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Abstract

The existence of molecular links that facilitate colorectal cancer (CRC) development in 
the population with type 2 diabetes (T2D) is supported by substantial epidemiological 
evidence. This review summarizes how the systemic, metabolic and hormonal imbalances 
from T2D alter CRC cell metabolism, signalling and gene expression as well as their 
reciprocal meshing, with an overview of CRC molecular subtypes and animal models 
to study the diabetes-CRC cancer links. Metabolic and growth factor checkpoints 
ensure a physiological cell proliferation rate compatible with limited nutrient supply. 
Hyperinsulinaemia and hyperleptinaemia in prediabetes and excess circulating glucose 
and lipids in T2D overcome formidable barriers for tumour development. Increased 
nutrient availability favours metabolic reprogramming, alters signalling and generates 
mutations and epigenetic modifications through increased reactive oxygen species and 
oncometabolites. The reciprocal control between metabolism and hormone signalling is 
lost in diabetes. Excess adipose tissue at the origin of T2D unbalances adipokine (leptin/
adiponectin) secretion ratios and function and disrupts the insulin/IGF axes. Leptin/
adiponectin imbalances in T2D are believed to promote proliferation and invasion 
of CRC cancer cells and contribute to inflammation, an important component of CRC 
tumourigenesis. Disruption of the insulin/IGF axes in T2D targets systemic and CRC 
cell metabolic reprogramming, survival and proliferation. Future research to clarify the 
molecular diabetes-CRC links will help to prevent CRC and reduce its incidence in the 
diabetic population and must guide therapeutic decisions.

Introduction

Diabetes affects 9% of the adult population worldwide 

with a prevalence predicted to double between 2010 

and 2030, following ageing and obesity-linked lifestyle 

changes (García-Jiménez et  al. 2016). Type 2 diabetes 

(T2D) represents about 90% of all diabetes and usually 

develops slowly from obesity whereas type 1 diabetes 

(T1D) is rare and develops suddenly, subsequently 

to autoimmune responses against beta-cells. Many 

T2D hallmarks are derived from obesity and both are 

epidemiologically associated with an increased incidence 

and morbidity of certain cancers (García-Jiménez 

et  al. 2016, Gutiérrez-Salmerón et  al. 2017). T2D is an 

endocrine disease characterized by defects in metabolism 

(hyperglycaemia, hyperlipidaemia), hormonal signalling 

(insulin, leptin and adiponectin), immunity and 

microbiome composition. Despite resemblances, T1D 

and T2D metabolic, signalling and immune alterations 

differ; not surprisingly the epidemiological association of 
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T1D and T2D to cancers diverges extensively, with T2D 

more widely associated to cancer (Gutiérrez-Salmerón 

et al. 2017). Among all cancers, T2D positively associates 

to colorectal cancer (CRC) and correction for obesity 

(as a major confounding factor) does not decrease the 

magnitude of the T2D-CRC association: relative risk 

of 1.29; CI (1.21–1.34). Since CRC is the third most 

commonly diagnosed malignancy and the second leading 

cause of cancer-death (Guinney et al. 2015), studying the 

selected T2D population represents an opportunity to 

study CRC tumourigenesis for prevention. This review 

focusses on the potential contribution of metabolic and 

hormonal alterations in T2D to CRC; the contribution 

of immune and microbiome alterations are reviewed in 

Gutiérrez-Salmerón et al. (2021).

Improved detection and increased lifespan might 

explain recent increases in CRC incidence. However, the 

alarming rise of CRCs at younger ages (before 50 years) 

(Vera et  al. 2019) annoyingly reflects the pandemics of 

obesity and diabetes, suggesting that lifestyles associated 

to obesity and T2D, high fat diets (HFD) and sedentarism 

may drive increased CRC incidence. Independent 

contribution from obesity and T2D is supported by their 

independent association to different cancers (Gutiérrez-

Salmerón et al. 2017, 2021).

Most colorectal cancers arise from neoplastic precursor 

lesions or polyps in a process that begins with aberrant 

crypts and needs 10–15 years to progress to CRC, evolving 

as adenoma-carcinoma (70–90% of CRC) or serrated 

neoplasia (10–20% of CRC) characterized by metabolic 

transformation and multiple genome alterations, 

potentially associated to T2D (Fig. 1) (Miranda-Gonçalves 

et al. 2018, Dekker et al. 2019).

CRCs are classified into tumour-node-metastasis 

(TNM) stages I to IV, attending to the tumour size, degree 

of lymph node infiltration and presence of metastasis 

(Wittekind 2015), to guide the choice of treatment: 

surgery, radiotherapy, or chemotherapy. Chemotherapy 

choice requires further refinement in CRCs classification 

and prompted the establishment of four CRC molecular 

subtypes (CMSs) by the CRC Subtyping Consortium after 

jointly analysing data from independently developed 

algorithms (Guinney et  al. 2015, Stastna et  al. 2019). 

Clinical and prognostic CRCs aspects combined with 

molecular signatures, summarized in Fig. 2, established 

CMS1 (MSI immune), CMS2 (canonical), CMS3 

Figure 1
The metabolic environment of T2D favours 
reprogramming in colon cancer cells. Increased 
availability of glucose in T2D enhances Wnt/β 

catenin signalling, promotes ROS accumulation 
that induces DNA mutations and alters the 
acetylation balance, impacting oncogenes, 
metabolic enzymes (blue), and epigenome 
modifiers (green), creating a positive feedback 
loop fuelled by T2D metabolic disorders. Activated 
oncogenes such as Myc impact metabolism 
through increased glucose and glutamine uptake, 
altered expression/activity of metabolic enzymes 
that promote glycolysis, mitochondrial 
reprogramming and dysregulation of lipid 
metabolism, a metabolic transformation that 
supports CRC development and progression. T2D 
metabolic environment regulates HATs, HDACs, 
DNMTs and demethylases to impact the 
acetylation and methylation balances causing 
epigenetic modifications that feed CRC. 2-OH-G, 
2-hydroxyglutate; αKG, α-ketoglutarate; ACLY, ATP 
citrate lyase; DNMTs, DNA methyltransferase; 
FASN, fatty acid synthase; G3P, glyceraldehyde-3-
phosphate; G6P, glucose-6-phosphate; HATs, 
histone acetyltransferases; HDACs, histone 
deacetylases; OAA, oxaloacetate; PFK1, 
phosphofructokinase 1; PHGDH, 
phosphoglycerate dehydrogenase; PKM2, 
pyruvate kinase isozyme M2; PPP, pentose 
phosphate pathway; ROS, reactive oxygen 
species; SAM, S-adenosylmethionine; TCA cycle, 
tricarboxylic acid cycle.
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(metabolic) and CMS4 (mesenchymal) to improve 

stratification. Later, CMSs were correlated with particular 

microbiome and immune patterns, as discussed in 

Gutiérrez-Salmerón et al. (2021). Molecular signatures in 

CMSs represent the most frequent mutations and were 

suggested to derive from distinct initiating cells. CMS-

associated mutations occur in adenomatous polyposis 

coli (APC), found in ~80% of cases; EGF receptor (EGFR), 

in ~ 60%, KRAS, about ~ 40%, transforming growth 

factor beta (TGFB), ~30% and phosphatidylinositol 

3-kinase (PI3K), ~14%. These mutations drive aberrant 

activation of the Wnt, PI3K, JAK/Stat and mitogen-

activated proteins kinases (MAPK) signalling pathways, 

Fig. 2. Recently, Hippo and Notch pathway components 

have been related as over-represented in CMS4 and miss-

represented in CMS2 (Mouillet-Richard & Laurent-Puig 

2020). YAP/TAZ, a crosstalk node between the Hippo 

and Wnt signalling pathways regulates glucose, lipid, 

and amino acid metabolism, as well as mitochondrial 

biogenesis (Koo & Guan 2018). Reciprocally, deregulated 

levels of circulating glucose and lipids, insulin and  

leptin/adiponectin in T2D modulate these CRC-

associated signalling pathways. High glucose enhances 

Wnt and PI3K signalling to induce MYC which represents 

a dominant contribution to CMS2 (canonical). Aberrant 

insulin/IGF1 signalling in T2D alters not only PI3K but also 

MAPK to dysregulate the metabolism of carbohydrates, 

lipids and glutamine linking it to CMS3 (metabolic). 

Increased leptin/adiponectin ratios in T2D enhance JAK/

STAT and inflammation and may link T2D to CMS1 

(immune) which exhibit increased NK cell infiltration 

and upregulated immune pathways reminiscent of 

adipose tissue infiltration in obesity and T2D. Lastly, 

increased circulating lipids, which enhance epithelial-to-

mesenchymal transition (EMT) may link T2D to CMS4, 

see Fig. 2. There are other mutations co-occurring in CRC 

that affect TP53 (48–59%), DNA repair proteins (Koncina 

et  al. 2020) and others. We review here how metabolic 

and hormonal alterations from T2D might impact these 

signalling pathways in CRC. Relevant mice models to 

study T2D specific effects on particular CMSs are discussed 

and summarized in Fig. 2.

Figure 2
Summary of colorectal cancer molecular subtypes (CMS) signatures. CRC is classified into four molecular subtypes (CMS1 to CMS4) according to 
molecular features (including mutations, aberrant signalling and epigenomic changes), clinical features of relapse or survival and frequency. Specific 
animal and cellular models for each subtype are highlighted at the bottom. (FOLFOX), fluorouracil, leucovorin, and oxaliplatin; (−), not described.
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Remodelling CRC cell signalling by 
metabolism-related factors from T2D

Metabolic transformation of CRC cells encompasses 

enhanced aerobic glycolysis and mitochondrial 

reprogramming. Deregulated carbohydrate and lipid 

metabolism in T2D provide increased availability of 

glucose and lipids to cancer cells favouring metabolic 

transformation. Excess nutrients allow cancer cells to 

overcome growth inhibition checkpoints and apoptotic 

signalling, leading to enhanced survival, proliferation 

and morphological changes required for invasion and 

metastasis (De Berardinis & Chandel 2016).

Increased nutrient availability in T2D favours 
metabolic transformation

Deregulated glucose metabolism in T2D favours 
aerobic glycolysis in CRC cells
Aerobic glycolysis is enhanced in CRC cells independently of 

oxygen availability (Warburg 1956) and requires increased 

glucose uptake. Correspondingly, augmented expression 

and/or exhibition of glucose transporters such as GLUT1 

is associated with poor CRC prognosis (Ancey et al. 2018). 

T2D provides increased glucose availability for cancer cells, 

an advantage to provide fast energy and carbons through 

enhanced glycolysis. Not surprisingly, GLUT1 expression 

and translocation to the plasma membrane are governed 

by PI3K and RAS-MAPK signalling pathways, whose 

signalling is altered in both T2D and CRC. In CRC cells, 

high glucose enhances Wnt signalling (Chocarro-Calvo 

et  al. 2013, García-Jiménez et  al. 2014) to induce MYC 

expression, which reciprocally enhances glycolysis. MYC-

enhanced expression of GLUT1 and glycolytic enzymes 

(Li & Simon 2013) such as phosphofructokinase 1 (PFK1), 

phosphoglycerate dehydrogenase (PHGDH) and pyruvate 

kinase M2 (PKM2), feeds back positively. Glucose carbons 

are deviated to fuel the anabolic synthesis of non-essential 

amino acids and purines/pyrimidines through the pentose 

phosphate pathway (PPP), providing metabolic precursors 

for protein and DNA biosynthesis to support proliferation. 

Regeneration of NADPH through the PPP provides the 

cofactor needed for lipid biosynthesis and detoxification 

of reactive oxygen species (ROS), reducing membrane 

and genetic lesions (Fig. 1) (Sciacovelli et  al. 2014). 

Hyperglycaemia also increases hexosamine pathway 

towards glycosylation that enhances transcription of 

c-Myc, modulates cell signalling and epigenetics to 

promote tumour development (Vasconcelos-dos-Santos 

et  al. 2017, Akella et  al. 2019). Hyperglycaemia also 

increases diacylglycerol and ROS levels to induce PKC 

that stimulates cytokine production and angiogenesis 

(Nishikawa et al. 2000).

Deregulated glucose metabolism in T2D favour 
mitochondrial reprogramming in CRC cells
In nonproliferating cells, glycolysis renders pyruvate, 

converted by mitochondrial pyruvate dehydrogenase 

(PDH) to acetyl-CoA, which enters the tricarboxylic 

acids (TCA) cycle. In contrast, CRC cells deviate glucose 

carbons towards anabolic pathways, diminishing their 

contribution to the TCA cycle and the subsequent flow 

of reducing equivalents to oxidative phosphorylation 

(OXPHOS) (Porporato et  al. 2018). Wnt-mediated 

inhibition of PDH through its kinase PDK1 contributes 

to the reduced entry of glucose carbons; cancer cell 

mitochondria adapt by using anaplerotic pathways to 

supply TCA intermediaries. As such, pyruvate carboxylase 

converts pyruvate into oxaloacetate. Enhanced glutamine 

uptake and glutaminolysis provide another TCA 

intermediate: α-ketoglutarate (α-KG) (Porporato et  al. 

2018). Anaplerosis allows mitochondria to contribute 

to epigenetic remodelling of CRC cells by supplying 

metabolites that modify the activity of epigenetic 

'writer' enzymes such as methyl- or acetyl-transferases. 

For example, TCA-derived citrate is transported to the 

nucleus where ATP-citrate lyase (ACLY) converts it into 

oxalacetate (OAA) and acetyl-CoA to provide acetyl groups 

for acetylation of histones or other proteins (Miranda-

Gonçalves et  al. 2018). TCA-derived α-KG levels, altered 

by MYC-driven glutamine transporters and glutaminase 

expression in CRC cells (Li & Simon 2013), control 

DNA and histone methylation. Glutamine metabolism 

also ensures alternative carbon and nitrogen sources for 

proteins and nucleotides synthesis and the conversion 

of glutamine to glutamate and α-KG generates NADPH, 

needed for lipid synthesis and ROS detoxification being 

essential to maintain cancer cell viability (Sciacovelli et al. 

2014). Thus, mitochondrial reprogramming in cancer 

cells supports evasion of apoptosis, energetic metabolism, 

and epigenetic modifications.

Mitochondrial dynamics reflect OXPHOS capacity 

with fusion/fission imbalances driving mitochondrial 

dysfunction. Mitochondrial fission increases in highly 

proliferative CRC cells, driving mitochondrial dysfunction 

yet providing means for (i) ATP production; (ii) refilling 

TCA intermediaries (towards anabolic processes) and 

(iii) detoxification of ROS, that leak from uncoupled 

mitochondrial respiration contributing to genetic 

mutations, epigenetic modifications and chromosomal 
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instability (Sciacovelli et al. 2014, Porporato et al. 2018). 

Interestingly, mitochondrial dysfunction appears in T2D 

patients, in skeletal muscle and beta-pancreatic cells 

(Dai & Jiang 2019). Distinct mitochondrial adaptations 

characterize different cancer cell phenotypes in tumours 

(e.g., metastatic, proliferative, stem cells) and distinct 

tissues may adapt differently in T2D patients. Further 

research will reveal potential mitochondrial adaptations 

to the metabolic stress imposed by T2D in colonic 

epithelial cells.

Deregulated lipid metabolism favours mitochondria 
reprogramming and EMT in CRC cells
Increased circulating free fatty acids (FFA) and cholesterol 

are metabolic hallmarks of T2D. Lipids and cholesterol 

play critical roles in membrane formation, structure and 

function, signalling and energy storage (Koundouros 

& Poulogiannis 2020). Not surprisingly, cancer cells 

exhibit increased cellular uptake and de novo lipid 

biosynthesis. Therefore, deregulated lipid metabolism 

in T2D might support tumour development. Enhanced 

lipid biosynthesis sustained by upregulation of the rate 

limiting enzymes fatty acid synthase (FASN) and acyl-

CoA synthetase (ACSL) correlates with poor prognosis 

(Koundouros & Poulogiannis 2020) EMT, invasion and 

metastasis in CRC cells (Beloribi-Djefaflia et  al. 2016). 

High FASN expression in invasive CRC cells correlates 

with enhanced mitochondrial respiration, consistent with 

preferential use of endogenously synthesized lipids to fuel 

energy demands during metabolic stress such as invasion/

metastasis. Glucose enhances Wnt and MYC-dependent 

FASN expression and PI3K/Akt activation of mTORC1 to 

regulate fatty acid metabolism in CRC cells through the 

expression of critical lipogenic enzymes, including also 

ACSL, short-chain family member 2 (ACCSS2) and ACLY 

(Koundouros & Poulogiannis 2020).

Circulating cholesterol levels are decreased in CRC 

compared to healthy patients (Zhang et al. 2014), whereas 

T2D patients often present hypercholesterolaemia (low 

HDL-C and high LDL-C). Cancer cells store cholesterol in 

lipid droplets to be used for proliferation and migration. 

Plasma lipid profile modifications in CRC could reflect 

an adaptive mechanism for cancer cells to reduce 

cholesterol levels available for normal cell proliferation. 

High circulating cholesterol in T2D may then feed CRC 

progression. An important, yet, unanswered question 

is whether CRC reduces plasma levels of cholesterol in  

T2D patients.

Related to lipids, Vitamin D is a cholesterol derivative 

whose deficiency is epidemiologically associated to both 

T2D (Berridge 2017) and CRC (Lee et al. 2011). Vitamin 

D and cholesterol levels inversely correlate in T2D (Jiang 

et  al. 2019). Vitamin D bound to its nuclear receptor 

antagonizes Wnt signalling at several levels to prevent 

proliferation and EMT in CRC (Ferrer-Mayorga et  al. 

2019). Thus, Vitamin D deficiency in T2D releases Wnt 

signalling brakes, leaving CRC cells undefended and 

requires future studies.

Lastly, although this review focuses on changes 

in tumour cells, it should be added that excess 

circulating glucose and lipids will also alter the 

tumour micro- and macroenvironment, indirectly 

impacting tumour biology. For example, endothelial 

cell alterations by hyperglycaemia critically influence 

angiogenesis at tumour microenvironment (da Cunha 

et  al. 2019); immune defects linked to the metabolic 

environment of diabetes will impact tumour cell biology  

at the macroenvironment (Gutiérrez-Salmerón et  al. 

2020, 2021).

In summary, excess circulating glucose and lipids 

in T2D: (i) modulate several CRC-related signalling 

pathways; (ii) promote metabolic reprograming and (iii) 

generate intermediaries that alter gene expression through 

genetic lesions and epigenetic modifications. Glucose-

enhanced Wnt induces MYC in CRC cells, to increase the 

uptake of glucose, glutamine and FFA, as well as glycolysis, 

glutaminolysis and fatty acid synthesis, creating a feed 

forwards cycle that supports enhanced proliferation and 

invasion (Fig. 1) through metabolic reprogramming. 

This includes (i) enhanced aerobic glycolysis and glucose 

carbon deviation towards the PPP and serine/glycine 

pathways; (ii) reduced glucose carbon flow to the TCA 

cycle; (iii) enhanced glutamine uptake; (iv) mitochondrial 

reprogramming to refill the TCA cycle through anaplerosis 

towards anabolic synthesis; (v) increased nucleotide 

and amino acid synthesis (through enhanced PPP and 

serine/glycine pathways) for nucleic acid and protein 

synthesis that support proliferation; (vi) unbalanced 

NADPH (from enhanced PPP and anaplerotic pathways) 

needed for lipid synthesis and ROS detoxification, to 

maintain survival, allow invasiveness and mutations; (vii) 

production of epigenetic mediators (from mitochondrial 

reprogramming).

Since glucose excess enhances survival and 

proliferative phenotypes (De Berardinis & Chandel 2016, 

García-Jiménez et  al. 2016) and lipids enhance EMT for 

invasive and metastatic phenotypes (Koundouros & 

Poulogiannis 2020), T2D excesses in glucose and lipids 

might contribute to the phenotypic diversification of 

advanced tumours.
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Metabolism-signalling interactions remodel 
gene expression

Metabolic transformation drives genetic and epigenetic 

modifications (Fig. 1) that favour tumour development 

(Miranda-Gonçalves et  al. 2018). Metabolites and 

metabolic by-product accumulation, for example, ROS, 

are increased in many cell types by T2D following 

hyperglycaemia (Newsholme et al. 2016) and cause genetic 

lesions that may drive instability of chromosomes (CIN) 

or microsatellites (MSI) (Hong 2018). Excess ROS increases 

the mutation rate of a cell, promoting/maintaining the 

oncogenic phenotype (Ziech et  al. 2011, Hong 2018). 

In addition, mitochondrial adaptations to supply 

TCA cycle intermediaries generate oncometabolites 

such as fumarate, succinate and 2-hydroxyglutarate. 

Oncometabolites enter the nucleus and regulate the 

activity of (de)methylases (of DNA and histones) 

(Yang et  al. 2013). Increased methylase and reduced 

demethylase activity directed by oncometabolites drive 

uncontrolled gene expression. Epigenome modifications 

favour genomic instability, mutagenesis and tumour 

development (Hong 2018). Metabolites able to alter the 

epigenome in diabetic individuals or cancer cells include: 

S-adenosyl-L-methionine (SAM) and α-KG, involved 

in methylation or acetyl-CoA and NAD+, involved in 

acetylation. Some tissues from T2D patients exhibit 

aberrant methylation and acetylation leading to altered 

gene expression patterns. Low levels of methyl donors 

folate and SAM drive improper methylation (Ling & Rönn 

2019) and hyperacetylation of histones at genes related 

to inflammation (Togliatto et  al. 2015) contributes to 

tumour evolution. Importantly, epigenetic modifications 

imposed by hyperglycaemia in vascular tissue remain as a 

'metabolic memory' after it is controlled. Thus, potential 

epigenetic changes imposed by T2D in colon epithelium 

deserve exploration.

Methylation of DNA at CpG islands in gene 

promoters is associated with transcriptional silencing. 

Hypermethylation in cancer cells drives the silencing of 

tumour suppressors (i.e. DNA mismatch repair protein 1, 

MLH1) or proteasome regulators (i.e. derlin-3, required 

for degradation of GLUT1) and others. Derlin-3 silencing 

drives increased GLUT1 and glucose uptake for Warburg 

effect in cancer cells (Ancey et  al. 2018) and would 

have a bigger impact in T2D patients with deregulated 

glucose homeostasis. Histone methylation may lead to 

transcriptional repression or activation, depending on 

the histone residue and the number of methyl groups 

incorporated. SAM imbalance drives improper gene 

methylation in CRC and skeletal muscle of T2D patients 

(Su et al. 2016). Conversely, demethylation of DNA and 

histones is controlled by demethylases that use α-KG as 

co-factor. Demethylases are interfered by oncometabolite 

such as 2-hydroxyglutarate or fumarate, which are also 

increased by hyperglycaemia through mitochondrial 

dysfunction, contributing to improper methylation in 

T2D patients (Su et  al. 2016). Abnormal methylation 

patterns in different tissues of T2D patients include hypo 

and hypermethylated genes related to metabolism and 

inflammation which are very relevant for cancer. Changes 

in colon epithelium of T2D patients need to be studied.

Acetylation of histones and other proteins is regulated 

by histone acetyltransferases (HATs) and deacetylases 

(HDACs). Chromatin acetylation favours an open 

conformation that allows the recruitment of transcription 

factors and often correlates with increased gene expression. 

HATs and HDACs activity are metabolically controlled by 

the availability of acetyl-CoA and NAD+, as an essential 

cofactor for HDACs class III (Sirtuins) activity. Metabolic 

transformation in cancer cells leads to diminished NAD+/

NADH ratio with the subsequent inhibition of sirtuin 

activity that may unbalance chromatin acetylation 

(Miranda-Gonçalves et  al. 2018). High glucose increases 

HAT levels (EP300) and inhibits SIRT1 activity in CRC 

cells (Chocarro-Calvo et  al. 2013, Gutiérrez-Salmerón 

et  al. 2020), unbalancing acetylation. In vivo, tumour 

development and glycolytic genes upregulation inversely 

correlate with SIRT6 expression (Sebastián et  al. 2012). 

In CRC, lysine 27 acetylation of histone H3 is increased 

(Karczmarski et  al. 2014). Relevant for the T2D-CRC 

association, acetylation imbalances have been reported in 

genes related to inflammation: nuclear factor KB (NFKB) 

or tumour necrosis factor A (TNFA) in various tissues of 

T2D patients.

In summary, metabolic reprogramming of cancer 

cells may follow genetic mutations (altering signalling 

pathways and/or metabolic enzymes) or mutations may be 

selected upon systemic metabolism defects that originate 

oncometabolites to alter the genome/epigenome and lead 

to CRC.

Wnt, PI3K, RAS-MAPK, TGFB and Hippo signalling 

(Fig. 2) in CRC cells are subjected to reciprocal crosstalk 

and are rewired by lipids and high glucose from T2D 

(Chocarro-Calvo et  al. 2013, Santinon et  al. 2016). 

Conversely, mutations that activate these signalling 

pathways in CRC cells cause metabolic reprogramming 

and transformation, highlighting the intimate 

intertwining between metabolism and signalling (García-

Jiménez et  al. 2014, De Berardinis & Chandel 2016,  
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Tiwari et al. 2018). Interestingly, a comparison of human 

CRC and neighbouring mucosa between diabetic and 

nondiabetic patients unveiled several cancer-related 

pathways that were enhanced in non-cancer mucosa of 

diabetic patients, including Wnt, PI3K/Akt, MAPK, TGFB, 

Hippo and Notch pathways, suggesting that diabetes 

promote field cancerization in colonic mucosa (González 

et al. 2017).

Remodelling CRC cell signalling by hormonal 
alterations in T2D

Hormonal imbalances drive the incapacity to control 

circulating glucose and lipids levels in T2D. Two main 

axes: insulin/IGFs and leptin/adiponectin stand out in 

the connection with CRC, although other hormonal 

alterations may contribute, that is, in glucagon (Yagi 

et al. 2018) or cortisol (Baritaki et al. 2019). The two arms 

downstream of insulin/IGF, PI3K and MAPK signalling 

pathways are altered in T2D and CRC. Crosstalk between 

PI3K and Wnt signalling through GSK3B inactivation 

or between Wnt and Hippo through YAP/TAZ and their 

regulation by metabolites illustrates the importance 

of their correct wiring for signalling in T2D and CRC 

(Santinon et  al. 2016, Hwang et  al. 2019). Furthermore, 

leptin/adiponectin imbalances enhance JAK/STAT 

signalling as inflammatory cytokines do, reinforcing 

the link with CRC. In this section, we review the 

possible contribution of T2D-associated defects in the  

insulin/IGF system, leptin and adiponectin to CRC cell 

signalling, Fig. 3.

Altered insulin signalling in T2D impacts CRC

Retarded tumour growth in animals with T1D (Heuson 

et al. 1972) was an early evidence suggesting that insulin 

is a growth factor for cancer cells; however, autoimmune 

defects in T1D may contribute importantly. In vitro, 

insulin addition to the culture medium increased the 

anabolic activity and enhanced proliferation rates 

(Klement & Kämmerer 2011), reinforcing the concept 

of insulin as a growth factor for cancer cells; however, 

the effects of hyperinsulinaemia could not be separated 

from those of the high glucose in the medium culture. 

Increased circulating levels of insulin or the related insulin 

like growth factors (IGF1 and IGF2) were correlated with 

malignancies (Rowlands et  al. 2012) but this included 

prostate cancers which are inversely associated with 

both types of diabetes (García-Jiménez et  al. 2014,  

Figure 3
‘Hormonal’ signalling pathways are implicated in 
the relationship between T2D and CRC. Insulin/
IGF1 axis signal through IR-A, IGF1R or HR 
receptors, activating MAPK and PI3K pathways, 
whose targets enhance apoptosis resistance, 
invasion and proliferation through Bcl-xL, 
mTORC1 and GSK3B inactivation. Leptin binds to 
Ob-r stimulating proliferation by PI3K/Akt/mTOR, 
GSK3B and MAPK pathways, inducing migration 
and invasion through Src/Rac1/Cdc42, JAK2/STAT3 
and MAPK pathways. Adiponectin binds AdipoR1/
R2 and antagonizes leptin through LKB1/AMPK 
that inhibits mTORC1 to block cell growth, 
suppress proliferation, blocks JAK2/STAT3 
signalling by inhibiting cell cycle p21/p27 cyclins 
and allowing apoptosis. AdipoR1/R2, adiponectin 
receptors 1/2; AMPK, AMP-activated protein 
kinase; Bcl-xL, B-cell lymphoma extra-large; 
Cdc42, cell division control protein 42 homologue; 
GSK3B, glycogen synthase kinase-3 B; JAK2, Janus 
kinase 2; IL6, interleukin 6; LKB1, liver kinase B1; 
MAPK, mitogen-activated protein kinase; 
mTORC1, mammalian target of rapamycin, 
complex 1; Ob-r, leptin receptor; PI3K, 
phosphatidylinositol 3-kinase; PAI1, plasminogen 
activator inhibitor type 1; Rac1, Ras-related C3 
botulinum toxin substrate 1; Src, proto-oncogene 
tyrosine-protein kinase; STAT3, signal transducer 
and activator of transcription 3.
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Gutiérrez-Salmerón et al. 2017). The epidemiological link 

between T2D and CRC was attributed to the compensatory 

hyper insulinaemic response developed upon insulin 

resistance or to chronic insulin treatments, although the 

pattern of association of T1D and T2D to cancers is very 

different and T1D does not associate to CRC despite the 

use of insulin in its treatment.

A role for insulin-inducing CRC initiation was inferred 

when sustained hyper insulinaemic infusion in rats 

induced the proliferation of normal colorectal epithelial 

cells and increased the multiplicity of chemically 

induced aberrant crypts foci (ACF), which are the earliest 

neoplastic lesions in CRC (Karczewski et al. 2019). Similar 

results were obtained upon treatment of diabetic mice 

(dbdb), with commercial insulins (glargine or NPH insulin) 

(Nagel et al. 2010). In support, other preclinical models of 

T2D (induced by HFD or genetically in Zucker rats and 

KK-Ay mice) also exhibited increased intestinal adenoma 

multiplicity (Teraoka et  al. 2011, González et  al. 2017); 

however, most T2D models are obese mixing the effects of 

insulin with those of increased circulating lipids, leptin or 

inflammatory cytokines.

The influence of insulin on CRC progression 

was studied by grafting CRC cells in diabetic models. 

Accelerated growth of MC38 allografts in diabetic mice 

(dbdb) compared to heterozygotic controls suggested that 

their sustained high levels of insulin/IGF1 favour CRC 

progression (Teng et al. 2016). However, high leptin levels 

in dbdb mice binding to functional leptin receptors in the 

grafted MC38 cancer cells could also accelerate tumour 

growth. If insulin accelerates tumour growth, commercial 

insulin preparations may impact CRC progression. 

Recombinant human insulin (rI), the X10 analogue and 

IGF1 effects on tumour progression were compared using 

HFD obese mice allografted with MC38 CRC cells; IGF1 

and X10 but not rI accelerated allografts growth (Hvid 

et  al. 2013). However, none of these treatments altered 

tumour growth when examined by the same authors 5 

years later on a different model, nude mice with diabetes 

induced with alloxan bearing COLO-205 xenografts (Hvid 

et al. 2018). Taken together, the results suggest that insulin 

effects are context-dependent with other hormones 

(IGF1, IGF2, leptin, etc.), proteins from the IGF axis, 

metabolites or cytokines defining the effects of insulin on  

cancer growth.

Mechanistically, insulin excess may promote CRC 

progression through direct and indirect actions. Indirect 

insulin effects include favouring IGF1 production and 

bioavailability. Insulin increases hepatic receptors 

for growth hormone, the master controller of IGF1 

production, and decreases the hepatic production of IGF 

binding proteins (IGFBPs) to increase IGF1 bioavailability 

(Stojsavljević et  al. 2016). Structural and functional 

similarities between insulin and IGF1 receptors and 

their capacity to cross-signal define the insulin/IGF 

axis. The IGF system includes IGF ligands (IGF1 and 

IGF2), their membrane receptors, their transporters 

including high and low affinity, IGFBP 1–6 and IGFBP-rP 

1–10, respectively, as well as their degrading enzymes 

including the metalloproteases MMP7 and MMP9. Many 

correlations suggest that IGFBPs impact cancer cells in 

ligand-dependent and -independent manners, but cause-

effect evidence is scarce; excellent recent reviews on the 

subject were included (Yau et  al. 2015, Haywood et  al. 

2019, Jin et  al. 2020). Insulin and IGF1 can bind the 

receptors for insulin (IR), IGF1 (IGF1R) or hybrid IR/IFG1R 

(HR) receptors. Receptor activation results in signalling 

through the PI3K-Akt arm, with main downstream 

effects on survival and metabolism, and through the Ras-

MAPK arm, with mitogenic effects (Stojsavljević et  al. 

2016, Belfiore et  al. 2017), Fig. 3. Both PI3K and MAPK 

pathways are altered in most CRCs: CMS 2–4 (Fig. 2). 

Two IR isoforms: IR-A and IR-B have been described; their 

preferential signalling towards mitogenesis or towards 

metabolism respectively was attributed to allocation in 

different raft domains (Belfiore et  al. 2017). The IR-A/

IR-B expression ratio is deregulated in metabolic disorders 

related to diabetes with reduced PI3K-dependent metabolic 

signalling and excessive PI3K- and MAPK-dependent 

mitogenic signalling. This may explain accelerated CRC 

progression in these patients (Stojsavljević et  al. 2016). 

In support, CRC cell lines with high tumourigenic 

capacity (HT-29, HCT 116 and SW480) show a higher 

IR-A/IR-B ratio than non-transformed human intestinal 

epithelial cells (HIEC) (Belfiore et  al. 2017). In support, 

IR-A/IR-B ratio is significantly increased in precancerous 

adenomas from ApcMin/+ mice compared with normal 

tissue and in human CRC carcinoma samples (Vella 

et  al. 2018), suggesting that IR-B could limit intestinal 

cell proliferation and transformation. Thus, the altered 

PI3K/MAPK signalling ratio in diabetes favours metabolic 

reprogramming for proliferation, potentially contributing 

to CRC initiation. Mutations in key intermediaries (RAS, 

RAF, APC, etc) are frequent in CRC cells and will prevent 

potential cross-regulatory modulation further altering 

homeostasis (Koncina et al. 2020).

High IR-A expression brings to the discussion of 

another member of this axis IGF2 that binds IR-A (but not 

IR-B) and signalling preferentially through the ERK arm to 

enhance mitogenic pathways, making it relevant for cancer.  
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IGF2 proliferative effects during development are well 

known but its function in the adult remains enigmatic, 

despite its high circulating levels (more than 100-fold those 

of insulin). IGF2 enhances glucose uptake by muscle and 

adipose cells but its levels increase with obesity, emerging 

as a potential link between obesity and diabetes. Loss 

of imprinting and high IGF2 expression correlate with 

a history of cancers which are oppositely associated to 

T2D, including CRC and prostate cancer. IGF2 is part of 

a complex transcriptional unit, important for metabolism 

control, that includes RNA binding proteins and several 

epigenetic regulators (lncRNAs and miRNAs) that control 

methylation, acetylation, cell cycle and IRs expression. 

Understanding the integrated regulation of the IGF2 system 

should help to understand the T2D-CRC association. 

Excellent in-depth recent reviews of the subject are Baritaki 

et al. (2019), Holly et al. (2019)  and Yagi et al. (2018).

The PI3K/MAPK signalling imbalance in diabetes 

and CRC might respond to altered IR-A and IGF1R 

expression. Overexpression of IRs and IGF1R by cancer 

cells supports the insulin and IGFs role as drivers of cancer 

cell growth. However, these receptors are overexpressed 

in most solid and hematopoietic tumours, not specifically 

in cancers associated with diabetes, suggesting that the 

T2D-CRC association is supported by additional factors 

(Belfiore et  al. 2017). Stable in vitro overexpression of 

IGF1R in HCT 116 cells (HCT 116/IGF1R) enhanced 

invasion and apoptosis resistance through the Akt/Bcl-xL 

pathway (Sekharam et al. 2003) leading to an aggressive 

phenotype. Consistently, IGF1R knockdown in HT-29 

or SW620 CRC cells drove reduced PI3K/Akt signalling 

towards GSK3B inactivation, subsequently promoting 

β-catenin degradation and, therefore, a reduced 

expression of Wnt/β-catenin-dependent genes (Zhang 

et al. 2015) to decrease proliferation (Fig. 3). Consistent 

with in vitro data, in nude mice xenografts of HCT  

116/IGF1R cells led to highly invasive tumours and 

distant metastases, whereas xenografts of HT-29 cells 

expressing a truncated, signalling-defective form of 

IFG1R (IGF1R DN) significantly decreased tumour growth 

compared with HT-29 parental cells (Vigneri et al. 2015). 

Despite the IR and IGF1R abundance in human HCT 

116 CRC cells, hybrid IR-A/IGF1R (HR-A) receptor levels 

are low and cannot mediate survival and proliferation 

(Belfiore et al. 2017). Whether this is due to particularities 

of the lipid membrane composition is unknown. Human 

CRC samples exhibit higher IR-A than IGF1R expression, 

making HR-A unlikely and highlighting potential  

IR-A/IGF2 signalling.

Downstream of IR and IGF1R, the IR substrates (IRS 

1–4) scaffold the signal primarily towards PI3K. IRS 

malfunction has been well studied in diabetes (Lavin 

et  al. 2016) and appears critical in CRC aggressiveness 

(Day et al. 2013). IRS2 overexpression in CRC cells SW480 

activates the oncogenic branches of PI3K/Akt signalling, 

reducing cell adhesion and promoting cell invasion in 

vitro (Fig. 3). Consistently, IRS1/2 expression positively 

correlates with CRC progression and metastasis in human 

samples (Stojsavljević et  al. 2016). Some IRS1 and IRS2 

polymorphisms have been independently associated 

with diabetes and with increased CRC risk, but how the 

identified variants affect protein levels and modulate IR/

IGF1R signalling in CRC tumourigenesis remain unclear 

(Vigneri et  al. 2015). Further studies are necessary to 

clarify the role of these mutations in CRC progression.

Thus, aberrant insulin/IGF signalling may favour CRC 

initiation and progression, but most T2D animal models 

are obese implying alternative metabolic and/or hormonal 

factors that exert their own effects and modulate those 

of the insulin/IGF system. This is important because 

obesity is the most common cause of insulin resistance 

and contributing factor for T2D development and because 

obesity per se is associated with CRC.

Unbalanced leptin/adiponectin in T2D impacts CRC

Few obese people become diabetic but most T2D patients 

are obese. Excess adipose tissue contributes to the T2D-

CRC link with adipokine (leptin and adiponectin) and 

cytokine imbalances, the latter was analysed in Gutiérrez-

Salmerón et  al. (2021). Obese and T2D patients exhibit 

increased leptin/adiponectin ratios that correlate with 

tumour TNM stages in CRC (Uyar & Sanlier 2019).  

In vitro, leptin stimulates CRC cell proliferation through 

the modulation of PI3K/Akt/mTOR, GSK3B and MAPK 

pathways, Fig. 3 (Aparicio et al. 2005, Ghasemi et al. 2019); 

leptin exerts anti-apoptotic effects via PI3K/Akt, JAK2/

STAT3 and JNK pathways (Nikolaou et  al. 2019); leptin 

induces migration and invasion in CRC cells through 

the Src/Rac1/Cdc42, MAPK and PKCD pathways (Fig. 3) 

(Ghasemi et  al. 2019). Despite these in vitro evidences, 

sustained, intense hyper-leptinaemia did not promote 

the growth of HT-29 CRC cell xenografts in nude mice, 

neither enhanced development, growth or metastasis of 

adenomas in ApcMin/+ mice CRC models (Aparicio et  al. 

2005). Perhaps other factors (unidentified yet) modify 

the effects of leptin and may reconcile in vitro and in vivo 

evidence.
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To understand the role of leptin in CRC initiation, 

obese mice (with HFD) were treated with azoxymethane 

(AOM) (triple cycle) to induce ACFs formation. Leptin 

signalling did not promote or interfere with normal 

colon epithelial cell proliferation and did not promote 

premalignant lesions after two AOM cycles (Endo et  al. 

2011). However, after the third AOM cycle (which is 

still early tumourigenesis), increased serum leptin levels 

correlated with increased ACF number. Arguably, these 

effects could be alternatively attributed to increased 

circulating lipids, inflammatory cytokines, and decreased 

adiponectin. However, alternative models of diabetes-

induced through mutations in the leptin gene (obob mice) 

or the leptin receptor gene (dbdb mice) support a role for 

leptin in early CRC progression. Despite severe obesity, 

lack of leptin signalling in these models correlated with 

dramatically reduced number and growth of AOM-

induced ACFs compared to their heterozygotic controls 

(Endo et  al. 2011). Interestingly, the growth of tumours 

was slower in mice without leptin (obob) than in mice with 

mutant receptors (dbdb) suggesting complex signalling 

outputs from leptin and its receptors (Endo et al. 2011).

By contrast with leptin, the levels of circulating 

adiponectin (APN), another adipose tissue secreted 

hormone, are diminished in obesity and T2D as well as in 

CRC. Adiponectin exhibits opposite effects to leptin, with 

anti-angiogenic, anti-proliferative and anti-inflammatory 

properties that may interfere with CRC-development. In 

vitro, adiponectin signalling through LKB1/AMPK inhibits 

mTORC1, suppressing proliferation and colony formation 

of human CRC cells (Fig. 3). Adiponectin blocks JAK/

STAT3 signalling, inhibiting cell cycle progression through 

p21/p27 cyclins and allowing apoptosis (Parida et  al. 

2019). In vivo, adiponectin significantly decreases polyp 

formation in CRC mouse models (ApcMin/+) and suppresses 

the growth of MC38 xenografts in HFD-fed mice (Otani 

et al. 2017). The timing for adiponectin experiments was 

comparable to leptin treatments that induced no changes 

in tumour growth (Aparicio et  al. 2005). In contrast, 

after diabetes induction through HFD, mice models 

lacking adiponectin (Apn−/−) were more prone to CRC 

development through AOM treatment (Parida et al. 2019) 

or chronic inflammation (Otani et  al. 2017). Consistent 

with previous results, AdipoRon, a synthetic adiponectin 

analogue diminished the proliferation in early CRC stages 

and prevented CRC related to T2D (Nikolaou et al. 2019). 

Notably, AdipoRon also improved insulin resistance 

and glucose tolerance in obese, diabetic mouse models 

suggesting that its effects may be mediated by insulin, 

glucose or other factors. However, constitutively elevated 

levels of circulating adiponectin in transgenic (AdTg) 

mice did not confer protection against AOM-induced 

CRC (Otani et al. 2017) suggesting that as for insulin and 

leptin, adiponectin effects might be modulated or indirect 

and highlighting the importance of combining models.

Adding to the antagonistic leptin/adiponectin 

secretion defects in T2D and the anti-inflammatory 

effects of adiponectin, increased leptin levels correlate 

with increased proinflammatory cytokines (IL6, PAI1), 

suggesting a possible reciprocal regulation or cooperation. 

In support, high leptin and pro-inflammatory cytokines 

levels correlate positively with CRC development. The 

inverse correlation between soluble leptin receptor 

and anti-inflammatory cytokine levels along with 

CRC development might also support this cooperation 

(Karczewski et al. 2019).

Thus, the molecular mechanisms by which 

insulin/IGF1 and leptin/adiponectin contribute to 

the development and/or progression of CRC in T2D 

patients appear to be intimately linked to metabolic 

and inflammatory abnormalities. Future studies should 

elucidate the relationship between individual factors and 

how do they contribute to CRC progression.

Models to study the association between CRC 
and T2D

In vitro models have helped to study multiple genetic 

mutations and are adequate to study mechanisms in 

a controlled way. However, although cell lines can be 

cultured easily, the cellular heterogeneity of tumours 

is missing. In this respect, organoids model better the 

structure-function of tissues but remain very costly 

to culture. The frailty of in vitro models lies in their 

inadequacy to study tumour-environment interactions, 

making necessary the use of in vivo models which are 

often difficult to interpret.

In vivo models allow the study of interactions 

between different tissues and organs. Non-mammalian 

experimental organisms with a short life cycle (Zebrafish, 

C. elegans and Drosophila) share similar biochemistry 

but exhibit important physiological differences with 

humans. Among mammalians, rodent models are 

preferred because of physiological similarity to humans, 

the wealth of research that supports their study (60% 

preclinical models are in Mus musculus) (Day et al. 2015, 

Kleinert et  al. 2018) and cost-effectiveness. A variety of 

mouse models to study diabetes and cancer initiation 

and progression have been developed. The criteria to 
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select the best fit for a particular study includes strain, 

sex and age-related disease inducers, as these factors 

heavily influence the results. Although murine pancreatic 

islet architecture is different from humans, mice models 

mimic quite well diabetes characteristics (Kleinert et  al. 

2018). Here, we summarize that most of the T2D might be 

modelled in mice by induction with exogenous agents or 

through genetic mutations. Feeding ad libitum with diets 

enriched in fat (45–60%), sugar (5–30%) and/or sodium 

slowly but quite faithfully in models of human T2D in 

mice. Impaired leptin signalling, chronic inflammation, 

non-alcoholic fatty liver or artery diseases were studied 

in these models. This slow T2D model is optimal to study 

tumour initiation. T2D appearance can be accelerated 

by combining HFD with low-doses of streptozotocin 

(a glucose analogue that damages DNA), to which 

β-pancreatic cells are especially sensitive due to the high 

exhibition of GLUT2 transporters. Streptozotocin alone  

in higher doses destroys β-cells in T1D models  

(Heydemann 2016).

T2D models

Genetically modified mice models with diabetic 

phenotype have been developed mainly in Balbc and 

C57BL background, with the latest more widely used 

due to Balbc mice resistance to develop obesity. Amongst 

C57BL, the strain C57BLKS is more widely used due to 

its increased susceptibility to T2D induction. Monogenic 

models are easier to obtain, and two models based on 

the disruption of leptin signalling to impair satiety result 

in obesity-driven diabetes. First, obob mice have a single 

autosomal recessive mutation on the gene encoding 

leptin, resulting in non-functional leptin. Secondly, dbdb 

mice have a single autosomal recessive mutation on the 

leptin receptor gene: a 106-nucleotide insertion that 

prematurely terminates the intracellular domain, leading 

to impaired signalling. Interestingly, obob mice present a 

milder T2D phenotype compared to dbdb mice (King & 

Austin 2017), highlighting the importance of signalling 

by the intracellular domain of the leptin receptor to 

prevent diabetes. Although in most human cases, T2D 

develops slowly associated to metabolic defects, research 

efforts directed to clarify possible genetic defects 

associated to T2D suggest that polygenic models may 

better reflect the genetic variety of human T2D. The 

most widely used polygenic mouse models are KK-Ay, 

New Zealand Obese (Pctp and Cox7a2l mutations) and 

TALLYHO/Jng (Tanidd1, Tanidd2, Tanidd3, Tabw2, and 

Tafat mutations). Defects on leptin transport across the 

blood brain barrier render the New Zealand more obese 

than KK-Ay and TALLYHO/Jng, although they all develop 

insulin resistance and mature-onset hyperglycaemia 

except for the female of TALLYHO/Jng (King & Austin 

2017, Kleinert et al. 2018).

CRC models

Perhaps, the most basic way to study the influence of 

the environment on cancer growth is the inoculation/

grafting of cancer cells in mice. Human cancer cells 

must be inoculated in immunosuppressed (nude) mice 

and exclude the possibility to study the contribution of 

the immune response. This is surpassed by inoculating 

murine cancer cells of the same strain (maximizing 

genetic homogeneity) allowing studies of the immune 

contribution. In addition to the type of cancer cells to 

be used, the location where cancer cells are introduced 

in the mice is very important and will be defined by the 

question that is addressed. Subcutaneous grafting is quick 

and simple and allows to follow and measure growth and 

structure rapidly with a calliper. Intraperitoneal injection 

of tumour cells or injection through the tail vein might 

help to study cancer cell resistance to the immune system 

(Day et al. 2015) and the capacity to invade. However, to 

study the complex interactions of CRC cancer cells with 

their microenvironment, an orthotopic inoculation in the 

gastrointestinal tract of the same strain must be used.

CRC can be induced by environmental/

chemical compounds or using genetic models. The 

main chemical compounds used to induce CRC are 

1,2-dDimethylhydrazine (DMH) and its metabolite AOM. 

These procarcinogen drugs enhance ROS production 

causing DNA damage in the liver, lungs and colon. 

Although DMH induces more advanced tumours, AOM 

is usually preferred because of its reproducibility, simple 

application, good stability and low price (De Robertis et al. 

2011). To study CRC progression, AOM tumourigenesis is 

enhanced by general inflammation-induced with dextran 

sulphate sodium (DSS).

Genetic models of CRC were developed based on 

the most frequent mutations in human CRC. The most 

frequently used monogenic models bear mutations in Apc 

(downstream of Wnt) Fig. 2. Monogenic mutations in p53 

and Kras (downstream of tyrosine kinase receptors) do not 

induce CRC but the combination with others potentiate its 

tumourigenicity. Faithful models require the combination 

of several mutations or combined mutation(s) with an 

exogenous agent (De-Souza & Costa-Casagrande 2018). 

Since mutations in APC or its downstream signalling  
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pathway appear in 70–80% of human sporadic CRCs, the 

most popular mouse model bears a particular mutation 

(Min) in the Apc gene; ApcMin mouse form polyps and 

develop CRC of the CMS2 subtype (Fig. 2) (Stastna et al. 

2019). An inconvenience of this model is that, unlike 

human CRC, the majority of mice polyps appear in the 

small intestine, and mice die early by day 120 (De-Souza 

& Costa-Casagrande 2018, Ren et al. 2019).

At present, there are scarce publications with mice 

that combine both CRC and T2D. The most widespread 

models are s.c. allografts of CRC cells in the right flank 

of diabetic mice (diabetes originated genetically) with a 

general C57BL genetic background. As such, dbdb mice 

have been subcutaneously allografted with CRC cells of 

their background (MC38) to study the mechanisms by 

which insulin and IGF1 enhance cancer cell proliferation 

(Teng et al. 2016). Alternatively, environmentally induced 

T2D through HFD in mice subsequently allografted with 

CRC cells (CMT93 for C57BL/6 background) were used to 

evaluate the role of glucagon in the proliferation of CRC 

cells (Yagi et  al. 2018). The choice of different models 

to study the effects of insulin or glucagon is a barrier to 

compare results.

Since obesity and T2D might contribute to CRC with 

complementary contributors, the mouse strain Balbc, that 

is refractory to HFD-induced obesity, was chosen to study 

the influence of T2D in CRC development separately 

from obesity. In this model, HFD stimulated angiogenesis, 

tumour growth and lung metastases of allografted CRC 

cells from the same genetic background, CT26 (Park 

et al. 2012), supporting the notion that T2D contributes 

with factors independent of obesity to CRC progression, 

although the identity of such factors remains elusive.

Few researchers have combined models of in situ CRC 

with diabetes. A very interesting work from Ito’s group 

compared the susceptibility to develop CRC using AOM 

in females from different genetic backgrounds related to 

obesity/diabetes, such as KK-Ay (obese and T2D), KK (only 

obese), control ICR (similar weight to KK-Ay at young 

ages and with CRC induced by AOM), control C57BL/6J 

(non T2D and non-obese). Combined obesity and T2D in 

KK-Ay mice were the most susceptible to AOM induction 

of CRC, supporting the idea of cooperative factors from 

obesity and T2D (Ito et  al. 2013). Alternatively, AOM 

induction and growth of CRC have been compared in 

mice where diabetes was induced with HFD or genetically 

(dbdb or obob). These experiments demonstrated that HFD 

accelerates CRC growth only in mice with intact leptin 

signalling but not in obob or dbdb mice (Endo et al. 2011); 

increased epithelial expression of the leptin receptor and 

its signalling through JAK/STATs mediated HFD effects.

Thus, the choice of mouse models with T2D and CRC 

combining genetics and/or chemical inducers must be 

based on the question to answer regarding the interaction 

of both diseases. Research is hampered by the difficulties 

to obtain the models and the complicated interactions 

between specific contributing factors.

Conclusions and future perspectives

Metabolic and hormonal defects imposed by diabetes  

favour the metabolic transformation and alter signalling, 

genetic and epigenetics to support the tumour development. 

Metabolic environment might select genetic mutations 

and genetic mutations induce metabolic transformation, 

Fig. 4. Not only tumour cells also their micro- and  

Figure 4
Metabolism and hormones in T2D facilitate metabolic reprogramming, 
rewired signalling and genetic and epigenetic changes to favour cancer 
cell transformation. A positive feedback loop is created through metabolic 
reprogramming, promoting epigenetic modifications of chromatin and 
proteins and genetic alterations that favour oncogenes activity by 
rewiring signalling and driving the expression of metabolism-associated 
genes that feedback towards a metabolic transformation that facilitates 
colorectal cancer development and progression. Highlighted are the main 
metabolites, hormones and signalling pathways that enhance 
proliferation and metastasis (green) while inhibiting apoptosis (red). Akt, 
protein kinase B; MAPK, mitogen-activated protein kinase; PI3K, 
phosphatidylinositol 3-kinase; JAK, Janus kinase; STAT, signal transducer 
and activator of transcription; TCA, tricarboxylic acid cycle.
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Figure 5
Outstanding questions and future perspectives. Summary of the aspects that must be addressed to increase the understanding of the relationship 
between T2D and CRC in order to improve its detection and develop new therapies. AOM, azoxymethane; APC, adenomatous polyposis coli; CRC, 
colorectal cancer; HFD, high fat diet; T2D, type 2 diabetes.
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macro-environment will be impacted by the systemic 

metabolic and hormonal defects of diabetes.

Given the increased incidence of CRC at younger 

ages, the prevention, detection and therapies must be 

optimized. Figure 5 summarizes outstanding questions 

and the more promising approaches to improve them. 

Organoids and liquid biopsies combined with -omic are 

especially promising.

It is unknown whether CRC develops after diabetes 

or diabetes may appear as a consequence of the CRC, 

whether CRCs are milder in the diabetic population or 

more aggressive or if CRCs are detected earlier in T2D 

patients due to their closer medical control. Given the 

number of CRCs developed in T2D patients, specific 

guidelines for CRC screening among diabetic patients can 

reduce CRC incidence.
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