y, Ebrahem Q, Tipps R, Cristina K et al 
(2005) GPR4 plays a critical role in endothelial cell function and 
mediates the effects of sphingosylphosphorylcholine. FASEB J 
19(7):819–821

 63. Kodric M, Shah AN, Fabbri LM, Confalonieri M (2007) An 
investigation of airway acidification in asthma using induced 
sputum: a study of feasibility and correlation. Am J Respir Crit 
Care Med 175(9):905–910

 64. Kominsky DJ, Campbell EL, Colgan SP (2010) Metabolic shifts 
in immunity and inflammation. J Immunol 184(8):4062–4068

 65. Kong L, Pokatayev V, Lefkovith A, Carter GT, Creasey EA, 
Krishna C et al (2023) The landscape of immune dysregulation 
in Crohn’s disease revealed through single-cell transcriptomic 
profiling in the ileum and colon. Immunity 56(2):444–58 e5

 66. Krieger NS, Chen L, Becker J, Chan M, Bushinsky DA (2022) 
Effect of osteoblast-specific deletion of the proton receptor 
OGR1. JBMR Plus 6(12):e10691

 67. Kyaw H, Zeng Z, Su K, Fan P, Shell BK, Carter KC, Li Y 
(1998) Cloning, characterization, and mapping of human 
homolog of mouse T-cell death-associated gene. DNA Cell Biol 
17(6):493–500

 68. Lamonte G, Tang X, Chen JL, Wu J, Ding CK, Keenan MM et al 
(2013) Acidosis induces reprogramming of cellular metabolism 
to mitigate oxidative stress. Cancer Metab 1(1):23

 69. Lardner A (2001) The effects of extracellular pH on immune 
function. J Leukoc Biol 69(4):522–530



620 Pflügers Archiv - European Journal of Physiology (2024) 476:611–622

 70. Lassen KG, McKenzie CI, Mari M, Murano T, Begun J, Baxt LA 
et al (2016) Genetic coding variant in GPR65 alters lysosomal 
pH and links lysosomal dysfunction with colitis risk. Immunity 
44(6):1392–1405

 71. Latella G, Papi C (2012) Crucial steps in the natural his-
tory of inflammatory bowel disease. World J Gastroenterol 
18(29):3790–3799

 72. Lawrance IC, Rogler G, Bamias G, Breynaert C, Florholmen 
J, Pellino G et al (2017) Cellular and molecular mediators of 
intestinal fibrosis. J Crohns Colitis 11(12):1491–1503

 73. Lee M, Chang EB (2021) Inflammatory bowel diseases (IBD) 
and the microbiome-searching the crime scene for clues. Gas-
troenterology 160(2):524–537

 74. Leeb SN, Vogl D, Falk W, Scholmerich J, Rogler G, Gelbmann 
CM (2002) Regulation of migration of human colonic myofibro-
blasts. Growth Factors 20(2):81–91

 75. Leeb SN, Vogl D, Grossmann J, Falk W, Scholmerich J, Rogler 
G, Gelbmann CM (2004) Autocrine fibronectin-induced 
migration of human colonic fibroblasts. Am J Gastroenterol 
99(2):335–340

 76. Li ZD, Bork JP, Krueger B, Patsenker E, Schulze-Krebs A, Hahn 
EG, Schuppan D (2005) VEGF induces proliferation, migration, 
and TGF-beta1 expression in mouse glomerular endothelial cells 
via mitogen-activated protein kinase and phosphatidylinositol 
3-kinase. Biochem Biophys Res Commun 334(4):1049–1060

 77. Li J, Guo B, Wang J, Cheng X, Xu Y, Sang J (2013) Ovarian 
cancer G protein coupled receptor 1 suppresses cell migration of 
MCF7 breast cancer cells via a Galpha12/13-Rho-Rac1 pathway. 
J Mol Signal 8(1):6

 78. Ludwig MG, Vanek M, Guerini D, Gasser JA, Jones CE, Jun-
ker U et al (2003) Proton-sensing G-protein-coupled receptors. 
Nature 425(6953):93–98

 79. Lum H, Qiao J, Walter RJ, Huang F, Subbaiah PV, Kim KS, 
Holian O (2003) Inflammatory stress increases receptor for 
lysophosphatidylcholine in human microvascular endothelial 
cells. Am J Physiol Heart Circ Physiol 285(4):H1786–H1789

 80. Maeyashiki C, Melhem H, Hering L, Baebler K, Cosin-Roger J, 
Schefer F et al (2020) Activation of pH-Sensing receptor OGR1 
(GPR68) induces ER stress via the IRE1alpha/JNK pathway in 
an intestinal epithelial cell model. Sci Rep 10(1):1438

 81. Marie MA, Sanderlin EJ, Satturwar S, Hong H, Lertpiriyapong 
K, Donthi D, Yang LV (2022) GPR65 (TDAG8) inhibits intesti-
nal inflammation and colitis-associated colorectal cancer devel-
opment in experimental mouse models. Biochim Biophys Acta 
Mol Basis Dis 1868(1):166288

 82. Marie MA, Sanderlin EJ, Hoffman AP, Cashwell KD, Sattur-
war S, Hong H et al (2023) GPR4 knockout attenuates intestinal 
inflammation and forestalls the development of colitis-associated 
colorectal cancer in murine models. Cancers (Basel) 15(20):4974

 83. Matsuzaki S, Ishizuka T, Yamada H, Kamide Y, Hisada T, Ichi-
monji I et al (2011) Extracellular acidification induces connective 
tissue growth factor production through proton-sensing receptor 
OGR1 in human airway smooth muscle cells. Biochem Biophys 
Res Commun 413(4):499–503

 84. McGovern D, Powrie F (2007) The IL23 axis plays a key role in 
the pathogenesis of IBD. Gut 56(10):1333–1336

 85. Mekhail K, Gunaratnam L, Bonicalzi ME, Lee S (2004) HIF 
activation by pH-dependent nucleolar sequestration of VHL. Nat 
Cell Biol 6(7):642–647

 86. Miltz W, Velcicky J, Dawson J, Littlewood-Evans A, Ludwig 
MG, Seuwen K et al (2017) Design and synthesis of potent and 
orally active GPR4 antagonists with modulatory effects on noci-
ception, inflammation, and angiogenesis. Bioorg Med Chem 
25(16):4512–4525

 87. Mittal V (2018) Epithelial mesenchymal transition in tumor 
metastasis. Annu Rev Pathol 24(13):395–412

 88. Mogi C, Tobo M, Tomura H, Murata N, He XD, Sato K et al 
(2009) Involvement of proton-sensing TDAG8 in extracel-
lular acidification-induced inhibition of proinflammatory 
cytokine production in peritoneal macrophages. J Immunol 
182(5):3243–3251

 89. Murakami N, Yokomizo T, Okuno T, Shimizu T (2004) G2A 
is a proton-sensing G-protein-coupled receptor antagonized by 
lysophosphatidylcholine. J Biol Chem 279(41):42484–42491

 90. Nakase H (2020) Treatment of inflammatory bowel disease from 
the immunological perspective. Immunol Med 43(2):79–86

 91. Neumann C, Scheffold A, Rutz S (2019) Functions and regulation 
of T cell-derived interleukin-10. Semin Immunol 44:101344

 92. Nistico P, Bissell MJ, Radisky DC (2012) Epithelial-mesenchy-
mal transition: general principles and pathological relevance with 
special emphasis on the role of matrix metalloproteinases. Cold 
Spring Harb Perspect Biol 4(2):a011908–a011908

 93. Nizet V, Johnson RS (2009) Interdependence of hypoxic and 
innate immune responses. Nat Rev Immunol 9(9):609–617

 94. Nugent SG, Kumar D, Rampton DS, Evans DF (2001) Intesti-
nal luminal pH in inflammatory bowel disease: possible deter-
minants and implications for therapy with aminosalicylates and 
other drugs. Gut 48(4):571–577

 95. Onozawa Y, Komai T, Oda T (2011) Activation of T cell death-
associated gene 8 attenuates inflammation by negatively regu-
lating the function of inflammatory cells. Eur J Pharmacol 
654(3):315–319

 96. Palazon A, Goldrath AW, Nizet V, Johnson RS (2014) HIF 
transcription factors, inflammation, and immunity. Immunity 
41(4):518–528

 97. Pardali E, Sanchez-Duffhues G, Gomez-Puerto MC, Ten Dijke 
P (2017) TGF-beta-induced endothelial-mesenchymal transi-
tion in fibrotic diseases. Int J Mol Sci 18(10):2157

 98. Pardo A, Selman M (2006) Matrix metalloproteases in aberrant 
fibrotic tissue remodeling. Proc Am Thorac Soc 3(4):383–388

 99. Park SY, Bae DJ, Kim MJ, Piao ML, Kim IS (2012) Extracel-
lular low pH modulates phosphatidylserine-dependent phago-
cytosis in macrophages by increasing stabilin-1 expression. J 
Biol Chem 287(14):11261–11271

 100. Park HY, Kim JH, Park CK (2013) VEGF induces TGF-beta1 
expression and myofibroblast transformation after glaucoma 
surgery. Am J Pathol 182(6):2147–2154

 101. Parry DA, Smith CE, El-Sayed W, Poulter JA, Shore RC, 
Logan CV et al (2016) Mutations in the pH-sensing G-protein-
coupled receptor GPR68 cause amelogenesis imperfecta. Am 
J Hum Genet 99(4):984–990

 102. Perren L, Busch M, Schuler C, Ruiz PA, Foti F, Weibel N et al 
(2023) OGR1 (GPR68) and TDAG8 (GPR65) Have antago-
nistic effects in models of colonic inflammation. Int J Mol Sci 
24(19):14855

 103. Peyssonnaux C, Cejudo-Martin P, Doedens A, Zinkernagel AS, 
Johnson RS, Nizet V (2007) Cutting edge: essential role of 
hypoxia inducible factor-1alpha in development of lipopoly-
saccharide-induced sepsis. J Immunol 178(12):7516–7519

 104. Plikus MV, Wang X, Sinha S, Forte E, Thompson SM, Herzog 
EL et al (2021) Fibroblasts: origins, definitions, and functions 
in health and disease. Cell 184(15):3852–3872

 105. Press AG, Hauptmann IA, Hauptmann L, Fuchs B, Fuchs M, 
Ewe K, Ramadori G (1998) Gastrointestinal pH profiles in 
patients with inflammatory bowel disease. Aliment Pharmacol 
Ther 12(7):673–678

 106. Radu CG, Nijagal A, McLaughlin J, Wang L, Witte ON (2005) 
Differential proton sensitivity of related G protein-coupled 
receptors T cell death-associated gene 8 and G2A expressed 
in immune cells. Proc Natl Acad Sci U S A 102(5):1632–1637



621Pflügers Archiv - European Journal of Physiology (2024) 476:611–622 

 107. Rieder F, Fiocchi C (2008) Intestinal fibrosis in inflammatory 
bowel disease - current knowledge and future perspectives. J 
Crohns Colitis 2(4):279–290

 108. Rieder F, Fiocchi C (2009) Intestinal fibrosis in IBD–a 
dynamic, multifactorial process. Nat Rev Gastroenterol Hepa-
tol 6(4):228–235

 109. Rieder F, Kessler SP, West GA, Bhilocha S, de la Motte C, 
Sadler TM et al (2011) Inflammation-induced endothelial-
to-mesenchymal transition: a novel mechanism of intestinal 
fibrosis. Am J Pathol 179(5):2660–2673

 110. Rieder F, Fiocchi C, Rogler G (2017) Mechanisms, manage-
ment, and treatment of fibrosis in patients with inflammatory 
bowel diseases. Gastroenterology 152(2):340–50 e6

 111. Riemann A, Ihling A, Thomas J, Schneider B, Thews O, Gekle 
M (2015) Acidic environment activates inflammatory programs 
in fibroblasts via a cAMP-MAPK pathway. Biochem Biophys 
Acta 1853(2):299–307

 112. Riemann A, Rauschner M, Giesselmann M, Reime S, Haupt 
V, Thews O (2019) Extracellular acidosis modulates the 
expression of epithelial-mesenchymal transition (EMT) 
markers and adhesion of epithelial and tumor cells. Neoplasia 
21(5):450–458

 113. Rogler G (2014) Chronic ulcerative colitis and colorectal cancer. 
Cancer Lett 345(2):235–241

 114. Rogler G, Zeitz J, Biedermann L (2016) The search for causative 
environmental factors in inflammatory bowel disease. Dig Dis 
34(Suppl 1):48–55

 115. Roskoski R Jr (2018) The role of small molecule platelet-derived 
growth factor receptor (PDGFR) inhibitors in the treatment of 
neoplastic disorders. Pharmacol Res 129:65–83

 116. Rowe JB, Kapolka NJ, Taghon GJ, Morgan WM, Isom DG 
(2021) The evolution and mechanism of GPCR proton sensing. 
J Biol Chem 296:100167

 117. Sanderlin EJ, Leffler NR, Lertpiriyapong K, Cai Q, Hong H, Bak-
thavatchalu V et al (2017) GPR4 deficiency alleviates intestinal 
inflammation in a mouse model of acute experimental colitis. 
Biochim Biophys Acta Mol Basis Dis 1863(2):569–584

 118. Sanderlin EJ, Marie M, Velcicky J, Loetscher P, Yang LV 
(2019) Pharmacological inhibition of GPR4 remediates intes-
tinal inflammation in a mouse colitis model. Eur J Pharmacol 
5(852):218–230

 119. Scaldaferri F, Vetrano S, Sans M, Arena V, Straface G, Stigliano 
E et al (2009) VEGF-A links angiogenesis and inflammation 
in inflammatory bowel disease pathogenesis. Gastroenterology 
136(2):585–95 e5

 120. Scharl M, Huber N, Lang S, Furst A, Jehle E, Rogler G (2015) 
Hallmarks of epithelial to mesenchymal transition are detectable 
in Crohn’s disease associated intestinal fibrosis. Clin Transl Med 
4:1

 121. Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF hydrox-
ylases. Nat Rev Mol Cell Biol 5(5):343–354

 122. Schofield CJ, Ratcliffe PJ (2005) Signalling hypoxia by HIF 
hydroxylases. Biochem Biophys Res Commun 338(1):617–626

 123. Seuwen K, Ludwig MG, Wolf RM (2006) Receptors for pro-
tons or lipid messengers or both? J Recept Signal Transduct Res 
26(5–6):599–610

 124. Simmen HP, Battaglia H, Giovanoli P, Blaser J (1994) Analysis 
of pH, pO2 and pCO2 in drainage fluid allows for rapid detec-
tion of infectious complications during the follow-up period after 
abdominal surgery. Infection 22(6):386–9

 125. Sluiter TJ, van Buul JD, Huveneers S, Quax PHA, de Vries MR 
(2021) Endothelial barrier function and leukocyte transmigration 
in atherosclerosis. Biomedicines 9(4):328

 126. Sundberg C, Ivarsson M, Gerdin B, Rubin K (1996) Pericytes as 
collagen-producing cells in excessive dermal scarring. Lab Invest 
74(2):452–466

 127. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, 
McGettrick AF, Goel G et al (2013) Succinate is an inflamma-
tory signal that induces IL-1beta through HIF-1alpha. Nature 
496(7444):238–242

 128. Taylor CT (2008) Interdependent roles for hypoxia inducible fac-
tor and nuclear factor-kappaB in hypoxic inflammation. J Physiol 
586(17):4055–4059

 129. Taylor M, Qu A, Anderson ER, Matsubara T, Martin A, Gonzalez 
FJ, Shah YM (2011) Hypoxia-inducible factor-2alpha mediates 
the adaptive increase of intestinal ferroportin during iron defi-
ciency in mice. Gastroenterology 140(7):2044–2055

 130. Tcymbarevich IV, Eloranta JJ, Rossel JB, Obialo N, Spalinger 
M, Cosin-Roger J et al (2019) The impact of the rs8005161 
polymorphism on G protein-coupled receptor GPR65 (TDAG8) 
pH-associated activation in intestinal inflammation. BMC Gas-
troenterol 19(1):2

 131. Tcymbarevich I, Richards SM, Russo G, Kuhn-Georgijevic J, 
Cosin-Roger J, Baebler K et al (2019) Lack of the pH-sensing 
receptor TDAG8 [GPR65] in macrophages plays a detrimental 
role in murine models of inflammatory bowel disease. J Crohns 
Colitis 13(2):245–258

 132. Thews O, Riemann A (2019) Tumor pH and metastasis: a 
malignant process beyond hypoxia. Cancer Metastasis Rev 
38(1–2):113–129

 133. Tobo M, Tomura H, Mogi C, Wang JQ, Liu JP, Komachi M et al 
(2007) Previously postulated “ligand-independent” signaling of 
GPR4 is mediated through proton-sensing mechanisms. Cell Sig-
nal 19(8):1745–1753

 134. Tomura H, Mogi C, Sato K, Okajima F (2005) Proton-sensing 
and lysolipid-sensitive G-protein-coupled receptors: a novel type 
of multi-functional receptors. Cell Signal 17(12):1466–1476

 135. Tsapournioti S, Mylonis I, Hatziefthimiou A, Ioannou MG, Sta-
matiou R, Koukoulis GK et al (2013) TNFalpha induces expres-
sion of HIF-1alpha mRNA and protein but inhibits hypoxic 
stimulation of HIF-1 transcriptional activity in airway smooth 
muscle cells. J Cell Physiol 228(8):1745–1753

 136. Underwood DC, Osborn RR, Bochnowicz S, Webb EF, Rie-
man DJ, Lee JC et al (2000) SB 239063, a p38 MAPK inhibi-
tor, reduces neutrophilia, inflammatory cytokines, MMP-9, 
and fibrosis in lung. Am J Physiol Lung Cell Mol Physiol 
279(5):L895-902

 137. Vaillant B, Chiaramonte MG, Cheever AW, Soloway PD, 
Wynn TA (2001) Regulation of hepatic fibrosis and extracel-
lular matrix genes by the th response: new insight into the role 
of tissue inhibitors of matrix metalloproteinases. J Immunol 
167(12):7017–7026

 138. Vavricka SR, Rogler G, Maetzler S, Misselwitz B, Safroneeva 
E, Frei P et al (2014) High altitude journeys and flights are asso-
ciated with an increased risk of flares in inflammatory bowel 
disease patients. J Crohns Colitis 8(3):191–199

 139. Vernia P, Caprilli R, Latella G, Barbetti F, Magliocca FM, Cit-
tadini M (1988) Fecal lactate and ulcerative colitis. Gastroenter-
ology 95(6):1564–1568

 140. Wang JQ, Kon J, Mogi C, Tobo M, Damirin A, Sato K et al 
(2004) TDAG8 is a proton-sensing and psychosine-sensitive 
G-protein-coupled receptor. J Biol Chem 279(44):45626–45633

 141. Wang Y, de Valliere C, Imenez Silva PH, Leonardi I, Gruber 
S, Gerstgrasser A et  al (2018) The proton-activated recep-
tor GPR4 modulates intestinal inflammation. J Crohns Colitis 
12(3):355–368



622 Pflügers Archiv - European Journal of Physiology (2024) 476:611–622

 142. Webb BA, Chimenti M, Jacobson MP, Barber DL (2011) Dys-
regulated pH: a perfect storm for cancer progression. Nat Rev 
Cancer 11(9):671–677

 143. Weder B, Schefer F, van Haaften WT, Patsenker E, Stickel F, 
Mueller S et al (2022) New therapeutic approach for intesti-
nal fibrosis through inhibition of pH-sensing receptor GPR4. 
Inflamm Bowel Dis 28(1):109–125

 144. Wei WC, Bianchi F, Wang YK, Tang MJ, Ye H, Glitsch MD 
(2018) Coincidence detection of membrane stretch and extracel-
lular pH by the proton-sensing receptor OGR1 (GPR68). Curr 
Biol 28(23):3815–23 e4

 145. Werth N, Beerlage C, Rosenberger C, Yazdi AS, Edelmann M, 
Amr A et al (2010) Activation of hypoxia inducible factor 1 is a 
general phenomenon in infections with human pathogens. PLoS 
ONE 5(7):e11576

 146. Wiley SZ, Sriram K, Liang W, Chang SE, French R, McCann T 
et al (2018) GPR68, a proton-sensing GPCR, mediates interac-
tion of cancer-associated fibroblasts and cancer cells. FASEB J 
32(3):1170–1183

 147. Wojtal KA, Cee A, Lang S, Gotze O, Fruhauf H, Geier A et al 
(2014) Downregulation of duodenal SLC transporters and activa-
tion of proinflammatory signaling constitute the early response to 
high altitude in humans. Am J Physiol Gastrointest Liver Physiol 
307(7):G673–G688

 148. Wyder L, Suply T, Ricoux B, Billy E, Schnell C, Baumgarten 
BU et al (2011) Reduced pathological angiogenesis and tumor 
growth in mice lacking GPR4, a proton sensing receptor. Angio-
genesis 14(4):533–544

 149. Xie N, Tan Z, Banerjee S, Cui H, Ge J, Liu RM et al (2015) 
Glycolytic reprogramming in myofibroblast differentiation and 
lung fibrosis. Am J Respir Crit Care Med 192(12):1462–1474

 150. Yan L, Singh LS, Zhang L, Xu Y (2014) Role of OGR1 in mye-
loid-derived cells in prostate cancer. Oncogene 33(2):157–164

 151. Yu M, Cui R, Huang Y, Luo Y, Qin S, Zhong M (2019) Increased 
proton-sensing receptor GPR4 signalling promotes colorectal 
cancer progression by activating the hippo pathway. EBioMedi-
cine 48:264–276

 152. Zeisberg EM, Tarnavski O, Zeisberg M, Dorfman AL, McMul-
len JR, Gustafsson E et al (2007) Endothelial-to-mesenchymal 
transition contributes to cardiac fibrosis. Nat Med 13(8):952–961

 153. Zeisberg EM, Potenta SE, Sugimoto H, Zeisberg M, Kalluri R 
(2008) Fibroblasts in kidney fibrosis emerge via endothelial-to-
mesenchymal transition. J Am Soc Nephrol 19(12):2282–2287

 154. Zhu X, Mose E, Hogan SP, Zimmermann N (2014) Differen-
tial eosinophil and mast cell regulation: mast cell viability and 
accumulation in inflammatory tissue are independent of proton-
sensing receptor GPR65. Am J Physiol Gastrointest Liver Physiol 
306(11):G974–G982

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

The manuscript, including related data, has not been previously 
published and the manuscript is not under consideration elsewhere.


	Role of pH-sensing receptors in colitis
	Abstract
	Inflammatory bowel disease (IBD) is accompanied by low pH in the gut
	Proton-sensing G protein-coupled receptors are linked to IBD
	TDAG8
	GPR4
	OGR1

	Hypoxia regulates the expression and function of pH-sensing receptors
	Intestinal fibrosis as a consequence of inflammationacidification
	Proton-sensing GPCRs in colorectal cancer (CRC)
	Small molecule modulators of pH-sensing receptors may become a therapeutic opportunity for IBD and CRC
	Summary
	References


