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Abstract
Cancer is becoming one of the leading causes of death among patients with diabetes. Hyperglycemia and obesity, two key character- 
istics of type 2 diabetes, modify the risks of cancer in patients with type 2 diabetes. However, recent studies suggested that glycemic 
control and weight loss mediated by anti-diabetic medications might not be sufficient to lower the risks of cancer in patients with 

type 2 diabetes. Thus, there is a need to explore the association between anti-diabetic medications and cancer beyond glycemic and 

body weight control. This review has summarized the preclinical and clinical evidence between various anti-diabetic drugs and can- 
cer. More importantly, this review focused on the underlying links between anti-diabetic medications and cancer beyond glycemic 
and body weight control, including modified cell proliferation, altered levels of some hormones, inflammation and oxidative stim- 
uli, autophagy and apoptosis, intestinal flora shift, and angiogenesis and epithelial–mesenchymal transition. This review may provide 
insights for future clinical and mechanistic studies to further elucidate the association between anti-diabetic medications and cancer.
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Introduction
Diabetes is linked to a higher risk of cancer, with 8%–18% of pa- 
tients with cancer suffering from diabetes [ 1 ]. A 5.7% higher risk 
of cancer has been reported to be associated with diabetes and 

obesity [ 2 ]. A 41% increase in all-cause mortality in patients with 

cancer was linked to type 2 diabetes mellitus (T2DM) [ 3 ]. Studies 
indicated associations between T2DM and increased risk for hep- 
atocellular carcinoma (HCC) [ 4 ], pancreatic cancer [ 5 ], colorectal 
cancer [ 6 ], breast cancer [ 7 ], kidney cancer [ 8 ], and bladder cancer 
[ 9 ]. Mendelian randomization (MR) studies revealed higher risks 
of breast cancer, pancreatic cancer, lung cancer, kidney cancer,
and uterine cancer in T2DM, with fasting insulin being the casual 
factor [ 2 , 10 ]. However, in the case of prostate cancer, a lower risk 
was observed in patients with T2DM [ 11 ]. Patients with T2DM were 
also found to have a reduced risk of developing esophageal cancer 
and melanoma in a MR study [ 10 ] (Fig. 1 ). 

T2DM and cancer
Hyperglycemia and obesity modify the risks of
cancer in T2DM
Hyperglycemia and obesity are two key characteristics of T2DM.
Research has shown that both hyperglycemia and obesity could 

increase the risks of cancer and fuel cancer growth by amplify- 
ing inflammation [ 12 ], inducing epigenetic modifications [ 13 ], and 

promoting the formation of tumor microenvironment (TME) [ 14 ].
Furthermore, hyperglycemia could promote glycolysis [ 15 ], induce 
DNA damage [ 16 ], and enhance cell proliferation [ 17 ] to promote 
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arcinogenesis. Obesity could alter lipid metabolism [ 18 ], aggra- 
ate insulin resistance [ 19 ], and alter gut microbiome to influence
he risks of cancer [ 20 ] (Fig. 2 ). 

lycemic control and weight loss mediated by
nti-diabetic medications could not lower the
isks of cancer
t was reported that hypoglycemic drugs and strategies did not
ower the risks of cancer through their hypoglycemic effects [ 21 ].
owever, improved glycemic control was associated with reduced 

ortality and slowed cancer progression in various types of can-
ers including prostate cancer [ 22 ], colorectal cancer [ 23 , 24 ], pan-
reatic cancer [ 25 , 26 ], lung cancer [ 27 ], and bladder cancer [ 28 ].
ut some studies showed that the anti-cancer effects of glycemic
ontrol were limited in certain cancer types including pancreatic 
ancer [ 29 ] and advanced colorectal cancer [ 30 ]. The impact of
trict glycemic control on breast cancer remain debated [ 31 ]. 

Meanwhile, a study indicated that weight change induced by 
ypoglycemic agents or strategies in short and medium periods 
ould not lower the incidence of most cancers in patients with
2DM [ 32 ]. However, other studies showed that weight loss might
educe the risk of some obesity-related cancers in adults. Stud-
es revealed that the time of being overweight could influence the
isks of postmenopausal breast cancer, colorectal cancer, pancre- 
tic cancer, kidney cancer, gallbladder cancer, endometrium can- 
er, ovarian cancer, liver cancer, lower esophagus cancer, and car-
ia stomach cancer [ 33 ]. 
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Figure 1. Type 2 diabetes and the risks of cancer. The picture illustrates the association between diabetes and the risk of developing specific types of 
cancer, indicated by the presence of an upward arrow ( ↑ ) or a downward arrow ( ↓ ), suggesting an increased or decreased risk of cancer. 
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ssociation between anti-diabetic
edications and cancer beyond glycemic

nd body weight control
etformin and cancer
echanistic insight 
etformin might reduce the risks of cancer via multiple ways,

anging from improving anti-cancer immunity to impeding the
ormation of TME (Table 1 ). Metformin could improve the func-
ions of immune cells by improving hypoxia status in cancer and
ffecting the metabolism of immune cells [ 34 ]. The adenosine
onophosphate-activated protein kinase (AMPK) pathway acti-

ated by metformin could inhibit programmed cell death pro-
ein 1 (PD-1) and programmed cell death-ligand 1 (PD-L1) sig-
aling, which inhibited cancer immune escape [ 35 ]. Metformin
lso inhibited the expression of immunosuppressive interleukin-
0 (IL-10) and pro-inflammatory cytokines, which improved anti-
ancer immunity and prevented pro-carcinogenesis inflamma-
ion. These alterations in cytokine production could also be
chieved by metformin through AMPK-independent pathways
 36 ]. Experiments showed that metformin could slow down the
ecruitment of cancer-supportive cells like myeloid-derived sup-
ressor cells (MDSCs) and regulatory T cells (Tregs) [ 37 ]. Mean-
hile the functions and numbers of natural killer T (NKT)

ells, cancer-resolving dendric cells, and CD8+ T cells were en-
anced by metformin [ 38 ]. As for M2 macrophages equipped
ith anti-inflammatory ability [ 39 ], studies suggested a hypoth-

sis called the M2 cell paradox. Metformin could exert anti-
ancer effects by increasing M2 cell number in normal adi-
ose tissues via the AMPK-mammalian target of rapamycin

mTOR) pathway; and in TME the same pathway led to a de-
rease in M2 cell numbers, indicating a cancer-specific toxic
ffect [ 39 ]. 
Metformin could inhibit cancer proliferation and metastasis
nd induce apoptosis to repress cancer progression. First of all,
he activation of AMPK could affect important cancer-related
athways such as the phosphoinositide 3-kinase (PI3K)/AKT (Ak
ransforming) pathway, which promoted the expression of nu-
lear factor κlight-chain-enhancer of activated B cells (NF- κB)
nd inhibited FOXO3 transcription factor to influence cellular
utophagy and cancerous differentiation [ 40 ]. The activation of
MPK could also reduce forkhead-box A1 transcription factor,
n important factor in cancer cell growth [ 41 ]. Moreover, mTOR
ctivity could be suppressed through AMPK activation or other
lternative AMPK-independent mechanisms [ 42 ]. It was discov-
red that mTOR was a central regulator of protein synthesis and
ell proliferation [ 43 ]. Its downregulation led to increased p27
hosphorylation in Thr198, promoted p53 expression, and de-
reased cyclin D1 expression [ 42 , 44 –4 6 ], all of which resulted
n cell cycle arrest. Furthermore, mTOR was linked to the in-
ibition of pyruvate kinase M2-signal transducer and the pyru-
ate kinase M2/signal transducer and activator of transcription 3
STAT3)/Twist family BHLH transcription factor 1 pathway, which
indered epithelial–mesenchymal transition (EMT) [ 42 ]. The inhi-
ition of mTOR suppressed protein synthesis largely by prevent-

ng the phosphorylation and activation of ribosomal protein S6
inase 1 and 4E-binding protein [ 47 ]. The inhibition of mTOR in-
reased cellular apoptosis and autophagy via the AKT and NF-
B pathways [ 36 , 48 ]. Metformin could also trigger the oxidative
tress pathway and increase the lactate dehydrogenase factor to
nduce apoptosis [ 49 ]. Notably, despite this pro-oxidant effect in
he tumor context, metformin was associated with the systemic
ttenuation of inflammation. This anti-inflammatory effect was
chieved by inhibiting the production of excessive reactive oxy-
en species (ROS) and pro-inflammatory cytokines in stimulated
acrophages [ 50 ]. In addition, downregulated Aurora-A observed
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Figure 2. Mechanisms underlying the links between hyperglycemia, obesity, and cancer. Hyperglycemia and obesity are two significant factors 
affecting the link between diabetes and cancer. Hyperglycemia increases the risks of cancer through inducing epigenetic changes, enhancing cell 
proliferation, inducing DNA damage, and promoting glycolysis. Obesity increases risks of cancer through altering lipid metabolism, altering the 
microbiome, promoting insulin resistance, and releasing obesity-related factors. Both hyperglycemia and obesity could promote the formation of TME 
and amplify inflammation to increase risks of cancer. 
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in metformin treatment led to cell cycle arrest in G2/M transition 

[ 42 ]. 
Metformin could inhibit the formation of TME. Recent inves- 

tigations revealed that metformin was able to alter cancer cell 
induced alteration in fibroblast phenotype and secretion [ 51 ].
Metabolic coupling, an important factor in TME shaping, was in- 
hibited by metformin via restoring the expression of fibroblast 
caveolin-1 and cancer cell monocarboxylate transporter [ 52 ]. Can- 
cer cells establish cellular interactions with cancer-associated 

fibroblasts by expressing CCN family member 1 and hypoxia- 
inducible factor- α (HIF- α). This cellular interaction could be in- 
hibited by metformin as well [ 53 ]. Angiogenesis was important for 
cancer nutrition supply. Vascular endothelial growth factor (VEGF) 
and plasminogen activator inhibitor-1 were vital for angiogenesis, 
but this could be blocked by metformin via activating AMPK [ 54 ]. 

Intestinal flora was another way for metformin to exert its anti- 
cancer effects. It was proved that metformin-treated microbiota 
was more sensitive to glucose [ 55 ]. This microbiota was also anti- 
inflammatory [ 56 ] and produced more short-chain fatty acids to 
inhibit carcinogenesis [ 57 ]. 

Given that insulinemia is a risk factor for cancer, metformin 

could inhibit cancer via reducing insulin. It was indicated that by 
activating AMPK, metformin could inhibit the production and re- 
lease of insulin and insulin-like growth factor 1 [a key ligand of the 
nsulin-like growth factor (IGF) family]. Additionally, metformin 

educed PI3K activation by affecting insulin receptor (IR) and IGF-
 receptor. These all contributed to inhibited cell proliferation [ 58 ].

Epigenetics alteration was another important factor affecting 
ancer occurrence and progression. Metformin was proved to im- 
act DNA methylation [ 42 ], histone acetylation [ 59 ], noncoding
NA transcription [ 39 , 42 ], and mRNA alternative splicing [ 60 ]. 

EMT, a signal for onset of cancer, was decreased with met-
ormin treatment, via pathways both dependent and independent 
f Wnt/ β-catenin inhibition [ 36 , 61 ]. Cancer stem cells could also
e reduced by metformin. This might be the result of inhibited
onic hedgehog pathway and transforming growth factor β (TGF β) 
athway [ 62 ]. 

reclinical evidence 
n in vitro experiment using human pancreatic cancer cell lines
howed that metformin could inhibit cell proliferation, migra- 
ion, and invasion and improve therapeutic resistance of tumor 
ells [ 63 ]. Another experiment showed that metformin concen-
ration was inversely associated with bladder cancer cell via- 
ility [ 64 ]. In cervical cancer-derived cell lines, metformin de-
reased cell growth and promoted the expression of a group of
ntitumoral genes [ 47 ]. Oral squamous cell carcinoma cell lines
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OSCC) treated with metformin showed inhibited viability and
olony formation [ 59 ]. Metformin treatment inhibited the prolif-
ration of cell lines derived from myelodysplastic syndromes and
cute myeloid leukemia (AML) [ 45 ]. Mouse models of melanoma
upported the anti-metastasis ability of metformin in melanoma
 46 ]. Additionally, a scoping review focused on the association be-
ween head and neck cancer and metformin, and analyzed stud-
es that used cell culture and animal models in preclinical lab-
ratory settings, and most research showed anti-tumor effects
f metformin [ 42 ]. However, conflicting evidence exists in breast
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cancer. According to a MR study, among the three targets of met- 
formin (PRKAB1, ETFDH, GPD1L), the main target (PRKAB1) related 

to the anti-diabetic effects of metformin could not protect pa- 
tients against breast cancer. Conversely, metformin could elevate 
the risks of ER+ breast cancer and HER2− breast cancer by inhibit- 
ing the other two targets [ 65 ] (Table 2 ). 

Clinical evidence 
A retrospective cohort study of 480 984 participants and a ran- 
domized controlled trial (RCT) of 19 114 patients with diabetes 
both demonstrated that metformin was associated with a reduc- 
tion in the overall incidence of cancer [ 66 , 67 ]. However, the RCT 

showed no reductions in cancer-specific mortality [ 66 ]. 
The cohort study unveiled associations between metformin 

and lowered risks of colorectal cancer and HCC [ 67 ]. Moreover,
long-term use of metformin in an Asian population with T2DM 

was associated with lower risks of esophageal cancer, whereas in 

Western patients with T2DM or a population without T2DM the 
clinical studies did not generate consistent results [ 68 ]. 

The use of metformin was associated with reduced overall mor- 
tality in diabetic patients with esophageal cancer [ 69 ] and hy- 
popharyngeal cancer [ 44 ]. Furthermore, a RCT found that met- 
formin induced specific changes in breast tissue gene expres- 
sion, suggesting a potential benefit for inhibiting recurrence [ 70 ].
Hower, metformin failed to improve cancer-specific survival in pa- 
tients with endometrial cancer [ 71 ] or overall survival in patients 
with glioblastoma [ 36 ] (Table 3 ). 

α-Glucosidase inhibitor and cancer
Mechanistic insight 
α-Glucosidase inhibitor (AGI) might be able to inhibit the progres- 
sion of cancer. AGI could improve insulin resistance, which was 
a risk factor for HCC [ 72 ]. Furthermore, AGI could downregulate 
glucose levels, which forced cancer cells to adopt more oxidative 
phosphorylation for energy generation. Hence more ROS were pro- 
duced within cancer cells, leading to apoptosis [ 73 ]. The cancer 
cells that underwent apoptosis released cancer-associated anti- 
gens to recruit CD8+ T to prevent the immune escape [ 74 ]. Vogli- 
bose could downregulate serum levels of IGF-1 to inhibit cell pro- 
liferation [ 75 ]. Acarbose could decrease colorectal cancer by pro- 
moting the production of butyrate, which is a short-chain free 
fatty acid indirectly affecting cancer cell survival and prolifera- 
tion [ 76 ]. 

AGI also contributed to the intestinal flora shift. Unabsorbed 

acarbose increased gut Bifidobacterium longum in patients with 

T2DM to reduce intestinal inflammation [ 77 ]. AGI inhibited col- 
orectal adenomas via restoring intestinal flora diversity and mod- 
ulating the relative abundance of specific bacterial genera [ 78 ].
Intestinal proteolytic bacteria and saccharolytic bacteria number 
would increase to reduce blood ammonia levels, which would in- 
fluence the cancer cell metabolism and the immune escape, thus 
exerting anti-cancer effects [ 79 ] (Table 1 ). 

Preclinical evidence 
AGIs showed anti-cancer potential across different cancer types. 
Voglibose prevented colorectal pre-neoplastic lesions in diabetic 
mice [ 75 ], while a novel sp2-iminosugar AGI derivative inhibited 

pro-metastatic protein glycation in breast cancer cells via in- 
hibiting glucosidase [ 80 ]. Collectively, these findings suggest the 
anti-glycation activity of AGIs as a potential mechanism for their 
protective effects (Table 2 ). 
linical evidence 
 meta-analysis involving 1 285 433 patients with diabetes showed

hat AGI could lower the risk of developing cancer, especially gas-
rointestinal cancer [ 76 ]. Additionally, retrospective studies indi- 
ated associations between AGI and reduced risks of HCC [ 81 ] and
olorectal adenoma [ 78 ]. (Table 3 ). 

odium-glucose co-transporter 2 inhibitor and
ancer
echanistic insight 

he mechanisms lying behind the association between sodium–
lucose co-transporter 2 inhibitor (SGLT2i) and lowered risks of 
ancer might include inhibiting cell proliferation, suppressing an- 
iogenesis, reducing the levels of inflammation, and inducing au- 
ophagy and apoptosis (Table 1 ). 

Firstly, SGLT2i could induce cell cycle arrest. This was mediated
y disrupting glutamine metabolism [ 82 ], inducing mitochondrial 
ysfunction [ 83 ], inhibiting the β-catenin signaling pathway [ 84 ],

nhibiting the activation of mTOR [ 85 ], and decreasing the levels of
yclin D, Cdk4 proteins, and certain growth factors [ 86 ]. By induc-
ng endoplasmic reticulum stress (ERS), SGLT2i could restore au- 
ophagy and apoptosis in cancer tissues [ 87 ]. Furthermore, SGLT2i
ownregulated the expression of VEGF, a direct transcriptional 
arget of HIF- α, by promoting the degradation of HIF- α protein [ 88 ].

Secondly, SGLT2i could alleviate the levels of inflammation. The 
echanisms underlying the reduction of inflammation might in- 

olve the inhibition of the sodium hydrogen exchanger1–Ca2 + –
umor necrosis factor α (TNF α) pathway [ 89 ] and the downreg-
lation of α-fetoprotein mRNA [ 86 ]. A recent study revealed that
mpagliflozin mitigated liver lesion and fibrosis by promoting the 
cetyl-CoA carboxylase 1–acyl-CoA oxidase 1 (ACC1) pathway and 

nhibiting the inositol-requiring enzyme 1 α (IRE1 α)–X-box binding 
rotein 1 (XBP1)–pleckstrin homology-like domain family A mem- 
er 3 (PHLDA3) pathway [ 90 ]. 

reclinical evidence 
xperiments revealed the anti-cancer potential of SGLT2i in liver 
ancer, osteosarcoma, and prostate cancer. According to an ex- 
eriment conducted on genetically obese mice with nonalcoholic 
teatohepatitis fed on chemical carcinogens, tofogliflozin could 

nhibit the progression of liver tumors [ 91 ]. Meanwhile, SGLT2i
ignificantly inhibited osteosarcoma tumor growth and induced 

mmune cell infiltration in human osteosarcoma cell lines and 

ice with subcutaneous implantation of murine osteosarcoma 
ells [ 92 ]. MR analysis also showed that genetically proxied inhi-
ition of SGLT2 was significantly associated with a reduced risk of
rostate cancer [ 93 ] (Table 2 ). 

linical evidence 
he effect of SGLT2 inhibitors on the risk of overall cancer remains

nconclusive in existing clinical research. A retrospective study re- 
ealed no significant association between SGLT2i and risks of over- 
ll cancer in 107 972 patients with T2DM [ 94 ]. Similarly, a meta-
nalysis found no links between SGLT2i and overall neoplasm [ 95 ].
ut another retrospective study found that SGLT2i might confer 
educed incidences of cancer in patients with T2DM [ 96 ]. 

Retrospective clinical studies showed that SGLT2i could de- 
rease incidences of certain types of cancer, including gastric can-
er [ 97 ], breast cancer [ 96 ], renal cell carcinoma (RCC) [ 98 ], and
ulmonary neoplasm [ 95 ]. Conversely, SGLT2i was associated with

ncreased incidences of reproductive and hematologic/lymphatic 
ancers [ 99 ]. The association with prostate neoplasms remains
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complex. While a retrospective study suggested a reduced risk 
of prostate cancer with SGLT2i [ 93 ], a subsequent meta-analysis 
indicated an association with an increased incidence of prostate 
neoplasms [ 95 ]. As for HCC, although no significant association 

between HCC and SGLT2i was reported in a patient cohort with 

non-alcoholic fatty liver disease and T2DM, the data from another 
cohort with fatty liver disease, chronic viral hepatitis, and T2DM 

revealed a significant association between SGLT2i and decreased 

risk of HCC [ 94 ]. Thus, more research and clinical trials are needed 

to investigate the exact impact on cancer of SGLT2i. 
Additionally, SGLT2i was associated with improved outcomes in 

colon cancer and non-small cell lung cancer (NSCLC). A case re- 
port recorded that a patient with colon cancer and T2DM showed 

improved tumor markers associated with the use of SGLT2i [ 100 ].
An American retrospective clinical study containing 24 915 pa- 
tients with NSCLC showed improved overall survival in SGLT2i 
users [ 101 ] (Table 3 ). 

Dipeptidyl peptidase-4 inhibitor and cancer
Mechanistic insight 
The mechanisms underlying the impacts of dipeptidyl peptidase- 
4 inhibitor (DPP4i) on cancer might involve cell proliferation, ECM 

formation, cancer metastasis, immune regulation, and inflamma- 
tion (Table 1 ). 

DPP4i could inhibit cellular proliferation. This might be due to 
the inhibition of the promotion of IGF receptor and E2F1 expres- 
sion induced by DPP4 [ 102 ]. Additionally, DPP4i could improve in- 
sulin resistance to lower the risks of cancer [ 103 ]. 

However, DPP4i promoted the reprogramming of TME via the 
ROS–NF- κB-NOD-like receptor family pyrin domain containing 
3 axis in breast cancer, which enhanced the expression of ma- 
trix metalloproteinase-2 (MMP-2), MMP-9, IL-6, VEGF, intercellu- 
lar cell adhesion molecule-1 (ICAM-1), and vascular cell adhesion 

molecule-1 (VCAM-1) [ 104 ]. 
The link between DPP4i and cancer metastasis was complex.

On the one hand, DPP4 served as an adhesion receptor for fi- 
bronectin on some cancer cell membranes, so DPP4i might in- 
hibit invasion by blocking DPP4 [ 105 ]. A recent study found that 
sitagliptin could repress metastasis by lowering fasting blood glu- 
cose and inhibiting the TGF β/Sma and Mad-related protein 2/3 
signaling pathway [ 106 ]. Furthermore, it was also revealed that 
sitagliptin could reduce cell adhesion even without acting on DPP4 
[ 107 ]. The chemokines such as C-X-C motif chemokine ligand 12 
(CXCL12) and C-X-C motif chemokine receptor 4 (CXCR4) that 
increase in DPP4i treatment were likely to induce breast cancer 
metastasis and EMT [ 102 ]. In breast cancer, DPP4i could promote 
cancer metastasis via promoting the production of ROS, which 

then activated the nuclear factor erythroid 2-related factor 2–
heme oxygenase-1 axis to facilitate cancer metastasis [ 104 ]. 

DPP4i could regulate the immune system. Higher levels of DPP- 
4/CD26-positive white blood cells (WBCs) were associated with an 

increased risk of cancer. The DPP4 pathway was known to ele- 
vate the levels of cytotoxic granzymes, such as TNF α, interferon γ ,
and first apoptosis signal ligand [ 108 ]. Therefore, inhibiting DPP4 
might potentially reduce the risk of cancer. Additionally, CXCL10,
a chemokine that promoted the infiltration of T cells and natural 
killer (NK) cells into cancer tissues, remained in its active form 

when treated with DPP4i [ 109 ]. 
The impact of DPP4i on inflammation was complex. DPP4i 

could block DPP4 to reduce the production of TNF α, thereby at- 
tenuating inflammation [ 110 ]. Furthermore, DPP4i could ease in- 
flammation by inhibiting the NF- κB pathway [ 111 ]. However, by 
ctivating mitogen-activated protein kinase (MAPK), DPP4i could 

romote inflammatory responses [ 112 ]. 

reclinical evidence 
n an in vitro study of endometrial cancer cell lines, cancer pro-
ression could be fueled by DPP4 and DPP4i treatment suppressed
ell proliferation [ 113 ]. Moreover, DPP4i could also suppress the
igration of ovarian and cervical cancer cells [ 114 , 115 ]. However,
PP4i could facilitate murine breast cancer metastasis in cell line
xperiments [ 116 ] (Table 2 ). 

linical evidence 
 meta-analysis indicated that the use of DPP4i was associated
ith the risks of overall neoplasm, rectal neoplasm, and skin neo-
lasm [ 117 ]. Furthermore, DPP4i was associated with improved
urvival in patients with prostate cancer but not in those with
ancreatic or breast cancer [ 105 ] (Table 3 ). 

lucagon-like peptide-1 receptor agonist and
ancer
echanistic insight 

lucagon-like peptide-1 receptor agonist (GLP-1RA), as a potent 
nti-diabetic agent, has gained increasing attention in cancer 
reatment. During GLP-1RA treatment, cellular proliferation and 

issue inflammation were inhibited, while apoptosis and the anti- 
ancer immune system was promoted (Table 1 ). The downstream 

ignaling pathways of GLP-1R activation diverged depending on 

he cellular context. For example, ERK-MAPK was inhibited by 
LP-1R-induced cAMP increase in most cells, leading to a de-
rease in the expression of cyclin A2 and cyclin D1. It also in-
ibited DNA replication [ 118 ]. Furthermore, GLP-1RA could inhibit
he PI3K/AKT/mTOR pathway via activating GLP-1R to induce cell 
ycle arrest. Inhibited cell proliferation would promote cell apop- 
osis. Meanwhile, GLP-1RA could also induce cellular apoptosis by 
nhibiting glycogen synthase kinase 3 production and increasing 
he Bax/Bcl-2 ratio [ 118 ].The activation of GLP-1R resulted in the
nhibition of the NF-kB signaling pathway, thus reducing the levels
f several pro-inflammation factors and impeding chronic inflam- 
ation [ 118 , 119 ]. 
Recent studies showed that GLP-1RA could improve the func- 

ion of innate immune cells, especially macrophages. Recent stud- 
es indicate that GLP-1RA enhanced innate immunity by pro- 

oting macrophage M2 polarization. This effect was mediated 

hrough the suppression of the c-Jun N-terminal kinase (JNK) 
nd protein kinase A (PKA) signaling pathways and the activa-
ion of STAT3, leading to a shift from M1 to M2 phenotypes
 120 ]. Additionally, GLP-1R expression in human neutrophils and
osinophils downregulated eosinophil-surface activation markers 
nd inflammatory cytokines including IL-4, IL-8, and IL-13 [ 121 ],
hereas the production of IL-6 could be elevated by GLP-1 via the
APK pathway [ 122 ]. 
GLP-1RAs exhibited context-dependent effects on cellular pro- 

iferation. Activation of GLP-1R by GLP-1RAs suppresses breast 
ancer cell proliferation, partially through inhibition of the NF- 
B signaling pathway [ 123 ]. But in rodent thyroid, GLP-1RA could
romote C cells proliferation by enhancing hormone synthesis 
ia GLP-1 activation. But it should be noted that long-term high
ose liraglutide had no influence on the C cells of nonhuman
rimates [ 124 , 125 ]. In an in vitro study, 50% of pancreatic neu-
oendocrine neoplasm cell lines tested expressed GLP-1R, and 

emaglutide treatment promoted their growth [ 126 ]. Notably, in
ancreatic neuroendocrine neoplasm cells with low expression of 
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LP-1R and high expression of glucagon receptor, semaglutide had
o significant effect on proliferation [ 127 ]. These complicated out-
omes all suggested that the growth-promoting effect of GLP-1RA
as specific to GLP-1R-expressing tumors and highlighted the het-
rogeneity within different cancer subtypes. 

reclinical evidence 
tudies showed that GLP-1Rs were present in endocrine can-
ers, but carcinoma and lymphoma cells did not express GLP-1Rs
 128 ], which indicated that the influence of GLP-1RA on carcino-

as, lymphomas, and endocrine cancers could be different. An
n vitro study found a dose-dependent association between inhib-
ted breast cancer cell proliferation and GLP-1RA [ 123 ]. However,
he impact of GLP-1RA on medullary thyroid cancer (MTC) re-

ained debated. Semaglutide induced thyroid C-cell proliferation
n rats but not in humans or nonhuman primates, as GLP-1Rs were
resent on rodent C-cells but were largely absent or expressed at

ow levels on human C-cells [ 124 , 125 ] (Table 2 ). 

linical evidence 
hree retrospective clinical studies associated GLP-1RA treatment
ith lower risks of colorectal cancer [ 129 ], HCC [ 119 ], and cholan-

iocarcinoma [ 130 ] in patients with T2DM. Additionally, a RCT
onducted among patients with T2DM showed lowered incidences
f prostate cancer in patients treated with liraglutide [ 131 ]. How-
ver, no significant association between the risk of pancreatic can-
er and GLP-1RA treatment was found [ 132 , 133 ]. 

The association between GLP-1RA and thyroid cancer remains
nconclusive. Multiple studies consistently reported that GLP-1RA
ould not increase the risk of thyroid cancer [ 133 –135 ], while a
ested case-control analysis observed an increased risk of all thy-
oid cancer in patients treated with GLP-1RA [ 136 ]. Furthermore,
vidence was particularly conflicting for the association between
LP-1RA and the incidence of MTC. A disproportionality analy-
is suggested a potential risk signal for GLP-1RA [ 137 ], whereas a
arge retrospective cohort study found no such association [ 108 ].
hus, more large-scale, long-term investigations should focus on
he impact of GLP-1RA on thyroid cancer, especially MTC (Table 3 ).

hiazolidinedione and cancer
echanistic insight 

hiazolidinedione, an anti-diabetic medication that activated per-
xisome proliferator-activated receptor γ (PPAR γ ) to improve in-
ulin sensitivity [ 138 ], has been explored for its impact on can-
er. This medication exerted anti-cancer effects through PPAR γ -
ependent or independent pathways (Table 1 ). 

PPAR γ is a transcription factor and nuclear receptor that pro-
oted adipose differentiation [ 139 ]. Activated PPAR-signaling in

PAR- γ agonist treatment led to luminal differentiation in a type
f bladder cancer [ 140 ]. Activated PPAR- γ led to upregulated phos-
hatase and tensin homolog, resulting in the promotion of cell
poptosis [ 141 ] but the inhibition of inflammation, VEGF expres-
ion, and cancer migration [ 139 ]. Additionally, activated PPAR-
increased transcription factor regulatory factor X1 expression

o downregulate MMP2 activity, thus leading to the suppression
f migration [ 142 ]. PPAR- γ activation could change cellular en-
rgy state and activate AMPK, which then led to inhibition of
he NF-kB pathway, thus resulting in reduction of TGF β expres-
ion, improved inflammation state, and restored immune tonus
 143 ]. AMPK activation also led to the downregulation of mTOR,
hich induced apoptosis and inhibited cellular proliferation [ 144 ].
hiazolidinedione could inhibit mitochondrial complex I (NADH:
biquinone oxidoreductase), complex III (ubiquinol: cytochrome
 oxidoreductase), and cComplex IV (cytochrome c oxidase) [ 145 ]
ithout acting on PPAR γ , leading to a higher level of ROS, which
romoted apoptosis by inducing ERS. 

reclinical evidence 
ioglitazone exerted dose-dependent preventive effects on N -
ethyl- N -nitrosourea-induced breast cancer in vivo [ 146 ] and

howed efficacy against follicular thyroid carcinoma featuring a
AX8–PPAR γ fusion oncoprotein [ 147 ]. Meanwhile, rosiglitazone
ould inhibit the progression of premalignant lung cancer [ 148 ]
nd suppress the invasion of basal/squamous bladder cancer cells
 140 ]. It also induced apoptosis, inhibited proliferation and pro-

oted expression of anti-oncogene in HCC cells [ 141 ]. Further-
ore, the coadministration of rosiglitazone and paclitaxel not

nly promoted the sensitivity of ovarian cancer cells to paclitaxel,
ut also induced apoptosis and downregulated cancer stemness
 139 ]. Pioglitazone, rosiglitazone, and WY-14643 all inhibited the
urvival, migration, and invasion of glioblastoma cells [ 142 ] (Ta-
le 2 ). 

linical evidence 
espite the anti-cancer potential revealed in experiments, clinical
tudies did not find significant associations between thiazolidine-
ione and specific cancer types. A meta-analysis reported that thi-
zolidinedione use was not associated with an increased risk of
rostate cancer, compared to thiazolidinedione non-use or use of
etformin, insulin secretagogues, insulin, and sulfonylurea [ 149 ].

imilarly, a retrospective cohort study including 193 099 patients
ith diabetes reported that pioglitazone did not increase the risk
f bladder cancer [ 150 ] (Table 3 ). 

nsulin and cancer
echanistic insight 

nsulin directly bound to IR or increased serum levels of insulin
nd IGF-1 to trigger the PI3K/Akt and MAPK pathways, and thus
ight contribute to promoting cancer cell proliferation, survival,
etastasis, and drug resistance [ 151 ]. High levels of insulin led

o an elevation in the expression of IGF-binding proteins 1 and
, which facilitated IGF transport in the serum [ 152 ]. It was dis-
overed that IGF-binding protein 2 was associated with enhanced
on-homologous end joining repair, which promoted DNA dam-
ge repair and cell survival [ 152 ]. Upon activation, the IR phos-
horylated its substrates and the adaptor protein Src homol-
gy and collagen domain protein (Shc). This led to the stimu-
ation of downstream pathways, including the PI3K–AKT–mTOR
xis and the MAPK pathway, which activated transcription fac-
ors such as ETS-like knowledge 1 (Elk1), thereby promoting cell
urvival, proliferation, and migration [ 153 ]. Additionally, insulin
ight promote cancer progression through chronic inflammation,

s insulin resistance fostered a low-grade inflammatory state by
pregulating proinflammatory cytokines such as IL-6 and TNF α
 154 ]. 

Conversely, it was recently discovered that insulin could inhibit
ancer growth by activating transcription factor 4, which would
romote cell survival or induce apoptosis in different situations
f ERS [ 155 ] (Table 1 ). 

reclinical evidence 
nsulin exerted dual effects on cancer growth. A study demon-
trated that insulin induced cell proliferation and metastasis in
uman colon cancer cell lines [ 156 ]. In contrast, another study
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found that insulin inhibited melanoma tumor growth through up- 
regulating the expression of activating transcription factor 4 [ 155 ] 
(Table 2 ). 

Clinical evidence 
Although some clinical studies found a significant association be- 
tween cancer and serum insulin levels or insulin resistance [ 157–
159 ], insulin as an anti-diabetic treatment was not associated 

with overall risk of cancer. A retrospective cohort study found 

no links between insulin glargine and overall cancer risk or mul- 
tiple specific cancers, including mouth and pharynx, stomach, 
non-melanoma skin, breast, cervical, ovarian, and central ner- 
vous system cancer [ 151 ]. Notably, two meta-analyses revealed 

that insulin treatment was associated with a reduced risk of 
breast and prostate cancer but conferred an elevated risk of 
liver, pancreatic, and colorectal cancer [ 160 , 161 ]. A retrospec- 
tive study showed that insulin would not improve overall survival 
and disease-free survival of patients with pancreatic cancer [ 162 ] 
(Table 3 ). 

Prospects and challenges
There are still many unsolved issues to be addressed in this field.
First, it remains to be elucidated whether glycemic control or 
weight loss could lower the risk of new-onset cancer or improve 
cancer survival in patients with diabetes. Moreover, the long-term 

effects of anti-diabetic medications on cancer are still inconclu- 
sive. Concerning the current studies, multiple confounders re- 
main to be adjusted, such as the change in blood glucose and body 
weight along with treatment with anti-diabetic medications, as 
well as the use of multiple anti-diabetic medications. Therefore,
the current evidence derived from real-world studies and post hoc 
analyses should be interpreted with caution and be regarded as 
exploratory. In the future, more large-scale clinical studies should 

aim to elucidate the impact of glycemic control or weight loss ef- 
fects mediated by anti-diabetic medications on cancers in more 
diverse population. Furthermore, potential biomarkers should be 
identified to predict the risk of cancer in patients with T2DM. Fur- 
ther mechanistic studies are still needed to explore the molecu- 
lar pathways underlying the association between diabetes, anti- 
diabetic medications, and cancer. 

Multiple mechanisms have been revealed underlying the as- 
sociations between anti-diabetic medications and cancer beyond 

glycemic and body weight control, including modifying cell pro- 
liferation, regulating metabolism, alleviating inflammation, in- 
ducing autophagy and apoptosis, inhibiting metastasis, modu- 
lating intestinal flora, regulating angiogenesis, and EMT. These 
mechanisms support the potential of these drugs as adjuncts 
to conventional therapies. Additionally, drug-specific and cancer- 
type-dependent effects underscore the need for precise treatment 
strategies. Further investigations are still needed to explore the di- 
verse roles of anti-diabetic medications in cancer. 
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