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Abstract. Glucagon‑like peptide‑1 receptor agonists 
(GLP‑1RAs) and therapies targeting glucose‑dependent 
insulinotropic polypeptide (GIP) have demonstrated efficacy 
in the treatment of type 2 diabetes (T2D) and obesity. GLP‑1 
and GIP are collectively referred to as incretins. The strong 
epidemiological link between T2D/obesity and cancer risk 
suggests that GLP‑1 and GIP may serve a substantial role in 
tumor metabolism. The effects of incretin hormones and the 
counter‑regulatory hormone glucagon (GCG) on tumor biology 
may have important implications for understanding tumor 
microenvironmental regulation and for informing cancer 
therapy. The present review summarizes the mechanisms by 
which these hormones influence the tumor microenvironment. 
Beyond the fundamental biology of incretins and GCG, the 
present review details how GLP‑1RAs regulate immune cell 
functions, including the functions of T  cells, neutrophils, 

natural killer cells and macrophages, to foster an antitumor 
immune microenvironment. Furthermore, the present review 
explores their roles in tumor metabolic reprogramming, 
affecting tumor cell cycle progression, extracellular matrix 
remodeling and mitochondrial function. Although preclinical 
and clinical data suggest that GLP‑1RAs can reduce the 
incidence and progression of certain obesity‑related cancer 
types, such as pancreatic and liver cancer, their impact on 
other malignancies, such as breast and endometrial cancer, 
remains controversial, with GLP‑1RAs potentially exhib‑
iting context‑dependent pro‑tumor effects. However, based 
on current evidence, the benefits of incretin hormones and 
GCG in cancer therapy appear to outweigh the risks. The 
present review suggests that targeting incretin and GCG 
signaling holds considerable promise in oncology, but neces‑
sitates a deeper mechanistic understanding and more careful 
patient stratification to fully harness its clinical utility while 
minimizing potential risks.
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1. Introduction

In most countries worldwide, cancer rank among the leading 
causes of mortality (1). Consequently, preventing cancer and 
delaying its recurrence and metastasis represent primary 
objectives in antitumor strategies. Beyond genetic mutations, 
the tumor microenvironment (TME) is recognized as a critical 
factor in cancer progression, providing essential support for 
tumor cell survival, proliferation and immune evasion. Key 
characteristics of the TME include hypoxia, acidosis and 
nutrient deprivation (2). Epidemiological studies (3,4) have 
demonstrated that diabetes and obesity are associated with an 
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increased risk of various malignancies, including pancreatic 
cancer (5,6) and breast cancer (7). This association suggests a 
potential interplay between systemic metabolism and tumori‑
genesis. Among incretins, glucagon‑like peptide‑1 (GLP‑1) 
and glucose‑dependent insulinotropic polypeptide (GIP) 
serve as key regulators of metabolism (8), and GLP‑1 receptor 
agonists (GLP‑1RAs) have been established as first‑line 
therapies for type 2 diabetes (T2D) and obesity (9). Beyond 
their roles in regulating glucose and lipid metabolism and 
suppressing appetite, drugs targeting GLP‑1R and glucagon 
receptor (GCGR) exhibit anti‑inflammatory and cardiopro‑
tective effects, and have demonstrated promising synergistic 
outcomes in combination with antitumor therapies (10,11). 
However, the efficacy of these agents remains controversial 
in conditions such as breast cancer and endometrial cancer 
(EC), underscoring the importance of elucidating their 
mechanisms of action in malignancies (12‑14). A central ques‑
tion is whether these hormones can treat or prevent cancer by 
modulating the immune TME and tumor cell metabolism. The 
present review aims to: i) Briefly summarize the fundamental 
biology of GLP‑1, GIP and GCG, with a focus on phenomena 
and mechanisms relevant to tumor biology; ii) evaluate their 
diverse roles in the TME, particularly in immune regulation; 
iii) analyze their impact on tumor metabolic reprogramming; 
and iv) synthesize current preclinical and clinical evidence 
across various cancer types, highlighting both protective 
effects and potential cancer‑promoting effects, to guide future 
research and clinical translation.

2. Biological effects and mechanisms of incretin and GCG

To facilitate the understanding of the potential roles of 
incretins, including GLP‑1, GIP and GCG, in oncology, this 
section provides a concise overview of the core physiology of 
GLP‑1, GIP and GCG. Although they share common signaling 
modules such as cyclic adenosine monophosphate (cAMP), 
their receptor distribution and principal metabolic functions 
underlie their distinct influences on the TME (15,16). Fig. 1 
summarizes the fundamental mechanisms of action of these 
three hormones.

GLP‑1. GLP‑1 is secreted by intestinal L‑cells following 
nutrient intake (17). GLP‑1 binds to GLP‑1Rs expressed in 
multiple organs, including the pancreas, liver, gastrointestinal 
tract and brain, exerting pleiotropic effects such as enhancing 
insulin secretion  (18), reducing blood glucose levels, 
suppressing GCG release (19), delaying gastric emptying (16), 
decreasing food intake  (20), promoting weight loss and 
providing cardiovascular protection (21,22). The GLP‑1R is a 
G protein‑coupled receptor that primarily signals through the 
Gs subunit (23), initiating a cascade that stimulates adenylate 
cyclase activity and cAMP production  (24). Subsequently, 
cAMP activates protein kinase A (PKA) and the exchange 
protein directly activated by cAMP (Epac) (15), which collec‑
tively contribute to insulin biosynthesis and inhibition of GCG 
secretion  (25). PKA further activates the cAMP‑response 
element binding protein (CREB) and the transducer of 
regulated CREB activity 2, leading to enhanced insulin 
receptor substrate 2 gene expression and promotion of β‑cell 
proliferation (26). Activated CREB promotes expression of 

pro‑survival factors such as Bcl‑2, thereby supporting β‑cell 
survival and function (27).

Beyond the Gs pathway, GLP‑1R engages multiple signaling 
mechanisms. GLP‑1R activates the PI3K/Foxo1 pathway 
to promote β‑cell survival, and can also recruit β‑arrestins, 
which regulate receptor trafficking and desensitization, and 
can also modulate downstream extracellular signal‑regulated 
kinases (ERK1/2), thereby influencing β‑cell function in 
a context‑dependent manner  (28,29). Additionally, GLP‑1 
attenuates palmitic acid‑induced inflammation by inactivating 
mTORC1 signaling, serving a pivotal role in modulating 
insulin resistance, inflammation and autophagy (30). These 
diverse intracellular signaling pathways are summarized in 
Fig. 1 (15,31). In summary, GLP‑1 signaling supports β‑cell 
survival, glucose‑dependent insulin secretory responses 
and systemic metabolic regulation. This suggests its dual 
role in oncology: PI3K/Akt and ERK pathways activated by 
GLP‑1RAs are classical pro‑survival pathways that may be 
utilized by tumor cells in some contexts. GLP‑1RAs exert 
strong systemic metabolic regulation and immune regula‑
tion effects, which may indirectly inhibit tumor growth. The 
ultimate effect of GLP‑1R activation in a given cancer will 
most likely depend on whether tumor cells express functional 
GLP‑1R and how GLP‑1R downstream signaling is integrated 
with oncogenic signals.

GIP. GIP is secreted by K‑cells in the proximal small 
intestine, and shares considerable functional overlap with 
GLP‑1 (32). In pancreatic β‑cells, upon binding to its receptor 
[glucose‑dependent insulinotropic polypeptide receptor 
(GIPR)], GIP similarly elevates intracellular cAMP levels, 
activating both PKA and Epac  (15,33), thereby enhancing 
glucose‑stimulated insulin secretion (34). In adipose tissue, the 
lipogenic effects of GIP appear to be context‑dependent and 
influenced by insulin availability and metabolic status (35). 
GIP promotes β‑cell proliferation and survival through the 
PI3K/Akt and MAPK/ERK pathways (36,37), while inhibiting 
apoptosis via regulation of Bcl‑2 and Bax expression (38,39). 
These diverse intracellular pathways are also illustrated 
in Fig. 1. A key distinction between GIP and GLP‑1 lies in 
the role of GIP in adipose tissue, where it promotes fatty 
acid storage (40) and modulates lipolysis in an insulin‑ and 
context‑dependent manner (41). These metabolic effects may 
alter nutrient availability and thereby influence tumor growth 
under obese conditions in a context‑dependent manner (42).

GCG. GCG is secreted by pancreatic α cells, and its secretion 
is stimulated by hypoglycemic conditions or by elevated levels 
of certain amine hormones such as epinephrine (43). As the 
primary counter‑regulatory hormone to insulin, it collaborates 
with insulin to maintain glucose homeostasis  (44). Upon 
binding to the GCGR on hepatocytes, GCG couples with 
Gs and Gq proteins  (45). Activation of Gs stimulates the 
cAMP/PKA signaling pathway, which drives hepatic gluco‑
neogenesis (46‑48) and glycogenolysis (49). The Gq pathway 
activates phospholipase C (50), generating inositol trisphos‑
phate and diacylglycerol, thereby mobilizing intracellular 
calcium ions (51). This signaling upregulates key gluconeo‑
genic enzymes, including phosphoenolpyruvate carboxykinase 
and glucose‑6‑phosphatase  (52,53). Additionally, GCG 
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stimulates lipolysis and ketogenesis (54), suppresses fatty acid 
synthesis while enhancing fatty acid oxidation (55), improves 
mitochondrial function (56) and reduces oxidative stress (57). 
GCG also modulates hepatic lipid metabolism through 
CREBH‑ and Insig‑2‑related transcriptional programs and 
other acetylation‑dependent regulatory mechanisms (58). The 
intricate signaling network of GCG in hepatocytes is detailed 
in Fig. 1 (59,60).

GCG is an energy mobilization hormone. GCG‑driven 
hepatic glucose export and lipolysis may provide abundant 
fuel for tumor cells that are dependent on glucose and lipids. 
However, the oncological significance of GCG signaling 
remains insufficiently defined, and the currently avail‑
able evidence does not support a uniform conclusion that 
GCGR activation exerts a direct antitumor effect (61). In this 
context, the antitumor activity reported for incretin‑based 
polyagonists should not be interpreted as evidence for GCGR 
agonism alone, but rather as an indication that coordinated 
multi‑receptor targeting may induce favorable systemic 

metabolic remodeling  (62,63). The apparent physiological 
opposition between GLP‑1 and GCG does not preclude 
pharmacological synergy, since GLP‑1/GCG dual agonists 
are engineered to achieve balanced receptor activation rather 
than simple co‑administration of two counter‑regulatory 
hormones (61,64). Such agents may retain the anorectic and 
insulin‑sensitizing effects of GLP‑1 while utilizing the effects 
of GCG on energy expenditure and lipid metabolism without 
causing excessive hyperglycemia (65). In this context, their 
potential antitumor relevance is biologically plausible, as they 
may improve metabolic dysfunction, reduce obesity‑related 
chronic inflammation, and influence nutrient availability and 
metabolic reprogramming in the TME (66‑68). Indirect support 
for this hypothesis comes from preclinical studies of related 
incretin‑based polyagonists. Tirzepatide, a dual GIPR/GLP‑1R 
agonist, has shown antitumor effects in models of EC and 
colorectal cancer (CRC)  (69), whereas retatrutide, a triple 
GIPR/GLP‑1R/GCGR agonist, has shown antitumor activity 
in pancreatic and lung cancer models (70). Nevertheless, the 

Figure 1. Core signaling pathways of GLP‑1, GIP and GCG. GLP‑1 and GIP enhance glucose‑dependent insulin secretion in pancreatic β‑cells via Gs‑mediated 
cAMP production, which activates downstream PKA and Epac signaling linked to secretory responses and survival‑associated signaling. GCG activates 
hepatic glucose production and fatty acid oxidation by engaging both Gs/cAMP/PKA and Gq/IP3/Ca2+ pathways in hepatocytes. cAMP signaling produces 
distinct cell‑specific physiological outputs, including hormone secretion and survival‑associated signaling in pancreatic isleT cells. Created with Figdraw.
com. AC, adenylate cyclase; AMPK, AMP‑activated protein kinase; CaMKII, Ca2+/calmodulin‑dependent protein kinase II; CREB, cAMP‑response 
element‑binding protein; DAG, diacylglycerol; Epac, exchange protein directly activated by cAMP; ERK, extracellular signal‑regulated kinase; F1,6BP, 
fructose 1,6‑bisphosphate; F6P, fructose 6‑phosphate; FASN, fatty acid synthase; G6Pase, glucose‑6‑phosphatase; GCG, glucagon; GCGR, glucagon receptor; 
GIP, glucose‑dependent insulinotropic polypeptide; GIPR, glucose‑dependent insulinotropic polypeptide receptor; GLP‑1, glucagon‑like peptide‑1; GLP‑1R, 
glucagon‑like peptide‑1 receptor; GPK, glycogen phosphorylase kinase; GS, glycogen synthase; INS, insulin; IP3, inositol 1,4,5‑trisphosphate; IP3R, inositol 
1,4,5‑trisphosphate receptor; IRS‑2, insulin receptor substrate 2; PEPCK, phosphoenolpyruvate carboxykinase; PFK‑1, phosphofructokinase‑1; PIP2, phos‑
phatidylinositol 4,5‑bisphosphate; PIP3, phosphatidylinositol 3,4,5‑trisphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; Rab3, 
Ras‑related protein Rab‑3A; SUR1, sulfonylurea receptor 1; VD Ca2+ channel, voltage‑dependent Ca2+ channel.
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currently available evidence remains indirect and is insuf‑
ficient to directly demonstrate either a synergistic antitumor 
effect of GLP‑1/GCG co‑agonism or an antitumor effect medi‑
ated through GCGR activation alone. At present, the proposed 
antitumor relevance of GLP‑1/GCG co‑agonism, and, more 
specifically, any antitumor effect attributable to GCGR acti‑
vation alone, should be regarded as a mechanistic hypothesis 
requiring direct validation in tumor‑specific models.

Comparative physiology and oncological potential. GLP‑1, 
GIP and GCG are key peptide hormones that regulate metabolic 
homeostasis; however, they have distinct origins, receptors 
and frequently opposing metabolic functions (71). The clinical 
translation of their receptor agonists has revealed divergent 
oncological properties (72). GLP‑1RAs are well‑established 
for managing T2D and obesity (61,73,74), and exhibit emerging 
antitumor potential in related cancers, such as colorectal and 
endometrial cancers (75,76). The role of GIPR modulation in 
oncology remains poorly defined, while investigations into 
GCGR agonism to increase whole‑body energy expenditure 
in obesity and metabolic disease are still in progress, although 
its potential hyperglycemic effects necessitate caution (61,66). 
Table SI systematically compares the secretion, signaling 
transduction and metabolic actions of GLP‑1, GIP and GCG, 
and summarizes their impacts on the TME offering a foun‑
dational theoretical basis for their integrated assessment in 
cancer biology (15,16,45,61,62,66). This comparative analysis 
emphasizes that shared signaling pathways can generate 
antagonistic physiological outcomes, a concept critical for 
elucidating their microenvironment‑dependent functions in 
cancer (31,77).

Dual roles of incretin therapies in oncology. Among the three 
hormones GLP‑1, GIP and GCG, GLP‑1 has been the most 
extensively studied in the field of malignant tumors (74,78,79). 
Thus, the antitumor potential of GLP‑1RAs represents the 
primary focus of the present review.

Studies have demonstrated that GLP‑1RAs confer 
therapeutic benefits in various T2D‑ or obesity‑related condi‑
tions, including polycystic ovary syndrome (80), metabolic 
syndrome  (81), non‑alcoholic fatty liver disease  (82) and 
obesity‑ or diabetes‑associated malignancies, such as gall‑
bladder, ovarian and esophageal cancers (73,79). However, 
their effects are not uniformly beneficial. Under certain 
circumstances, these hormones may exhibit pro‑tumorigenic 
properties. The cAMP signaling pathway serves as a central 
pathway shared by these three hormones, capable of transmit‑
ting either pro‑ or anti‑proliferative signals depending on the 
cellular context (78,79). For instance, GLP‑1 has been shown 
to promote the progression of medullary thyroid carcinoma 
(MTC) in rodent models (83). In some breast cancer models, 
liraglutide enhances tumor cell proliferation via the NADPH 
oxidase 4 (NOX4)/reactive oxygen species (ROS)/VEGF 
signaling pathway  (84). Similarly, in EC, upregulation of 
GLP‑1R facilitates cell proliferation and migration while 
conferring resistance to ferroptosis, thereby driving tumor 
progression (85). These divergent findings highlight that the 
net effect on tumorigenesis is modulated by the interplay 
among tumor cell‑intrinsic factors, host systemic metabo‑
lism and pharmacological characteristics. Thus, elucidating 

the contextual determinants underlying these dual effects is 
essential for the safe and effective application of these agents 
in oncology.

3. Incretin and GCG and the TME

The TME is a complex ecosystem composed of tumor cells, 
immune cells, fibroblasts and the extracellular matrix (ECM). 
The TME serves as a dynamic interface, where interactions 
between malignant and non‑malignant components promote 
tumor growth, invasion and metastasis (86,87). The TME is 
characterized by nutrient deprivation, hypoxia and an acidic 
milieu, driven by aberrant tumor vasculature and the Warburg 
effect (a preference for aerobic glycolysis even in the presence 
of oxygen), which collectively facilitate immune evasion by 
tumor cells (88,89). The release of acidic metabolites such as 
lactate, generated by tumor cells via glycolysis, exacerbates 
local acidosis within the TME (90). This acidic environment 
not only suppresses immune cell function but also activates 
pro‑angiogenic factors (91,92). Immune cells serve a pivotal 
role in the TME. Cytotoxic CD8+ T cells serve as the primary 
effectors of antitumor immunity  (93,94); however, their 
function is often suppressed by regulatory T cells (Tregs), 
myeloid‑derived suppressor cells (95) and tumor‑associated 
macrophages (TAMs) (96). Metabolic competition for nutri‑
ents such as glucose and amino acids between tumor cells and 
immune cells further impairs effective immune responses (97). 
Given the potent immunomodulatory and metabolic effects 
of GLP‑1, GIP and GCG, therapies targeting these pathways 
may influence the TME by modulating nutrient competition 
and immune‑cell function; however, current mechanistic 
evidence is strongest for GLP‑1‑related agents (98) Based on 
this premise, the present review summarizes the important 
roles of GLP‑1‑related agents within the tumor immune 
microenvironment, for which the current evidence base is the 
most extensive, as shown in Fig. 2 (98,99).

T cells. T cells are core components of adaptive immunity 
and central to antitumor immunotherapy. Cytotoxic T cells 
are primarily characterized by CD8 expression, helper 
T cells by CD4 expression, and Tregs by co‑expression of 
CD25 and CD4 expression  (100). During tumor progres‑
sion, cancer‑associated fibroblasts, M2‑type macrophages 
and Tregs can establish an immunosuppressive barrier that 
counteracts CD8+ T cell‑mediated antitumor immunity (101). 
Therefore, effective antitumor immunotherapy requires not 
only sufficient effector T cell activity but also the maintenance 
of T cell fitness and persistence. Current evidence suggests 
that the effects of GLP‑1‑related signaling on T‑cell biology 
are context dependent (102,103).

In inflammatory settings, this immunoregulatory effect 
appears to be tissue‑protective. Under alloimmune condi‑
tions, GLP‑1R‑expressing T cells are predominantly enriched 
within the exhausted CD8+ T cell population, where GLP‑1R 
signaling functions as a negative costimulatory pathway that 
restrains excessive T‑cell activation and tissue‑damaging 
inflammation (104). In a murine model of nephrotoxic serum 
nephritis, GLP‑1R activation suppressed the proliferation of 
pro‑inflammatory T helper 1 and T helper 17 cells, while 
reducing IL‑6 production, thereby exerting renal protective 
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effects (105). Furthermore, in intestinal intraepithelial lympho‑
cytes, GLP‑1R activation inhibits proximal T cell receptor 
signaling in a PKA‑dependent manner, suppressing T cell acti‑
vation and attenuating local IFN‑γ‑driven inflammation (106). 
Through direct suppression of T helper cell‑mediated hyperin‑
flammation and PKA‑dependent modulation of local immune 
responses, GLP‑1RAs help protect normal tissues (107). These 
findings support a role for GLP‑1R signaling in limiting 
T‑cell‑mediated hyperinflammation and preserving immune 
homeostasis in normal tissues.

This anti‑inflammatory effect should not be interpreted 
as uniformly detrimental to antitumor immunity  (104). 
GLP‑1RAs appear to support antitumor immunity mainly 
through remodeling of the suppressive TME rather than 
through direct restoration of exhausted intratumoral CD8+ 
T‑cell function  (108). In a syngeneic 4T1 breast cancer 
model, semaglutide increased intratumoral T‑cell infiltration, 
promoted dendritic cell maturation, reduced FoxP3+ Tregs 
and enhanced CD8+ T‑cell cytotoxicity despite showing no 
direct tumoricidal activity in vitro (108). Similarly, exenatide 
enhanced the efficacy of programmed cell death protein‑1 
(PD‑1) blockade in LLC‑ and MC38‑based lung and colon 
cancer models  (109), and liraglutide did so in LLC‑ and 
Hepa1‑6‑bearing mice, mainly by attenuating neutrophil 

extracellular trap (NET)‑ and ROS‑driven immunosuppres‑
sion and thereby permitting stronger CD8+ T‑cell effector 
responses (110).

In obesity‑related tumor settings, the immunological 
effects of GLP‑1R agonism appear to be more pronounced. 
In diet‑induced obese mice bearing subcutaneous KPN1.1 
tumors, liraglutide reduced tumor burden, whereas in an 
autochthonous KRAS/p53‑driven non‑small cell lung cancer 
model, semaglutide improved tumor control and survival. 
These effects were accompanied by increased intratumoral 
CD4+ T‑cell and natural killer (NK) cell frequencies, a shift 
of CD8+ and conventional CD4+ T cells toward a memory‑like 
phenotype, reduced regulatory T‑cell abundance, and improved 
antigen‑presenting cell‑associated immune features (111).

Collectively, these findings support a role for GLP‑1RAs 
in strengthening antitumor T‑cell immunity mainly through 
TME remodeling, with particularly evident effects under 
obesity‑associated metabolic conditions (111). However, current 
evidence remains insufficient to conclude that GLP‑1 directly 
restores exhausted CD8+ T‑cell function or directly regulates the 
PD‑1/programmed death‑ligand 1 axis within tumors.

Neutrophils. The role of neutrophils in cancer therapy 
remains controversial. The N1 phenotype exhibits antitumor 

Figure 2. Modulation of the tumor immune microenvironment by GLP‑1RAs. GLP‑1RAs promote a shift from an immunosuppressive tumor microenvironment 
towards a more immunoresponsive state. Mechanistically, this is reflected by reduced neutrophil extracellular trap formation and ROS‑associated immunosup‑
pression, enhanced NK cell‑mediated tumor lysis, promotion of DC maturation and antigen presentation, modulation of T‑cell activity, and context‑dependent 
regulation of macrophage polarization. Collectively, these effects support antitumor immunity by improving immune cell function and alleviating immunosup‑
pressive signaling within the tumor microenvironment. Created with Figdraw.com. DC, dendritic cell; GLP‑1RA, glucagon‑like peptide‑1 receptor agonist; 
MHC, major histocompatibility complex; NET, neutrophil extracellular trap; NK, natural killer; ROS, reactive oxygen species; Treg, regulatory T cell.
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properties, whereas the N2 phenotype promotes tumor 
progression (112). Studies have indicated that a key mecha‑
nism of neutrophil‑mediated tumor promotion involves the 
formation of NETs, which can physically shield tumor cells 
from cytotoxic lymphocytes and NK cells (113), while also 
inducing T‑cell exhaustion and functional impairment (114). 
In lung and liver cancer models, the combination of liraglutide 
and exenatide with anti‑PD‑1 therapy reduced ROS produc‑
tion, suppressed NET formation, and decreased the levels of 
peripheral myeloperoxidase‑DNA complexes and elastase. 
These effects enhanced the cytotoxicity of CD8+ T cells and 
their capacity to eliminate tumor cells, thereby augmenting the 
antitumor efficacy of PD‑1 inhibitors (109,110). Thus, in modu‑
lating neutrophil activity, GLP‑1RAs primarily exert indirect 
antitumor effects by reducing NET formation. Furthermore, 
serum NET levels may serve as a biomarker for predicting the 
efficacy of immunotherapy (115), offering valuable insights for 
drug selection in patients with malignancies.

NK cells. NK cells are innate cytotoxic lymphocytes that 
surveil and eliminate tumor cells through the release of 
cytolytic granules (116). NK cells also coordinate with other 
immune cells via pro‑inflammatory cytokines and chemo‑
kines  (117). Obesity impairs NK cell function  (118), and 
GLP‑1 analog therapy has been shown to restore NK cell 
effector functions in individuals with obesity. After 6 months 
of treatment with GLP‑1 analogs, the levels of IFN‑γ and 
granzyme B produced by NK cells were markedly elevated, 
indicating partial restoration of NK cell functionality (118). 
Phenotypic differentiation of neutrophils is regulated by NK 
cells, which can promote neutrophil polarization toward the 
N1 phenotype through an IFN‑γ‑dependent mechanism (119). 
In NK cell‑depleted mouse models, neutrophils tend to adopt 
the N2 phenotype, characterized by upregulated VEGF‑A 
expression, thereby promoting tumor growth and angio‑
genesis (119). Furthermore, malignant tumors often exhibit 
hyperactivation of the IL‑6/STAT3 signaling pathway, which 
dampens CD4+ T cell activity and subsequently suppresses 
NK T cell function (120). In hepatocellular carcinoma (HCC) 
models, liraglutide enhanced NK cell‑mediated tumor lysis 
by inhibiting the IL‑6/STAT3 pathway (121). Thus, GLP‑1 
analogs not only directly restore NK cell function but also 
augment antitumor immunity through coordinated immune 
network interactions.

Macrophages. TAMs exhibit high plasticity and heteroge‑
neous responses to environmental stimuli  (122), enabling 
their polarization into either antitumor M1 or pro‑tumor 
M2 phenotypes (123‑125). In established tumors, TAMs can 
further promote immunosuppression and tumor progression 
by producing pro‑angiogenic factors, such as VEGF, and by 
releasing IL‑10‑rich signals that impair effective cytotoxic 
T‑cell responses (126). Multiple studies have demonstrated that 
GLP‑1RAs promote the polarization of uncommitted macro‑
phages toward an anti‑inflammatory phenotype (127,128) and 
facilitate the transition from M1 to M2 polarization (129,130). 
In patients with obesity and T2D, GLP‑1RA therapy reduces 
the levels of inflammatory cytokines (TNF‑α, IL‑1β and IL‑6) 
and the macrophage activation marker soluble CD163, while 
increasing anti‑inflammatory adiponectin (131). Although M2 

polarization is generally associated with tissue repair, it exerts 
pro‑tumor effects in established cancers  (132). GLP‑1RA 
treatment enhances IL‑10 secretion by M2 macrophages (133), 
an effect that exhibits strong concentration dependence: 
Low IL‑10 concentrations may facilitate tumor immune 
evasion, whereas high concentrations promote CD8+ T cell 
proliferation, activation and cytotoxicity (134). The dosage 
and duration of GLP‑1RA treatment, as well as the inflamma‑
tory status of the patient, collectively influence macrophage 
polarization  (135). Thus, the dual effects of GLP‑1RAs in 
breast cancer and EC may be linked to individual variations 
in macrophage polarization  (136). Further investigation is 
required to determine the net impact of GLP‑1RAs on TAMs 
and tumor outcomes. Identifying optimal dosing regimens 
may help resolve the context‑dependent duality of GLP‑1RAs 
in certain malignancies.

Dendritic cells (DCs). DCs serve a pivotal role in initiating and 
regulating T cell‑mediated antitumor immune responses by 
enhancing the cytotoxicity of NK and T cells (137). Within the 
suppressive TME, immature or dysfunctional DCs typically 
exhibit reduced major histocompatibility complex (MHC) II 
and CD86 expression, which limits antigen presentation and 
impairs effective T‑cell priming (138). Evidence indicates that 
GLP‑1RAs markedly augment DC‑mediated adaptive immu‑
nity (108). In a 4T1 breast cancer mouse model, semaglutide 
treatment markedly promoted the accumulation of CD11c+ DCs 
in both the spleen and TME, while upregulating the expression 
of surface MHC II molecules and the co‑stimulatory marker 
CD86, thereby facilitating DC maturation. Mechanistically, 
semaglutide enhanced the mRNA expression levels of antigen 
processing and presentation‑related molecules (MHC I and 
transporter associated with antigen processing) in DCs by 
activating the PI3K/phosphorylated‑Akt signaling pathway. 
These findings demonstrated that GLP‑1RAs strengthened the 
ability of DCs to cross‑present antigens and activate cytotoxic 
T lymphocytes, underscoring their central role in antitumor 
immunity (108).

B cells. B cells are key components of humoral immunity, 
contributing through antibody production and support of 
cellular immune responses (139). B cells are essential constitu‑
ents of tertiary lymphoid structures, and their primary functions 
include antigen presentation and antibody secretion  (140). 
Prognostically relevant B‑cell subsets include stress‑responsive 
memory B cells and tumor‑associated atypical B cells (141). 
In gastric cancer, increased infiltration of CD20+ B cells in 
gastric cancer tissues, as detected by immunohistochemistry, 
is associated with improved patient outcomes (142). However, 
the role of B cells in GLP‑1RA therapy remains unclear. Given 
that their core function (antibody production) has limited 
direct links to energy metabolism, to the best of our knowl‑
edge, no direct studies have investigated interactions between 
B cells and GLP‑1RAs. Early genetic engineering research has 
demonstrated that in transgenic mice constitutively expressing 
the exendin‑4 precursor, lymphocyte infiltration occurred in 
multiple tissues. Specifically, B220+ B cells accumulated in 
the pancreas and liver, while CD4+ and CD8+ T cells were 
increased in the liver and kidneys  (143). These findings 
suggested that sustained proexendin‑4 expression may break 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  32:  183,  2026 7

immune tolerance and simultaneously activate humoral and 
cellular immune responses. Nevertheless, this model involved 
continuous, high‑level transgene expression across multiple 
tissues, which does not reflect the pharmacokinetic profile of 
therapeutic GLP‑1RAs. Furthermore, the functional conse‑
quences of immune activation and underlying mechanisms 
were not explored. However, the study implied that GLP‑1 and 
its analogs may interact with various immune cells, warranting 
further investigation.

In summary, GLP‑1RAs modulate the tumor immune 
microenvi ronment th rough mult iple mechanisms. 
Documented antitumor mechanisms include suppression of 
excessive inflammation and potential functional restoration of 
CD8+ T cells, reduction of NET formation in neutrophils to 
enhance CD8+ T cell cytotoxicity, direct restoration of NK cell 
function with indirect promotion of N1‑polarized neutrophils, 
and promotion of DC maturation and antigen presentation to 

reinforce T‑cell activation. Conversely, potential pro‑tumor 
effects include induction of anti‑inflammatory macrophage 
polarization. The impact on B cells remains undetermined.

4. Tumor‑associated metabolic reprogramming

Metabolic reprogramming is a hallmark of cancer, enabling 
rapid proliferation, survival and stress adaptation  (144). 
GLP‑1RAs influence this process through direct targeting of 
tumor cells, remodeling of the ECM and modulation of mito‑
chondrial function (Fig. 3).

Metabolic reprogramming of tumor cells. Activation of 
GLP‑1R has been reported to inhibit proliferation in several 
tumor models, in some cases accompanied by cell cycle arrest 
and apoptosis. However, these pro‑apoptotic effects have thus 
far been demonstrated predominantly in preclinical systems 

Figure 3. Multifaceted impact of GLP‑1RAs on tumor metabolic reprogramming. GLP‑1RAs influence three interconnected processes relevant to tumor‑
associated metabolic reprogramming. In tumor cells, they are shown to suppress proliferation, induce cell‑cycle arrest or apoptosis, and promote autophagy 
in selected preclinical models. In the extracellular matrix, they attenuate profibrotic ECM remodeling and fibrosis‑associated signaling, including reduc‑
tions in collagen/fibronectin‑related deposition and profibrotic marker expression. In mitochondria, they improve mitochondrial function by enhancing 
Ca2+‑dependent mitochondrial activity, preserving mitochondrial membrane potential, reducing oxidative stress and apoptosis, and promoting mitochondrial 
quality‑control signaling. Created with Figdraw.com. α‑SMA, α‑smooth muscle actin; Δψm, mitochondrial membrane potential; ACC, acetyl‑CoA carbox‑
ylase; AMPK, AMP‑activated protein kinase; Bace2, β‑site APP‑cleaving enzyme 2; BC, breast cancer; BNIP3, BCL2 interacting protein 3; CAT, catalase; 
CREB, cAMP‑response element‑binding protein; CSPG, chondroitin sulfate proteoglycan; DOX, doxorubicin; ECM, extracellular matrix; Exe‑4, exendin‑4; 
FN, fibronectin; GLP‑1, glucagon‑like peptide‑1; GLP‑1R, glucagon‑like peptide‑1 receptor; GLP‑1RA, glucagon‑like peptide‑1 receptor agonist; Has1, 
hyaluronan synthase 1; HCC, hepatocellular carcinoma; HG, high glucose; HL, high lipid; HMC, human mesangial cells; Hpse, heparanase; HSC, hepatic 
stellate cell; Hspg2, heparan sulfate proteoglycan 2; IAPP, islet amyloid polypeptide; IV‑Col, type IV collagen; MASLD, metabolic dysfunction‑associated 
steatotic liver disease; miR, microRNA; p‑, phosphorylated; PC, prostate cancer; PGC‑1α, peroxisome proliferator‑activated receptor γ coactivator‑1α; PINK1, 
PTEN‑induced kinase 1; PKA, protein kinase A; PPARγ, peroxisome proliferator‑activated receptor γ; ROS, reactive oxygen species; Sdc4, syndecan‑4; SKP2, 
S‑phase kinase‑associated protein 2; UCP2, uncoupling protein 2.

https://www.spandidos-publications.com/10.3892/etm.2026.13178
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and should not be directly extrapolated to clinical antitumor 
efficacy or systemic toxicity (78,145).

GLP‑1R expression levels exhibit an inverse association 
with the Gleason score in prostate cancer (146). Exendin‑4 
reduces S‑phase kinase associated protein 2 expression and 
upregulates p27Kip1 in a dose‑dependent manner, inducing 
G0/G1 phase arrest in ALVA‑41 cells and thereby suppressing 
proliferation (145). Combined treatment with docetaxel and 
liraglutide decreases viability in the LNCaP prostate cancer 
cell line, leading to cell cycle arrest and apoptosis, with lira‑
glutide enhancing chemotherapeutic efficacy and reducing 
drug resistance  (147). Furthermore, exendin‑4 potentiates 
the anti‑proliferative effects of ionizing radiation in vitro and 
in vivo, and enhances radiation‑induced G2/M phase arrest 
in a dose‑dependent manner, thereby improving radiosensi‑
tivity (148). Liraglutide reduces the proliferation of HepG2 
cells by inducing TGF‑β1‑mediated autophagy and senescence 
without altering oxidative stress levels (149). GLP‑1RAs and 
exendin‑4 decrease breast cancer cell viability and promote 
apoptosis via activation of cAMP and CREB signaling (12). 
Liraglutide inhibits the proliferation of MCF‑7 human breast 
cancer cells by ~48%, reduces colony formation, induces 
G0/G1 phase arrest and ultimately suppresses cancer cell prolif‑
eration (150). In human pancreatic cancer cells, liraglutide 
inhibits proliferation and promotes apoptosis accompanied by 
S‑phase arrest through activation of cAMP‑mediated Akt and 
ERK1/2 signaling pathways (151). Exendin‑4 increases intra‑
cellular cAMP levels in colon cancer CT26 cells, activates the 
PKA pathway, and inhibits the activity of signaling kinases 
GSK3 and ERK1/2, consequently suppressing CT26 cell 
proliferation (152).

Through the modulation of signaling pathways such as 
the cAMP signaling pathway, GLP‑1RAs induce cell cycle 
arrest and apoptosis in various cancer cells and enhance 
sensitivity to radiotherapy and chemotherapy. For example, 
exendin‑4 has been shown to potentiate the antiproliferative 
effects of ionizing radiation and increase radiation‑induced 
G2/M phase arrest, whereas liraglutide enhances the effects of 
docetaxel in prostate cancer cells. These findings suggest that 
GLP‑1RAs may have potential as adjuncts to radiotherapy or 
chemotherapy in selected tumor models (148).

Metabolic reprogramming of the ECM. The ECM provides 
structural and biochemical support for tumors (153). ECM 
remodeling within the TME facilitates tumor invasion and 
metastasis (154). GLP‑1 and GIP‑related agents serve a crucial 
therapeutic role in various diseases by reducing the expres‑
sion and deposition of ECM proteins, such as fibronectin and 
type IV collagen, or by altering ECM structure (155).

GLP‑1RAs have exhibited protective effects across 
multiple organ fibrosis and injury models. In the cardiovas‑
cular system, GLP‑1RAs improve post‑myocardial infarction 
remodeling by enhancing Akt/GSK‑3 phosphorylation and 
downregulating profibrotic and inflammatory factors such 
as procollagen, TGF‑β3 and interleukins (156). In diabetic 
kidney disease, liraglutide suppresses mesangial cell produc‑
tion of fibronectin and type IV collagen via activation of 
the Wnt/β‑catenin pathway  (157). In diabetic lung injury, 
GLP‑1RAs reduce ECM accumulation and ameliorate 
pulmonary fibrosis via the AMP‑activated protein kinase 

(AMPK)/microRNA‑27a/peroxisome proliferator‑activated 
receptor γ axis (158). Additionally, the GLP‑1R/GCGR dual 
agonist TB001 alleviates liver fibrosis by inhibiting the 
TGF‑β/Smad2/3 signaling pathway and hepatic stellate cell acti‑
vation, while modulating NF‑κB and JNK pathways to suppress 
inflammation and apoptosis (159). Semaglutide directly targets 
pancreatic cancer‑associated fibroblasts, inhibiting the expres‑
sion and activity of collagen prolyl‑4‑hydroxylase (P4HA1), 
reducing collagen hydroxylation and ECM deposition. This 
softens the physical barrier of the tumor stroma, promotes 
intratumoral infiltration of CD3+ and CD8+ T cells, remodels 
the immunosuppressive microenvironment, and suppresses 
pancreatic cancer progression (159).

Through inhibition of key targets, such as TGF‑β and 
P4HA1, GLP‑1RAs exert antifibrotic and immunomodula‑
tory effects, demonstrating protective potential in multiple 
organs, including the heart, kidneys, liver and lungs (160). 
Furthermore, their ability to remodel the pancreatic cancer 
ECM and enhance T‑cell infiltration offers novel strategies 
for cancer immunotherapy (161). Future research should focus 
on combination therapies of GLP‑1RAs with chemotherapy 
and immune checkpoint inhibitors, and further explore their 
therapeutic potential in other stroma‑rich tumors.

Changes in mitochondrial function. Despite the Warburg 
effect, mitochondrial function remains crucial for tumor 
cell survival, biosynthesis and redox homeostasis  (162). 
Mitochondrial DNA mutations or dysfunction can drive 
tumorigenesis  (163). The aberrant proliferation of tumor 
cells relies on mitochondrial integrity and tricarboxylic 
acid (TCA) cycle activity  (164). Furthermore, cancer cells 
exploit mutations in multiple TCA cycle enzymes to facilitate 
immunosuppression and immune evasion (165).

GLP‑1RAs exert protective effects on mitochondrial 
function across multiple experimental models. GLP‑1RAs 
enhance endoplasmic reticulum‑mitochondrial coupling, 
promote calcium transfer from the endoplasmic reticulum to 
mitochondria and increase mitochondrial activity in vascular 
smooth muscle cells (166). Under high‑glucose and high‑lipid 
stress, GLP‑1RAs reduce apoptosis and mitigate mitochon‑
drial dysfunction in human microvascular endothelial cells by 
inhibiting ERK1/2, JNK and p38 pathways, while suppressing 
caspase‑3 and PARP cleavage (167). Liraglutide treatment 
ameliorates IL‑1β‑induced ROS production in cardiomyo‑
cytes, protects against IL‑1β‑induced loss of mitochondrial 
membrane potential and decreased ATP generation, and coun‑
teracts IL‑1β‑induced alterations in AMPK and acetyl‑CoA 
carboxylase phosphorylation as well as the reduction of 
peroxisome proliferator‑activated receptor γ coactivator‑1α 
(PGC‑1α), which is a key regulator whose downregulation leads 
to cardiac mitochondrial dysfunction (168). In hepatocytes, 
GLP‑1 upregulates uncoupling protein 2 mRNA expression, 
downregulates Bax and Bak mRNA levels, enhances PGC‑1α 
expression, improves mitochondrial antioxidant capacity, and 
inhibits apoptosis (169). GLP‑1RAs increase mitochondrial 
content in the soleus muscle of SDT fatty rats by upregulating 
citrate synthase activity and cytochrome c oxidase subunit 5B 
protein expression (170). Additionally, in SH‑SY5Y neuroblas‑
toma cells, exendin‑4 treatment upregulates the mitochondrial 
quality control regulators Parkin and PTEN induced kinase 1, 
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reduces Bax expression, enhances Akt and Bcl‑2 levels, and 
inhibits tumor cell apoptosis (83). Through the PI3K/AKT 
pathway, GLP‑1RAs downregulate mitochondrial BCL2 
interacting protein 3 expression, reduce doxorubicin‑induced 
ROS production and γ‑H2AX elevation, and ameliorate 
doxorubicin‑induced cardiotoxicity (171).

Evidence indicates that GLP‑1RAs preserve mitochon‑
drial function by enhancing calcium uptake, improving 
membrane potential, increasing ATP production, promoting 
mitochondrial biogenesis, and reducing oxidative stress and 
apoptosis  (172,173). Therefore, combining conventional 
antitumor therapies with GLP‑1RAs may not only enhance 
treatment efficacy and reduce drug resistance but also mitigate 
adverse effects.

5. Basic research and potential clinical application of 
incretin and GCG

The therapeutic potential of incretin and GCG‑related 
drugs is under active investigation. In the field of oncology, 
GLP‑1RAs have predominantly demonstrated anticancer 
effects, although a limited number of studies suggest potential 
tumor‑promoting properties (13,75). However, current human 
evidence is derived mainly from metabolic trials and pharma‑
coepidemiologic studies conducted at approved therapeutic 
doses, rather than from oncology trials specifically designed 
to induce tumor apoptosis (174‑176). In these clinical settings, 
3.0 mg liraglutide once daily and 2.4 mg semaglutide once 
weekly are associated predominantly with gastrointestinal 
adverse events, including nausea, diarrhea, vomiting and 
constipation, which are generally mild‑to‑moderate and tran‑
sient (75,177‑179). Meta‑analysis has not shown a significant 
increase in pancreatitis or pancreatic cancer with GLP‑1RAs, 
although gallbladder‑related events such as cholelithiasis 
warrant attention  (180). Accordingly, the cancer‑specific 
evidence discussed in the present review should be interpreted 
by distinguishing mechanistic findings from preclinical 
models and safety data derived from clinically approved 
regimens. Relevant evidence is summarized in Table  SII 
(preclinical studies) (13,69,151,152,181‑190) and Table SIII 
(clinical studies) (73,175,179,180,182,191‑199). Where avail‑
able, adverse effect information from cited human studies 
is also summarized in Table SIII and briefly noted in the 
corresponding cancer‑specific subsections.

Thyroid cancer. The prescribing information for GLP‑1RA 
lists MTC as a contraindication, based on a preclinical rodent 
study demonstrating that GLP‑1R activation elevates cAMP 
levels in rodent thyroid C‑cells, stimulates calcitonin release, 
and promotes C‑cell hyperplasia and MTC development (200). 
However, in papillary thyroid carcinoma, neither insulin nor 
GLP‑1RAs markedly influence tumor cell proliferation (201). 
A case report from the LY2189265 diabetes trial described 
a woman with previously unrecognized MTC who received 
dulaglutide (2.0 mg once weekly) for 6 months without a signifi‑
cant change in serum calcitonin levels (202). Nevertheless, this 
single case is insufficient to establish the safety of GLP‑1RAs 
in human MTC. A real‑world study suggested that over a 
5‑year period, GLP‑1RAs were associated with a reduced risk 
of prostate, lung and colon cancer compared with metformin, 

but might be linked to an elevated risk of thyroid cancer (203). 
By contrast, a large cohort study reported that GLP‑1RA use 
was not associated with a significant increase in thyroid cancer 
risk compared with dipeptidyl peptidase‑4 inhibitors (191). 
Additionally, randomized trial data and subsequent systematic 
reviews have not shown a clear increase in thyroid cancer risk 
with GLP‑1RA treatment (193,204). From a safety perspec‑
tive, the available semaglutide data indicate that adverse 
events are predominantly gastrointestinal, most commonly 
nausea, diarrhea, vomiting and constipation, without a clear 
thyroid‑specific carcinogenic signal (193).

In conclusion, current evidence has not established a causal 
relationship between GLP‑1RAs and thyroid cancer. While 
rodent data support continued caution in MTC, GLP‑1RAs 
should not be regarded as an absolute contraindication in other 
thyroid cancer subtypes, provided that treatment is individual‑
ized and appropriate monitoring is undertaken.

Pancreatic cancer. An early investigation indicated that 
GLP‑1R stimulation does not affect pancreatic cancer cell 
proliferation  (205). Liraglutide enhances chemosensitivity 
in pancreatic cancer: By inhibiting the NF‑κB pathway, it 
improves the response of gemcitabine‑resistanT  cells to 
chemotherapy, and this sensitization effect has been validated 
in animal models (181).

A large historical cohort study of 543,595 patients demon‑
strated that GLP‑1RA treatment over 7 years did not increase 
the incidence of pancreatic cancer, confirming its safety profile 
in this malignancy  (179). Similarly, a large retrospective 
cohort study reported that GLP‑1RAs were associated with a 
decreased incidence of pancreatic cancer in patients with type 
2 diabetes mellitus (206). Clinically, current evidence does not 
indicate an increased risk of pancreatitis or pancreatic cancer 
with GLP‑1RAs. However, gallbladder‑related adverse events, 
particularly cholelithiasis, should be considered when inter‑
preting their overall safety profile (180). In summary, current 
evidence supports the beneficial role of GLP‑1RAs in both the 
prevention and treatment of pancreatic cancer.

Cervical cancer. A translational case‑control study revealed 
that proteasome subunit α type‑2 (PSMA2) expression was 
upregulated in 12 human cancer types based on The Cancer 
Genome Atlas database. In T2D‑associated cervical cancer, 
GLP‑1R expression was positively associated with PSMA2 
levels, but this association was absent in non‑T2D cervical 
cancer specimens (182). Subsequent preclinical experiment 
in the same study demonstrated that under high‑glucose 
conditions, exendin‑4 reduced phosphorylation of P65 and 
IκB, downregulated PSMA2 expression, inhibited the NF‑κB 
pathway, suppressed cell proliferation, and reduced tumor 
volume in vivo. These findings suggest that hyperglycemia 
may promote cervical cancer progression via PSMA2 
upregulation, while exendin‑4 counteracts this effect (182). In 
conclusion, GLP‑1RAs inhibit cervical cancer growth under 
hyperglycemic conditions. Because the current evidence in 
cervical cancer remains largely mechanistic and translational, 
to the best of our knowledge, no cancer‑specific clinical 
adverse effect data are currently available for GLP‑1RAs in 
this setting. Further epidemiological and clinical studies are 
warranted to validate these observations.

https://www.spandidos-publications.com/10.3892/etm.2026.13178
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HCC. A preclinical study demonstrated that liraglutide 
and exenatide suppress HCC cell proliferation and induce 
autophagy. Compared with liraglutide, exenatide exhibits 
stronger inhibition of mTOR in HepG2 cells  (174). In a 
mouse model of non‑alcoholic fatty liver disease‑associated 
HCC  (207), liraglutide prevented HCC progression by 
modulating blood glucose levels and ameliorating steatosis 
and inflammation in non‑tumorous liver lesions. Furthermore, 
liraglutide enhances NK cell‑mediated cytotoxicity through 
suppression of the IL‑6/STAT3 signaling pathway in HCC 
cells, thereby promoting immune surveillance (121). Multiple 
retrospective studies have confirmed that GLP‑1RAs are 
associated with reduced risks of long‑term adverse hepatic 
outcomes in patients with metabolic dysfunction‑associated 
steatotic liver disease or T2D and cirrhosis (208), as well as 
lowered risks of HCC development and hepatic decompensa‑
tion in patients with T2D (175,209). Notably, these studies 
mainly reported hepatic outcomes and cancer incidence 
rather than treatment‑emergent adverse events, and detailed 
adverse effect data were not consistently available. Overall, 
through direct anti‑proliferative effects, metabolic regula‑
tion and immunomodulation (121,174,207,209), GLP‑1RAs 
demonstrate promising potential for clinical translation in 
HCC management.

CRC. Although initial hypotheses suggested that GLP‑1RAs 
might promote CRC via the Wnt/β‑catenin pathway, this was 
not substantiated. Nevertheless, the study by Sun et al (208) 
advised caution in using GLP‑1RAs in high‑risk popula‑
tions. However, subsequent research has demonstrated 
beneficial effects of GLP‑1RAs in CRC. Liraglutide inhibits 
CRC cell proliferation, migration and invasion by regulating 
the PI3K/Akt/mTOR pathway  (210), and attenuates high 
glucose‑induced proliferation by suppressing bone morpho‑
genetic protein 4 expression (211). Cohort studies and genetic 
data analyses further support the preventive and therapeutic 
potential of GLP‑1RAs against CRC (75,212). The available 
epidemiologic studies in CRC mainly addressed cancer 
incidence or risk reduction, whereas treatment‑related adverse 
effects were not systematically reported.

In contrast to the relatively consistent beneficial profile 
of GLP‑1RAs in CRC, the role of GCG appears to be more 
heterogeneous. Yagi  et  al  (84) demonstrated that GCG 
promoted the proliferation of HT29, SW480, CT26 and 
CMT93 cells through GCGR‑dependent AMPK deactivation 
and MAPK activation, using 1.0 nM GCG replenished every 
24 h for up to 72 h. By contrast, Xu et al (213), using CT26 
and SW480 models together with endothelial C166 cells and 
patient‑derived xenografts, reported that GCG administered at 
10 nM in vitro and 20 µg per mouse daily in vivo for ~14 days 
inhibited tumor angiogenesis and vascular mimicry and 
enhanced chemotherapy efficacy, without measurable differ‑
ences in blood glucose levels among groups. Taken together, 
these discrepant findings likely reflect differences in tumor 
model, target cell compartment, glycemic context and expo‑
sure conditions, indicating that the effects of GCG in CRC 
are context‑dependent. These differences suggest that GCG 
cannot be uniformly characterized as either pro‑tumorigenic 
or antitumorigenic in CRC; rather, its biological effects may 
shift according to metabolic milieu and cellular target, which 

has important implications for interpreting preclinical data 
and for the cautious evaluation of GLP‑1/GCG dual agonists 
in CRC.

Breast cancer. The role of GLP‑1RAs in breast cancer therapy 
remains controversial. Exendin‑4 activates the cAMP/CREB 
signaling pathway, thereby inhibiting cell proliferation and 
promoting apoptosis. This supports the view that GLP‑1 acts 
as a potent inducer of cAMP and an inhibitor of breast cancer 
cell proliferation (12). However, these effects are not uniform 
across experimental settings, and liraglutide has also been 
reported to promote triple‑negative breast cancer progression 
through the NOX4/ROS/VEGF axis when administered at 
100 nM in vitro and 400 µg/kg in vivo (13). Taken together, 
these findings suggest that the effects of GLP‑1RAs in breast 
cancer are context‑dependent and may vary according to tumor 
subtype and exposure conditions, warranting caution when 
extrapolating high‑dose preclinical observations to clinical 
safety. However, at present, clinical adverse effect data specific 
to breast cancer treatment settings remain limited, and the 
available human evidence is derived mainly from cancer risk 
analyses rather than oncology‑focused intervention studies.

EC. Diabetes and obesity are established risk factors for 
EC, with weight loss and glycemic control representing 
key preventive strategies (85). Under hyperglycemic condi‑
tions, exendin‑4 partially restores cisplatin sensitivity in 
Ishikawa and HEC1B EC cells, with treatment performed 
at 10  nM for 48  h and accompanied by modulation of 
apoptosis‑related proteins (183). Semaglutide has been shown 
to potentiate the antitumor effect of levonorgestrel in EC 
models, including Ishikawa, Hec50 and KLE cells, as well 
as patient‑derived organoids from grade 1 endometrial carci‑
nomas. Mechanistically, this combination was associated with 
upregulation of nuclear and membrane progesterone recep‑
tors and produced a more pronounced reduction in viability 
than either agent alone; notably, the organoid experiments 
were performed at 100 nM for 72 h, supporting mechanistic 
interpretation of synergy but not direct extrapolation to clini‑
cally established exposure margins (214). The GLP‑1/GIP dual 
agonist tirzepatide effectively reduced tumor growth in both 
obese and lean mice, and improved obesity‑associated serum 
adiponectin, leptin and C‑reactive protein levels in obese 
mice (69). Tirzepatide suppressed ErbB signaling and glycol‑
ysis/gluconeogenesis in obese mice, while enhancing O‑linked 
glycosylation biosynthesis and phospholipase D signaling 
in lean mice, collectively inhibiting EC progression  (69). 
However, not all observations support a uniformly protective 
role in EC. In one mechanistic study, GLP‑1R expression was 
downregulated in EC tissues and cells, and GLP1R activation 
was reported to inhibit EC progression through activation of 
the cAMP/PKA pathway (184). Nevertheless, a later cohort 
study in individuals with T2D suggested a higher risk of EC 
with long‑term use (>2 years) of GLP‑1RAs (160). Thus, the 
role of GLP‑1R signaling in EC remains context‑dependent 
and requires further investigation.

A large cohort study of women with T2D revealed that 
short‑term use of GLP‑1RAs and dipeptidyl peptidase‑4 (DPP4) 
inhibitors was not associated with reduced EC risk compared 
with sulfonylureas. However, use for >2 years was associated 
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with a higher risk of EC for GLP‑1RAs [hazard ratio (HR), 
2.47; 95% CI, 1.37‑4.43] and for DPP4 inhibitors (HR, 1.63; 
95% CI 1.14‑2.34) (160). This observation reflects a long‑term 
cancer risk association rather than a treatment‑emergent 
adverse effect profile, and detailed adverse event data were not 
reported in the cited study.

The mechanisms underlying these contradictory effects 
remain unresolved. Studies on macrophages suggest that 
GLP‑1RAs promote M2 polarization, potentially favoring 
tumor progression, which is a promising avenue for eluci‑
dating the dual roles of GLP‑1Ras (127‑131,215). Additionally, 
whether GIP receptor agonists can enhance the anticancer 
efficacy of GLP‑1RAs warrants investigation in cohort and 
preclinical studies.

While responses to incretin‑based therapies vary across 
cancer types, analysis of existing data reveals several 
shared mechanisms that may explain their particular 
potential in obesity‑associated cancers: i) Direct metabolic 
intervention: Tumor cells, particularly those evolving in an 
obese microenvironment, may exhibit heightened sensitivity 
to alterations in metabolic conditions. By directly reducing 
circulating glucose and free fatty acid levels, and potentially 
enhancing hepatic fatty acid oxidation through GCGR 
agonism, these agents may deprive tumor cells of essential 
nutrients, thereby interfering with metabolic reprogramming 
processes (55,65,69,70). ii) Reversal of hyperinsulinemia: This 
represents one of the central mechanisms. Insulin and IGF‑1 
function as potent mitogenic signals. GLP‑1RAs may coun‑
teract growth‑promoting milieu through improved insulin 
sensitivity and reduced circulating insulin levels, which is 
particularly relevant in obesity‑ and diabetes‑associated 
cancers, such as breast cancer, CRC and EC (75,80,81,176). 
iii) Attenuation of chronic inflammation: Chronic low‑grade 
inflammation in obesity serves as a catalyst for tumorigenesis. 
GLP‑1RAs demonstrate anti‑inflammatory properties both 
systemically and within the TME (for example, by modulating 
macrophages and T cells, and reducing NETs as described 
in the present review), thereby suppressing the pro‑tumor 
inflammatory milieu  (105,108‑110,121). iv) Modulation of 
adipokine secretion: Weight loss and adipose tissue reduction 
induced by GLP‑1RAs alter adipokine secretion profiles, for 
example by shifting adiponectin‑ and leptin‑related signals, 
which can directly influence tumor cell proliferation and 
invasion (69,131).

6. Conclusion

The present review systematically examines the roles of 
incretin and GCG signaling in tumor biology and their potential 
therapeutic value. By integrating fundamental research with 
clinical evidence, the main conclusions are summarized here.

Analysis of the basic biology of these three hormones reveals 
their interconnected metabolic regulatory networks mediated 
through shared signaling modules such as cAMP. Although the 
fundamental mechanisms of GLP‑1, GIP and GCG are outlined 
in the present review, the subsequent discussion primarily 
focuses on GLP‑1RAs, since the direct oncologic evidence for 
GIP and GCG remains comparatively limited.

Regarding the TME, current evidence indicates that 
GLP‑1RAs modulate antitumor immunity through multiple 

cellular pathways. GLP‑1RAs directly enhance NK cell cyto‑
toxicity, promote DC antigen presentation, and ameliorate the 
immunosuppressive microenvironment by inhibiting NET 
formation and regulating macrophage polarization, thereby 
offering novel perspectives for combination immunotherapy. 
In addition, current evidence suggests that GLP‑1RAs support 
antitumor T‑cell immunity mainly through remodeling of 
the suppressive TME rather than through direct restoration 
of exhausted intratumoral CD8+ T‑cell function  (108‑111). 
GLP‑1RAs also exert multidimensional and context‑dependent 
effects on tumor metabolism. In addition to restraining tumor 
cell proliferation in selected preclinical models, they remodel 
the ECM through anti‑fibrotic actions, thereby facilitating 
immune cell infiltration (156‑159).

Simultaneously, their protective effects on mitochondrial 
function may enhance sensitivity to conventional therapy while 
potentially reducing treatment‑related toxicity. Current human 
safety data obtained under approved therapeutic regimens are 
characterized predominantly by mild‑to‑moderate gastrointes‑
tinal adverse events rather than generalized cytotoxic toxicity, 
underscoring the need to distinguish preclinical pro‑apoptotic 
observations from clinically established safety profiles.

Cancer‑specific analyses confirm the context‑dependent 
nature of these effects. GLP‑1RAs demonstrate preventive and 
therapeutic potential in pancreatic cancer, hepatic cancer and 
CRC, require caution in MTC, and exhibit paradoxical effects 
in breast cancer and EC. The role of GCG further highlights 
the influence of metabolic context on hormone function; 
however, current evidence remains insufficient to support a 
direct antitumor effect of GCGR activation alone.

In summary, targeting GLP‑1R, GIPR and GCGR 
signaling pathways provides novel directions for cancer 
therapy. Future studies should prioritize investigating GIP and 
GCG in oncology, while deepening the understanding of the 
dual effects of GLP‑1RAs, establishing effective biomarker 
systems and ultimately enabling precise clinical applications.
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