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Obesity and intestinal stem cell susceptibility 
to carcinogenesis
Katayoun Pourvali and Hadi Monji*  

Abstract 

Background: Obesity is a top public health problem associated with an increase in colorectal cancer incidence. Stem 
cells are the chief cells in tissue homeostasis that self-renew and differentiate into other cells to regenerate the organ. 
It is speculated that an increase in stem cell pool makes cells susceptible to carcinogenesis. In this review, we looked 
at the recent investigations linking obesity/high-fat diet-induced obesity to intestinal carcinogenesis with regard to 
intestinal stem cells and their niche.

Findings: High-fat diet-induced obesity may rise intestinal carcinogenesis by increased Intestinal stem cells (ISC)/
progenitor’s population, stemness, and niche independence through activation of PPAR-δ with fatty acids, hormonal 
alterations related to obesity, and low-grade inflammation. However, these effects may possibly relate to the interac-
tion between fats and carbohydrates, and not a fatty acid per se. Nonetheless, literature studies are inconsistency in 
their results, probably due to the differences in the diet components and limitations of genetic models used.

Conclusion: High-fat diet-induced obesity affects carcinogenesis by changing ISC proliferation and function. How-
ever, a well-matched diet and the reliable colorectal cancer models that mimic human carcinogenesis is necessary to 
clearly elucidate the influence of high-fat diet-induced obesity on ISC behavior.

Keywords: Obesity, High-fat-diet, Intestinal stem cell, Cancer, CRC 

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
The debate over cellular origin of cancer has always been 
controversial, and several theories have been put for-
ward. One of the most recognized theories is the trans-
formation of residing stem cells into cancer cells [1]; 
which is based on the assumption that cells need time to 
accumulate enough mutations to transform into a malig-
nancy phenotype [2]. The adult stem cells located in tis-
sues could obtain sequential mutations and pass them to 
next generation, which at a certain point triggers the stem 
cells to initiate uncontrolled proliferation and tumor for-
mation [3]. In opposition, somatic cells, especially in the 

gut epithelium, generally have a short life span and are 
removed relatively quickly [4]. The oncogenic mutation 
accumulation may also occur in proliferating progenitor 
cells that could create cancer-initiating cells [2, 5, 6]. On 
the other hand, several similar cell signaling pathways 
have been identified in the normal stem cells and cancer 
stem cells, which have a critical role in the development 
of stem cells and cancer, including proliferation, self-
renewal, migration, and differentiation [7].

Obesity is now recognized as an epidemic problem that 
imposes an enormous burden on human health in many 
countries. It is a risk factor for several diseases, including 
cardiovascular disease, rheumatoid arthritis, and  type 2 
diabetes mellitus [8]. Several common and non-common 
cancers are associated with obesity, such as breast can-
cer, thyroid cancer, prostatic cancer, and esophagus can-
cer [9]. Obesity also elevates the risk of colorectal cancer 
(CRC) by 30–70% in humans [10]. One of the primary 
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contributions of obesity or high-fat diet-induced obe-
sity to drive cancer formation is alteration of intestinal 
stem cells biology (ISCs). High-fat diet-induced obesity 
expands stem and non-stem cell pool, thereby, exposing 
them to more transformation [11]. The underlying mech-
anisms by which cells become susceptible to obesity-
related carcinogenesis includes genetic factors, insulin/
IGF-I resistance, chronic low-grade inflammation and 
oxidative stress, change in adipokines, and alteration in 
the microbiome [12–14]. Obesity/high-fat diet-induced 
obesity may also influence stem cells by regulating sev-
eral signaling pathways and initiating or promoting can-
cer progress. The most important of this developmental 
signaling are notch,  Wnt, EGF and BMP [15, 16], which 
are described later, in brief.

In the next sections, we will review obesity and high fat 
diet-induced obesity-associated modifications on intes-
tinal stem cell (ISC) by focusing on underlying mecha-
nisms. The role of obesity and high-fat diet components 
as potential extrinsic modulating factors of ISC signaling 
and a link between obesity/high-fat diet-induced obesity 
and intestinal tumorigenesis will be discussed.

Intestinal stem cells
The intestinal epithelium is the first layer of both small 
and large intestine facing the gut tract lumen [17]. It is 
composed of a single layer of cells that is responsible for 
food digestion, nutritional uptake, and barrier preserva-
tion. It is the most self-renewing tissue of the body [18] 
that regenerated each three to seven days, depending on 
the species and anatomical region, achieved from a small 
population of intestinal stem cells (ISC) that reside at the 
bottom of the crypt of Lieberkühn [18–21]. The small 
intestinal architecture consists of crypts (proliferative 
compartment) and villus (differentiated compartment). 
Crypts include multiple stem cells, Paneth cells, enter-
oendocrine cells (EEC), and some goblet cells and the villi 
consists of maturated enterocytes as well as goblet and 
EEC [20, 22]. Proliferative ISCs are identified by expres-
sion of specific protein including, Lgr5 (leucine-rich 
repeat-containing G protein-coupled receptor 5), Ascl2 
(achaete-scute complex homolog 2), also Olfm4 (olfac-
tomedin 4) and low level of Sox9 (sex-determining region 
Y-box  9). Some researches provide documents support-
ing the presence of ISC population that appears to be 
more quiescent and could be activated during regen-
erative conditions. These quiescent (or reserve) ISCs are 
recognized by expression of Bmi1 (Bmi1 polycomb ring 
finger oncogene), Hopx (HOP homeobox), Lrig1 (leu-
cine-rich repeats and immunoglobulin-like domains 1), 
and high levels of Sox9 mRNA [19, 23–27].

The intrinsic regulation by ISCs niche and the extrin-
sic signals from surroundings actively drive the cycling 

Lgr5 + ISCs to differentiate into proliferative intestinal 
cells [28]. Notch signals promote ISC maturation towards 
the absorptive specification once Notch is on or towards 
the secretory specification once off. Absorptive lineage, 
by default, differentiates into enterocytes, and becomes 
more mature while transferring upward through crypt-
villi with BMP signals level increasing. Secretory progen-
itors differentiate to goblet, Paneth, or enteroendocrine 
cells (EEC). Once Notch and WNT pathway are off, the 
vast population of secretory progenitors become goblet 
cells. However, a high activity of Wnt signals along with 
fibroblast growth factor (FGF) prompts secretory pro-
genitors toward Paneth cells. Low activity of Wnt and 
EGF and absence of Notch signals leads the EEC destina-
tion [29]. In the lack of Lgr5 + ISCs, the Bmi1 stem cells 
can maintain the stem cell pool [30].

ISC niche is a complex cellular construction that plays 
a vital role in ISC function. Lgr5 + ISC niche consists 
of Paneth cells in the small intestine [31], Reg4 + deep 
crypt secretory (DCS) cells in the colon, the extracellular 
matrix, mesenchymal pericryptal cells of lamina propria, 
immune cells, smooth muscle, endothelial and neural 
cells/nerve endings in lamina propria and submucosa 
cells of musclularis mucosae all over the small and large 
intestine [32, 33].These niche cells influence ISC func-
tion in part through regulating developmental signaling 
by secreting several growth factors and cytokine [31, 32]. 
Paneth niche cells support the proliferation and growth 
of Lgr5 + ISC through Wnt (Wnt3a), EGF, and Notch 
ligands (Dll4) expression in the small intestine. As Paneth 
cells do not exist in the colon, CD24 + -expressing cell, 
differentiated goblet cells, and DCS cells at crypt bot-
toms neighboring to Lgr5 + ISCs may play a similar role 
to Paneth cells in the small intestine and stimulate Notch 
signaling [34, 35].

Gut epithelial homeostasis is set by ISC self-renewal 
division and differentiation. It is speculated that more 
self-renewal increases stem cell population which can 
undergo a transformation and elevate the risk of tumor 
formation. On the other hand, declined self-renewal divi-
sion or premature differentiation would diminish the 
ISCs population leading to a quasi-aging process that 
can also cause a malignancy [11, 36]. Several reports 
have indicated the role of LGR5 in cancer cell growth, 
metastasis, and sphere formation [37, 38]. Lgr5 + stem 
cell mRNA is more expressed in the crypt bottom during 
cancer growth [39, 40].

In Cancer Stem Cells (CSCs) Model, surviving, trans-
formed subclones of tumor cells with SCs features drive 
tumor formation and progression. The similarity to nor-
mal tissue, in a cancer cell system, SCs-like cells divided 
into two cells, cancer stem cells and progenitor daughter 
cells, that began to proliferate and produce less stemness 
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(nontumorigenic) cells [41]. Interestingly, mounting evi-
dence shows that progenitor cells may at least partially 
revert to CSCs by some procedures such as Epithelial-
Mesenchymal Transition (EMT) [42]. This process, 
characteristic of cancer cell plasticity, resulted in cancer 
development. Shared signaling mechanisms between SCs 
and CSCs [1] include the Hedgehog, JAK/STAT, Wnt/β-
catenin, SHH, Notch, P13K/PTEN, NF-κB, and MAPK/
ERK. In normal stem cells and CSCs, these signaling are 
common and engaged in the SCs division, self-renewal, 
migration, and differentiation [43]. The SCs pathways are 
changed in CSCs and are representative of the cancers.

In the tumor microenvironment, the niche signal simi-
lar to the SC niche has a critical role in acquiring more 
SC properties and plastic in cancer cells. CSCs alter their 
microenvironment and make a pathological tumor sur-
rounding and associated hierarchy (pathological Stem 
Cell System) similar to the primary normal Stem Cell Sys-
tems (SCSs). The cancer is a highly heterogeneous clone 
related to the accumulation of gene mutations and epige-
netic modifications to protect CSCs and progress them. 
Many of these mutations are engaged in the stimulation 
of self-renewal and stemness mechanisms  in multiple 
ways [4, 44]. Unlike normal stem cells, these mutant self-
renewal signalings in the CSCs have not only increased 
but are continually activated [45]. Reprograming these 
self-renewal and stemness pathways has extreme tumori-
genic potential in tissue by producing a high cell turnover 
and progenitors’ generation [44].

Wnt signaling
Wnt signaling role has been well described in many stem 
cells and during cancer development, especially in colon. 
This pathway regularly subdivides into the canonical 
β-catenin (for cell fate determination) and non-canoni-
cal signaling (for regulating cell polarity) [46–50]. In the 
absence of Wnt ligand, glycogen synthase kinase 3 beta 
(GSK-3) is activated; therefore, β-catenin is phospho-
rylated and subsequently ubiquitinated and degener-
ated. Wnt ligand, which in the intestine is produced by 
Paneth and mesenchymal cells, binding to the receptor 
(e.g., ISCs) [51] stimulates signaling cascade by inhib-
iting beta GSK-3 [52]. Therefore, β-catenin is sepa-
rated from the inhibitory complex (GSK-3) and enters 
the nucleus. In the nucleus, β-catenin binds to the T 
cell factor (TCF) transcription factor and regulates 
expression of target genes such as c-Myc, Nanog, Oct4 
(octamer-binding transcription factor 4), and Sox2 (sex-
determining region Y-box  2) [49]; thereby, maintain-
ing proliferation, stemness, and structure of stem cells. 
Mutation of β-catenin or other Wnt components occur in 
many cancers [48, 53–55]. In mouse model, activation of 
Wnt pathway can initiate tumor formation and increase 

anchorage-independent cell growth in pancreatic cancer 
[56]. Activation of Wnt accompanied by NF-κB resulted 
in dedifferentiation of normal intestinal cells to stem cells 
and consequently, tumor formation [56]. Over-activa-
tion of β-catenin resulted in proliferation and increase 
of sphere formation in tumor cells and induced the CSC 
phenotype in more differentiated cells [56]. Wnt signaling 
also induced expression of the TERT gene and resulted in 
increased telomerase activity and by that maintained the 
self-renewal and stemness properties [57].

Notch signaling
Notch signaling is considered as a conserved evolution-
ary pathway that is involved in cell fate determination, 
proliferation, self-renewal, differentiation, and hemosta-
sis in many cells [58]. The Notch signals have a unique 
character in developmental pathways as they can affect 
neighboring cells, so that Notch signal in one cell can 
modulate the fate of an adjacent cell [59, 60]. The Notch 
signaling pathway consists of notch receptors and Notch 
ligands that are single-pass transmembrane proteins 
with three domains (extracellular, transmembrane, and 
intracellular). Notch receptors have four different recep-
tors (e.g., NOTCH 1–4), while Notch ligands have five 
ligands (e.g., Delta‐like (DLL) 1, 3, 4 and Jagged (JAG) 1, 
2). Notch signaling is the interaction between juxtaposed 
cells; ligand expressing (the signal-sending, e.g., Paneth 
cells and proximate ISCs or progenitor cells in the intesti-
nal crypt) and receptor‐expressing (signal‐receiving; e.g., 
ISCs) cells [59, 61]. Proteolytic cleavage of notch recep-
tor is induced which in turn releases Notch intracellu-
lar domain (NICD); it is translocated to the nucleus and 
(1) in the canonical pathway: NICD interacts with the 
DNA-binding protein RBPJ (Recombination signal bind-
ing protein for immunoglobulin kappa J region) and the 
co-activator Mastermind (Mam; Mastermind-like tran-
scriptional co-activator 1 (MAML1) to activate transcrip-
tion of target genes including HES-1, -5, -7, HEY-1, -2, 
and HEYL genes encoding basic helix-loop-helix/orange 
domain transcriptional repressors and c-myc, or (2) in 
the non-canonical pathway, NICD together with p50 or 
c-Rel stimulates NFκB activity [15, 61–63].

Notch molecular signaling has an essential function in 
the CSC or cancer-initiating cell. It is shown that Notch 
signaling is more activated in CSCs compared to regu-
lar cancer cell lines [15]. Notch induces the initiation of 
colon cancer but does not affect the progression of it in 
the mouse model [64]. In human colon cancer, the Notch 
pathway is highly expressed in adenomas and CRCs dur-
ing the initiation stage, but not expressed in advance 
and aggressive CRCs. The inhibition of Notch pathway 
increases chemoprevention and decreases sensitivity to 
the therapy [65].
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Epidermal growth factor (EGF)
EGF is a small mitogenic protein that stimulates the pro-
liferation of CBCs and guts epithelial cells all over the 
crypt-villus axis. In the intestine, EGF and transform-
ing growth factor- α (TGFα) are expressed by Paneth 
cells and mesenchymal cells such as enteric glial cells. 
The EGF receptor (EGFR), which is a receptor tyrosine 
kinase, is vastly expressed in ISCs [29, 66].

High activity of EGF signaling under a Kras mutant 
stimulates ISC proliferation and is associated with stem 
cells’ predominance in the epithelium. Since this overac-
tivity of EGFR signaling is related to a high occurrence 
of neoplastic lesions, the signaling is closely regulated. In 
view of that Lrig1, which is greatly produced by CBCs, 
act as negative regulation of the EGFR and controls the 
hemostasis of the CBC milieu by modulating the growth 
factor signaling [66, 67]. Knockout of Lrig1 in mice leads 
to enlargement of the gut due to dramatic epithelial 
growth. This high growth is an outcome of unrestrained 
EGF signaling and demonstrates the importance of the 
signaling in regulating intestinal epithelium hemostasis 
[29, 68].

However, it is not fully understood how LRIG1 inhib-
its EGF pathways. While blocking of EGFR signaling 
abolishes the division rate of ISCs and induces quies-
cence in these cells, in vitro, the cells are capable to self-
organize and re-enter the cell cycle once EGF signaling 
is retrieved. This feature discriminates EGF from Notch 
and Wnt pathways, removing these signaling accompa-
nied by loss of stem cell identity [29].

BMP and BMP antagonists
BMPs are multi-functional cytokine that is a member of 
the TGFβ superfamily of proteins [69]. When BMPs bind 
to their type II receptors recruit and stimulate type I BMP 
receptors, sequentially, regulate mothers against decap-
entaplegic homologue 1 (SMAD1), SMAD5 or SMAD8, 
with the co-mediator SMAD4 and accumulate to the 
nucleus, then modulate target gene transcription [70]. 
In the gut crypt, mesenchymal and stromal cells secret 
BMP2 and BMP4 as the main ligands for Bmpr1a (main 
BMP receptors in the intestine) [29, 71, 72]. BMPs induce 
the proliferative cues from the niche to promote differ-
entiation of ISC and progenitors. BMP pathways need to 
be exactly tuned to make a balance between expansion 
at the base of the crypt and differentiation of the com-
partment of differentiated cells above it. For example, a 
high BMPs activation in the stem cell compartment could 
rapidly diminish epithelium. Thus, some niche cells at the 
basal crypt, such as myofibroblasts and smooth muscle 
cells, secrete BMP antagonists like Noggin, Follistatin, 
Chordin, and Gremlin, which make a BMP-low milieu at 

the base of the crypt toward a BMP-high milieu at the top 
of villi [29, 73, 74].

Inhibition of BMP pathways promotes the stem zone 
with cumulating Wnt signaling and finally leads to polyp 
formation. The MOB1A/B of the Hippo signaling inte-
grated with BMP/TGF-signaling to control Wnt activity 
in the epithelium and regulate their homeostasis. These 
findings reveal the interaction between Wnt, Hippo, and 
BMP/TGF- signaling in crypt cells for determining intes-
tinal epithelial fate [66]. More studies discovered that 
the BMP pathway inhibition stimulates PI3K-AKT sign-
aling, accumulation of β-catenin into the nucleus, and 
increased self-renewal of ISCs [71].

Obesity, intestinal stem cell and cancer formation
The scientific evidence that link obesity or HFD-induced 
obesity involvement in molecular signaling regulation of 
intestinal stem cells, with colon cancer is relatively lit-
tle. However, such researches are increasing (Table 1) to 
reveal the impact of obesity and high-fat diet-induced 
obesity on ISCs. For instance, the hyperphagia db/db 
obese mouse model and high-fat diet-induced obesity 
increased villus height, crypt depth, and ISC numbers 
and proliferation in mice [22, 75]. Other studies indi-
cated that HFD increased small and colon ISC numbers, 
thereby predisposed them to cancer [22, 76–81]. In addi-
tion to these quantitative (or number of ISCs) alterations, 
several studies also uncovered qualitative (stemness and 
self-renewal properties) changes in ISC. For instance, 
Beyaz S. et  al. showed that mouse non-stem progeni-
tor intestinal cells gain stemness (increased organoid-
initiating capacity) and self-renewal properties with the 
high-fat diet, showing the potential of progenitor cells to 
acquire stemness properties and transform to cancer-ini-
tiating cells in response to high-fat diet-induced obesity 
[77].

Obesity could affect the function of intestinal stem 
cells, independent of high-fat diet components. Nutrient-
sensing signaling, inflammatory signaling pathways, and 
hormonal signaling activated by high-fat diet compo-
nents and obesity are involved in altering the function of 
intestinal stem cells [51]. In this regard, evidence shows 
that dietary cholesterol could regulate ISCs prolifera-
tion and differentiation [82]. Dietary protein is the main 
regulator of gut metabolism. However, it is currently 
unknown whether specific dietary amino acids directly 
modulate ISC behavior. It is demonstrated that Flies con-
sumed a common food enriched with 1% glutamate have 
elevated growth of the small intestine and stimulates 
ISC division by the metabotropic glutamate receptor 
mGluR, a G-protein coupled receptor that causes eleva-
tion in intracytoplasmic Calcium2 + via phospholipase 
C and IP3 [51, 83]. An elevation of cellular Calcium2 + is 
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a typical way of different mitogenic and stress pathways 
modulating ISC division, including insulin/IGF-1, Notch, 
and exposure to bleomycin. These results show that con-
stant glutamate or Calcium2 + signaling can result in 
decontrolled ISC division, increasing the risk of tumori-
genesis [51].

Calorie intake and amino acids leucine, glutamine, and 
arginine  affects ISCs by regulating mTORC1 (mechanis-
tic target of rapamycin complex 1) in the crypt Paneth 
cells. Calorie restriction reduced mTORC1 signaling in 
the Paneth cells, results in stimulation of the bone stro-
mal antigen 1 (Bst1)—a lipid-anchored ectoenzyme 
that generates cyclic ADP ribose (cADPR). cADPR acti-
vates a NAD-dependent deacetelyase sirtuin 1 (SIRT1), 
in adjacent ISCs. Subsequently, SIRT1 phosphorylates 
mTORC1, fundamentally increasing mTORC1 activity in 
ISCs, which leads to self-renewal of ISCs [84, 85]. cADPR 
also stimulates calcium signaling in ISCs, which increases 
ISC proliferation. In addition, food consumption or insu-
lin administration stimulated mTORC1 in the intestinal 
Paneth cells but not in ISCs in a rapamycin-sensitive 
manner. These documents proposed that Paneth cells 
can regulate ISC behavior by sensing the nutritional 
clues through mTORC1 [84, 85]. Prospect researches are 
needed to understanding the function of mTORC1 in the 
interaction between microenvironmental cells and SCs 
and how environmental clues modulate mTORC1 activ-
ity in these cells [85].

In Drosophila, food cholesterol modulates the differen-
tiation of ISCs by modifying the Notch pathway, which 
results in the proliferation of secretory entero-endocrine 
cells in the epithelium [86]. HFD changes bile acids in the 
intestine lumen, which initiate the transformation of ISCs 
to a malignant phenotype by dysregulating Wnt pathway 
[87]. Moreover, the fatty acid composition of the high-
fat diet increased the self-renewal potential of organoid 
bodies and enhanced stem cell acquisition in progeni-
tor cells through PPAR-δ activation [77]. However, some 
studies uncovered the effects of obesity, independent of 
the high-fat diet components, on the quantity and qual-
ity of intestinal stem cells. For example, DeClercq and 
coworkers demonstrated that high-fat diet-induced obe-
sity increases Lgr5-GFP + cell proliferation and numbers 
through adiponectin signaling [80], as well as inducing 
prolonged impacts on the proliferation of ISC, expanded 
crypt depth, villus height, numbers of gut stem cells, and 
goblet cells in mice [80]. It also increased the size of the 
entero-spheres in vitro [81].

Although the molecular mechanisms linking obesity to 
loss of ISCs function with the expansion of colon tum-
origenicity remains to be fully elucidated, current lit-
erature recommends several mechanisms. Activation of 
PPAR-δ by FA components of a high-fat diet, hormonal 

imbalance related to obesity including insulin/IGF-1 
resistance and adiponectin decline, increase in inflam-
mation, and metabolic alteration by high-fat diet-induced 
obesity and microbiota dysbiosis could be named [88].

PPAR‑ δ activation with fatty acid
PPAR-δ is a key regulator participating in fatty acid oxi-
dation [89]. Several studies on the role of PPAR-δ in 
intestinal carcinogenesis propose that PPAR-δ acts as a 
transcriptional target for the Wnt/β-catenin signaling 
[77, 90]. In mice treated with high-fat diet or a PPAR-δ 
agonist, WNT/β-catenin pathway was activated and 
formed organoids, indicating a stemness acquisition and 
tumor-initiating potential in response, in a subset of non-
ISC progenitors (but not terminally differentiated cells). 
Furthermore, the authors indicated that the sensitivity of 
ISCs to the Wnt/b-catenin pathway was elevated, thereby 
sustained more stemness in the crypt. They demonstrated 
that a high-fat diet stimulated PPAR-δ pathway and pro-
moted Wnt target genes expression (Jag1, Jag 2 and 
Bmp4) in ISCs and progenitors. Jag1 and Jag 2 are ligands 
for the Notch pathway and are expressed by neighboring 
Paneth cells, which mediate juxtacrine Notch signaling in 
nearby ISCs to inhibit the secretory cell differentiation. 
Following decrease of Paneth cells with a high-fat diet, 
proximate ISCs or progenitor cells would alternatively 
provide Notch ligands [77]. These researchers provide 
documents that show fatty acid drive ISCs to niche inde-
pendence. An increase in PPAR-δ expression with a high-
fat diet in ISC was also observed in another study [91]. 
Two main pathways have been suggested regarding the 
transfer of PPAR-δ ligands to the nucleus. Firstly, fatty 
acids can transport to the nucleus by fatty acid-binding 
proteins (FABPs). In the Second way, ligands are formed 
in the nucleus as a product of lipid metabolism [77].

In addition, It is uncovered that Lgr5 receptor directly 
affects Wnt signaling pathway [92]. The mechanism pro-
posed involves binding of LGR5 to R-spondin in stem 
cells, which increases the internalization of the frizzled- 
Wnt-LRP6 into the cell, leading to induced phospho-
rylation of Lrp6, and consequently increased β-catenin 
activity [93].

Together, these documents support the point that fatty 
acid component of a high-fat diet gives rise to ISC pro-
liferation, Paneth niche cell independence, and stemness 
characteristic in gut progenitors through activating Wnt/
β-catenin pathway downstream of PPAR-δ [51]. Further 
research is needed to disclose whether PPAR-δ activation 
by various high-fat diet components, a ketogenic diet, or 
prolonged obesity are associated with tumor initiation.
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Hormonal alteration associated with obesity
Obesity is associated with an imbalance of endocrine 
hormone signaling, especially impairments in insulin/
IGF-1 pathway, decrease of adiponectin signaling, and 
leptin over-secretion and resistance.

Leptin
Obesity is associated with abundant circulating leptin; 
however, it stimulates numerous cellular processes that 
attenuate sensitivity to leptin leading to development 
of a metabolic disorder, known as leptin resistance [94]. 
Leptin is acts as a growth factor for many tissue such as 
the mammary gland, lung, liver, and colonic epithelium 
[95, 96]. It is shown that leptin stimulates proliferation 
of breast non-neoplastic cells and increases stem/pro-
genitor numbers leading to a higher chance of cancer 
development. The elevated leptin disrupt cell polarity by 
overstimulation of the PI3K/Akt signaling. These effects 
are associated with increased tumorigenesis in breast 
tissue [97]. However, concerning the colon cancer, it is 
demonstrated that high-fat diet in the ob/ob mice, with 
a lack of leptin receptor, increased ACF multiplicity, as 
an early indicator of tumorigenesis [98]. Likewise, in a 
genetic mice model with leptin receptor knockout, high-
fat diet increased ACF numbers [99]. The leptin recep-
tor–deficient (db/db) mouse is a model of obesity that 
mice developed obese on chow or control food, not HFD. 
Interestingly, it is demonstrated that gut alteration in 
these mice is unlike to what is occurred in HFD-treated 
group [77]. For example, db/db mice fed chow show 
larger small intestinal mass and size, smaller crypts, and 
extensive villi compare to their wild-type mice. The quan-
tities of ISCs and also Paneth cells are decreased; how-
ever, stem cell function is similar to control group. Lastly, 
PPAR-δ and Wnt/β-catenin signaling pathways are not 
altered in the ISCs and progenitors [51, 77].

Furthermore, although leptin receptor expresses in 
colon epithelial cells [95], it was not expressed in the 
colonic Lgr5 + stem cells and treatment with leptin did 
not affect numbers of Lgr5-GFP + stem cells [80]. Nev-
ertheless, researchers demonstrated the roles of leptin 
receptor signaling in CRC development mediated via 
stimulation of STAT3 signaling [99, 100]. Collectively, 
these documents propose that leptin may play a small 
role in intestinal stem cell function and early stages 
of tumor formation, but possibly are involved in CRC 
progress.

Insulin/IGF‑1
The insulin/IGF-1 signaling pathway may be involved in 
modulation of intestine epithelium hemostasis following 
obesity. Obesity is associated with high concentrations of 
circulating insulin and IGF-1 secreted from the pancreas 

and hepatic tissue. Obesity is also associated with ele-
vated levels of local gut IGF-1 secreted from the mesen-
chymal cells around the ISCs [101]. Insulin receptors (A 
and B) as well as IGF-1 receptors are produced in ISCs. 
Elevated circulating and local levels of insulin and IGF-1 
in the ISC microenvironment induce proliferation of 
ISCs [22]. Furthermore, the blood concentration of insu-
lin and IGF-1 are significantly associated with increased 
colorectal cancer incidence, independently of weight 
and environmental factors [51, 102]. The IRS1 is mark-
edly greater produce in CRC cells than normal mucous, 
proposing that the insulin pathway act as a stemness and 
cancer-initiating signaling, parallel to its function in stem 
cells [22, 103].

Mah et  al. [22] demonstrated HFD-induced obesity 
enhanced proliferation and self-renewal of Sox9-EGFPLow 
ISC, which are enriched for the Lgr5, and reduced num-
bers of Paneth and goblet cell in mice. Obtained ISC from 
HDF-treated mice produce fewer enteroids, indicating 
impaired ISC function. However, this reduced enteroid 
formation was reversed by insulin and IGF1, proposing 
that insulin/IGF-1 signaling mediates stemness acquisi-
tion of ISC in HFD-induced obesity [22]. Besides, Zhou 
et al. revealed that insulin and IGF-1 increased the pro-
liferation of ISC obtained from obese individuals through 
the PI3K/Akt pathway. It showed that the canonical ERK 
pathway was not involved in the increased proliferation. 
The authors suggested that the abnormal renewal of 
intestinal epithelial may be associated with inconsistency 
in signaling between PI3K/Akt and ERK pathways which 
caused insulin/IGF-1 resistance [104]. A role for PI3K 
pathway is suggested in regulation of cell cycle and apop-
tosis through inhibition of cell cycle inhibitors (e.g., phos-
phorylation of p21Cip1, and  p27kip1) and inactivation of 
apoptotic substrates (e.g., Bcl-2-associated death pro-
moter (BAD), procaspase-9) [105], as well as modulating 
the activity of several transcription factors such as Fork-
head family of transcription factors (FoxO), and mTOR 
[106, 107]. Ostermann er al. showed that HFD-induced 
obesity increased insulin resistance in intestinal epithelial 
cells. The impairment in AKT signaling by high-fat diet-
induced obesity resulted in FOXO1 transcription fac-
tor trap in nucleus, which caused desmosomal cadherin 
Dsc3 deregulation, c–Myc over-expression, as well as an 
increase in mitogen activation and tight junction cleav-
age in colon cells, consequently giving rise to colon tum-
origenesis [108]. However, one study demonstrated that 
obesity/high-fat diet-induced obesity did not affect the 
Lgr5 + ISCs proliferation and fails to stimulate Akt path-
way in ISCs (LRG1, Bmi1 + , Lrig1 +) or progenitor cells. 
In addition, other proliferation-related signaling, includ-
ing MAPK and Wnt were not altered. The authors dem-
onstrated that phosphatase and tensin homolog (Pten), a 
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natural inhibitor of Akt pathway, loss is unnecessary for 
tumor formation in Lgr5 + ISCs. However, Pten defi-
ciency accompanied by Apc loss in Lgr5 + ISCs, synergis-
tically raised proliferation, tumorigenesis, and death rate. 
Therefore, obesity-induced tumorigenesis in ISC seems 
to be more dependent on aberrant Wnt/β-catenin than 
the PI3K-Akt pathway [91]. These inconsistent findings 
might be the result of variations in duration and compo-
sition of the high-fat diets that used.

Adiponectin
It is well known that adiponectin decreases in obese peo-
ple. Dissimilar to the leptin receptor, both adiponectin 
receptors (AdipoR1 and AdipoR2) and their downstream 
pathway targets (Appl1, AMPK, and LKB1) were found 
in ISCs [80]. The literature proposes that adiponectin can 
stimulate a plethora of downstream signaling like MAPK, 
PI3K/Akt, AMPK, STAT3, and NF-kB. AMPK stimulates 
cell proliferation and development through PI3K/AKT/
mTOR, thereby inhibiting tumorigenesis [52, 109, 110]. 
On the contrary, adiponectin administration decreased 
the number of polyps and tumor mass and increased 
apoptosis [111–113].

DeClercq et  al. demonstrated that in high-fat diet 
treated mice higher quantity of GFP + stem cells, an 
increase in Lgr5-GFP + cell division, and a decline apop-
tosis was observed. Using the colonic organoid culture, 
the researchers found that adiponectin receptor ago-
nist diminished GFP + stem cell numbers and increased 
apoptosis in lean mice, but obesity alleviates this effect. In 
addition, it was shown that obesity may increase stem cell 
numbers in the intestine and increase tumor formation 
following decrease of adiponectin signaling [80]. Also, 
Paneth cells can secret adiponectin, FABP4, and adipsin, 
which can modulate numerous physiological functions 
such as metabolic syndrome in autocrine, paracrine, and 
endocrine manners. The release of adiponectin in Paneth 
cells may regulated via intestinal tract bacteria Lactoba-
cillus through NFkB activation [114]. As was noted, obe-
sity/high-fat diet-induced obesity decreased Paneth cells. 
Therefore, it is speculated that high-fat diet-induced obe-
sity and obesity-induced bacterial dysbiosis may alter ISC 
function and numbers through adiponectin drop follow-
ing Paneth cell reduction.

Altogether, insulin/IGF1 and adiponectin may play a 
role in predisposing ISCs to tumorigenesis. However, fur-
ther researches are mandatory to convincingly disclose 
the effects of the insulin/IGF-1 or adiponectin signaling 
pathways on ISCs response in obesity regarding tumor 
initiation.

Low grade inflammation associated with obesity
Inflammation has been demonstrated to induce the pro-
liferation of intestinal progenitors and stem cells via local 
inflammation caused by myofibroblasts and immune cells 
such as dendritic cells, and macrophages [115]. This local 
cell accumulation causes the release of cytokines, includ-
ing IL-22, IL-6, IL-17, and TNF-alpha [115, 116], thereby 
accelerates the growth and proliferation of intestinal pro-
genitors and stem cells. In contrast to the direct effect 
on ISCs/progenitors, immune cells may also indirectly 
affect ISCs by regulating other cells within the stem cell 
niche. For instance, Regulatory T cells play important 
roles in maintain the homeostasis of lamina propria, a 
contributor of the IESC niche [117]. Immune cell-derived 
cytokines, IL1A and IL1B, drive changes in inflammatory 
responses and extracellular matrix metabolism in myofi-
broblasts of lamina propria [118].

Latest researches have acknowledged a panel of 
immune changes associated with an adaptive immune 
response that are impacted by obesity, such as the 
elevated CD8 cytotoxic T cell reaction,  shifts to Th1/
Th17 T cell populations, the reduced number of regula-
tory T cells, which plays a significant role in additional 
recruiting M1 macrophages and following inflamma-
tion [119, 120].Some studies demonstrated that high-fat 
diet-induced obesity increases the inflammatory media-
tors in the intestinal mucosa. For instance, in a model 
of Genetic TNF-α−/− mice high-fat diet-induced obe-
sity enhanced phosphorylation of GSK3β and entered 
β-catenin to the nucleus, thereby, increased the levels of 
Wnt signaling target genes (C-myc, Cyclin D1, and Axin 
2). Nevertheless, the deletion of TNF-α diminished these 
effects—indicating the role of TNF-α induced inflam-
mation on colon carcinogenesis associated with high-fat 
diet-induced obesity [83]. Similar results were indicated 
in other studies [121–123]. It should be noted that, the 
increased level of inflammatory cytokines were different 
in high-fat diet-induced obesity and genetic-induced obe-
sity as IFNγ and TNF-α elevated in genetically-induced 
obesity, while IL-6 elevated in diet-induced obesity [124].

It is speculated that inflammation expands colon cell 
progenitors or stem cells. In this regard, Schwitalla 
et  al. showed that NF-kB activation could stimulate 
the Wnt pathway and cause reprogramming of Lgr5- 
enterocytes to acquire stemness features, thereby trans-
forming them to tumor-initiating cells. In fact, NF-kB 
activation results in binding of RelA/p65 to β-catenin 
dependent on TNFα and oncogenic K-ras. Given that, 
oncogenic K-ras can lead to dedifferentiation of Apc-
deficient enterocyte through NF-kB activation, in  vitro 
[56]. High-fat diet-induced obesity expanded colon stem 
cell zone and proliferative zone prior to obesity onset 
and insulin resistance in a pig model. This increase in 
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the proliferative cells may be owing to the inflammation 
induced by intestinal bacterial flora dysbiosis. Innate 
inflammatory markers TLR- 4, NF-kB, LCN-2, and IL6 
were highly correlated with proliferative zone, but not 
the stem cell zone; thereby, affecting the proliferative fea-
ture of colonic progenitor cells [125].

Besides, one study indicated that a high-fat diet 
depleted intestinal eosinophil in mice, causing a defect 
in gut barrier integrity. However, a high-fat diet did 
not increase inflammation of the gut. The gene expres-
sion of CD11b, CD11c or IL-1β genes were not affected; 
however, TNF-α and MCP-1 gene expression decreased 
[126]. Other studies found no connection between the 
high-fat diet-induced obesity and its predominant fatty 
acid components with activation of inflammatory sign-
aling (e.g., TNF-α, Infg, the NFκB or the STAT-3) in the 
APC l/l model mice epithelium or organoids, inflam-
matory cytokine (IL1, IL6, IL17) receptors in colonic 
Lgr5 + stem cells [77], and inflammatory cytokine (IL1, 
IL6, IL17) receptors in colonic Lgr5 + stem cells [80]. 
HFD has also caused elevated circulating and adipose 
tissue levels of the prostaglandin E2 (PGE2), a prosta-
glandin that has increased Lgr5-GFP + cell number and 
stimulates cell division in Lgr5 organoid cultures [80].

Altogether, the current data indicate that inflammation 
might have a role in reprogramming of progenitors (or 
differentiated) cells in the Genetic TNF-α−/− /APC−/− 
mice models. However, the data that supports the effect 
of high-fat diet-induced inflammation on ISCs leading to 
tumorigenesis is contradictory. This inconsistency may 
be associated with the fact that chronic inflammation is 
not usually reproducible in mice. It may as well relate to 
the differences in mice feed between studies [88]. More 
studies with well-matched diets and a more reliable 
genetic model are needed to elucidate the effects of obe-
sity-induced inflammation on ISCs for tumor formation.

Interaction between fats, carbohydrates and gut 
microbiota
As mentioned above, a high-fat diet can affect the intes-
tinal stem cells or progenitor cells to induce proliferation 
or reprogram these cells, thereby make them susceptible 
to tumorigenesis. However, studies have examined the 
effects of a low-carbohydrate ketogenic diet on ISCs to 
uncover if these effects are related to dietary fat, or other 
components such as carbohydrates and proteins. A new 
study demonstrated that fat and sugar play different roles 
in intestinal homeostasis. In fact, a high-fat-diet-induced 
ketogenesis enhances ISCs function, self-renewal, and 
epithelial regeneration via beta-hydroxybutyrate (βOHB), 
which enhance Notch pathway in ISCs. Nonetheless, 
a high sugar supplement diminished these effects by 
decreasing βOHB production [127]. The presence of 

glucose may also partially explain the contrary results of 
treatment with βOHB in cancer cells [128, 129]. There-
fore, the presence of carbohydrates into a high-fat diet 
and the effect of interaction between them on ISC func-
tion should always be considered [127].

A recent study found that constitutive activation of a 
glycolytic and non-oxidative processes of carbohydrate 
metabolism might make ISCs susceptible to tumorigen-
esis. The Authors indicated that, in various mouse intes-
tinal cancer models, glycolysis and related pathways 
could promote tumor formation. It was proposed that the 
decline in pyruvate oxidation in mitochondria might be 
necessary for tumor formation, and constitutive enforce-
ment of high uptake of pyruvate by mitochondria was 
enough to inhibit tumorigenesis entirely. Mitochondrial 
pyruvate carrier1 (MPC1) is a gene involved in pyru-
vate transport, required for oxidation metabolism, and 
is negatively associated with the activity of the Wnt/b-
catenin signaling in human normal and adenomatous 
colon. The deficiency of Apc (which along with further 
Wnt/b-catenin pathway activity) enforces the decline of 
the  MPC1  gene expression and establishes a glycolytic 
metabolic phenotype. These results indicate the decisive 
role of pyruvate in regulation of ISC proliferation [130].

In fact, absorptive enterocytes and secretory enteroen-
docrine can sense the nutrients and capability of others 
cell to absorb nutrients is still unidentified. Researches 
indicate that enterocytes, Paneth, and goblet cells can 
absorb the fructose [131], however, Lgr5_-ISC cells can-
not sense fructose perhaps because of low GLUT5 and 
ketohexokinase (KHK) levels [131]. On the other hand, 
Paneth cells metabolize glucose by glycolysis and secrete 
the produced lactate into their surrounding and enter the 
adjacent stem cells. Within the ISC, lactate is then con-
verted to pyruvate by lactate dehydrogenase which con-
sequently enters TCA as Acetyl CoA [132]. As previously 
discussed, high-fat diet-induced obesity is associated 
with a decrease in Paneth cell numbers in mouse intes-
tine as well as activation of Wnt/b-catenin. Therefore, it 
might cause a decline in pyruvate uptake by the ISCs and 
might activate the Wnt/b-catenin, thereby establishing a 
glycolytic metabolic state and initiate tumor formations. 
It was also demonstrated that the lactate produced by 
Lactic acid producing bacteria (LAB) was dependent on 
a lactate-specific G‐protein coupled receptor 81 (GPR81) 
on membrane cells, and induced the Wnt/b-catenin path-
way in Paneth cells and intestinal stromal cells thereby 
expanding proliferation of ISCs, goblet cells, and Paneth 
cells [133]. In addition, lactate stimulated  porcupine 
(PORCN) signaling in the Paneth cells and intestinal 
stromal cells resulting in Wnt3 expression to maintain 
ISCs [133]. Besides, high-fat diet reduces the number 
of lactic acid bacteria in the gut tract [134]. Therefore, 
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it is speculated that in the colon, where Paneth cells are 
absent, the high-fat diet decreased pyruvate uptake of 
colonic ISCs via a decrease in lactic acid bacteria, thus 
increasing tumor formation. Together, the interaction 
between high fat diet with carbohydrates and microbiota 
plays an important role in distortion of carbohydrate 
metabolism toward a glycolytic phenotype and elevated 
FA uptake into ISCs, leading to increased susceptibility of 
stem cells to tumor formation.

Complexities and limitations
As could be noted, the findings are controversial. There 
are several differences between the various studies that 
could explain the inconsistencies observed. For exam-
ple, the type of diet and obese genetic model used in 
studies are not consistent. Comparing the type of high-
fat diet (HFD), the difference in the amount of fat in 
the diet or the time and duration of treatment differs; 
[60% HFD ([77], 80, 79, 135, 75) or 45% HFD; [22], 91], 
[low-fat ([80], 135, 22) or chow ([77], 79, 75], as well as 
[2–4  months; [80], 79; 135, 75), 5–6  months [22] or 
7–14  month [77]]. Nutrient components of feed also 
may vary in different studies. Many studies used a regu-
lar rodent chow-based feed as the control mice group. 
Although mice that consume this standard diet do 
remain leaner than their HFD counterparts, it harbors a 
poor concentration of special micronutrients and macro-
nutrients as well as higher vitamin D and fiber and the 
content of these parts may also differ significantly among 
feeds [91]. Many of these components play an important 
role in cell biological activity, particularly in the intesti-
nal hemostasis, and may markedly affect the experiment 
[91]. For instance, a high-fat diet drives LGR5 expression, 
ISC transformation, and tumorigenesis in mice colon 
cancer via an increase in vitamin A-bound serum retinol-
binding protein 4-stimulated by retinoic acid 6 (RBP4-
STRA6) signaling pathway [136]. Dietary cholesterol can 
induce tumorigenesis mediated by phospholipid remod-
eling [82]. Dietary methionine-derived SAM in Drosoph-
ila intestine modulates tumorigenesis through regulation 
of the cytokine upd3 expression (137). Fiber can inhibit 
ISC division through production of butyrate and micro-
biota profile alteration [138]. Dietary glutamate increases 
ISC proliferation through modulating calcium signal-
ing in Drosophila [83]. It is also indicated that in mice 
treated with western like diet (WD), characterized by 
low vitamin D3 and calcium crypt cell differentiation and 
Wnt pathway was disturbed in colonic epithelium and 
Lgr5 + ISC was reduced. In addition, a lower vitamin D3 
or calcium level in WD raised the DNA mismatch repair 
pathway in Lgr5 + cells. WD also induced Bmi1 + cells to 
mimic stem cells function in intestine homeostasis and 
tumorigenesis [139]. Therefore, the specific contribution 

of HFD/obesity in studies with standard diet as a control, 
especially in the intestine, should be interpreted with 
prudence due to the obvious variation in nutritional val-
ues among the feeds [91].

Another issue that should be addressed is the use of 
genetic mouse models used in these studies as the model 
develops adenoma in the small intestine and often do not 
progress to invasive carcinoma. In humans, small bowel 
cancers are rare and most of the human intestinal can-
cer occurs in the colon and rectum [140, 141]. Moreover, 
many conditions that accelerate colorectal formation in 
humans, such as chronic inflammation, do not generally 
occur in mouse models [88, 142].

Conclusion
The obesity or high-fat diet-induced obesity increases the 
ISC pool and induces biological modulation in these cells. 
It is assumed that this abnormality may play an impor-
tant role in the pathogenesis of intestinal cancer. How-
ever, the exact effect of obesity/ high-fat diet-induced 
obesity on ISCs that link obesity to cancer is not well 
elucidated because of the limited mice model of cancer 
and the difference in mice feed that was used in the pre-
vious researches. Besides, the presence of both carbohy-
drates and fats should be considered for observed effect 
on ISCs. In fact, the interaction between fat and carbo-
hydrate on gut microbiota and ISCs niche appears to be 
involved in the pathogenesis of intestinal cancer. Alto-
gether, it is expected that forthcoming investigations on 
how obesity/high-fat-diet-induced obesity orchestrates 
gut homeostasis and cell metabolism provide new docu-
ments for the prevention of CRC initiation and develop-
ment. On the other hand, it is necessary to more clearly 
elucidate the role of different high-fat diets (including 
high fat and carbohydrates, and ketogenic diet) on ISC 
behavior, especially the metabolic changes in obesity/
high-fat diet-induced obesity state, and their susceptibil-
ity to tumorigenesis.
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