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Abstract 

The gastrointestinal (GI) tract constitutes a sophisticated system integral to digestion, nutrient absorption, and over-
all health, with its functionality predominantly hinging on the distinctive properties of diverse stem cell types. This 
review systematically investigates the pivotal roles of stem cells across the esophagus, stomach, small intestine, 
and colon, emphasizing their crucial contributions to tissue homeostasis, repair mechanisms, and regeneration. Each 
segment of the GI tract is characterized by specialized stem cell populations that exhibit distinct functional attributes, 
highlighting the necessity for tailored therapeutic approaches in the management of gastrointestinal disorders.

Emerging research has shed light on the functional heterogeneity of GI stem cells, with ISCs in the small intestine 
displaying remarkable turnover rates and regenerative potential, whereas colonic stem cells (CSCs) are essential 
for the preservation of the colonic epithelial barrier. The intricate interplay between stem cells and their microenvi-
ronment—or niche—is fundamentally important for their functionality, with critical signaling pathways such as Wnt 
and Notch exerting substantial influence over stem cell behavior. The advent of organoid models derived from GI 
stem cells offers promising avenues for elucidating disease mechanisms and for the preclinical testing of novel thera-
peutic interventions.

Despite notable advancements in foundational research on GI stem cells, the translation of these scientific discover-
ies into clinical practice remains limited. As of 2025, Japan’s clinical GI disease guidelines do not endorse any stem 
cell-based therapies, underscoring the existing disconnect between research findings and clinical application. This 
scenario accentuates the urgent need for sustained efforts to bridge this divide and to cultivate innovative strategies 
that synergize stem cell technology with conventional treatment modalities.

Future investigations should be directed toward unraveling the mechanisms that underpin stem cell dysfunction 
in various gastrointestinal pathologies, as well as exploring combination therapies that harness the regenerative 
capacities of stem cells in conjunction with immunomodulatory treatments. By fostering collaborative endeavors 
between basic researchers and clinical practitioners, we can deepen our understanding of GI stem cells and facilitate 
the translation of this knowledge into effective therapeutic interventions, ultimately enhancing patient outcomes 
in gastrointestinal diseases.
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Background
The gastrointestinal (GI) tract is an essential and com-
plex system that plays a critical role in the processes of 
digestion, nutrient absorption, and waste elimination. It 
comprises a sequence of interconnected hollow organs, 
including the esophagus, stomach, small intestine, and 
colon, each fulfilling specialized functions within the 
digestive continuum. The efficacy of GI function is aug-
mented by a range of accessory organs, such as the liver, 
pancreas, and gallbladder, which secrete vital enzymes 
and substances necessary for digestion and the assimila-
tion of nutrients.

A pivotal aspect of maintaining gastrointestinal health 
is the presence of various populations of stem cells stra-
tegically located throughout the GI tract. These stem 
cells are integral to tissue homeostasis, facilitating the 
continuous renewal and repair of the epithelial lining in 
response to injury and environmental challenges. Emerg-
ing research has revealed that during repair, adult GI 
stem cells transiently adopt a fetal-like transcriptional 
state—a phenomenon termed fetal reversion—which 
enhances their plasticity and regenerative capacity [1, 
2]. This process involves the reactivation of developmen-
tal signaling pathways, such as Wnt and YAP/TAZ, and 
suppression of differentiation programs, enabling tis-
sues to regain embryonic-like repair mechanisms [3, 4]. 
For instance, collagen type I in the extracellular matrix 
(ECM) facilitates mechano-transduction by binding to 
integrin receptors on stem cells, triggering downstream 
activation of YAP/TAZ transcription factors. These fac-
tors orchestrate a transcriptional program that silences 
adult lineage-specific genes and re-activates fetal mark-
ers, thereby restoring developmental plasticity [1, 3].

Distinct regions of the GI tract are characterized by 
unique stem cell populations, specialized to accommo-
date the specific physiological requirements of each area. 
For example, gastric stem cells in the stomach exhibit dif-
ferent properties and functions compared to those found 
in the small intestine and colon, reflecting their special-
ized roles in preserving the integrity and functionality of 
these tissues.

While foundational research on GI stem cells has 
predominantly utilized animal models—providing sig-
nificant insights into GI biology—such models may not 
entirely encapsulate the complexities inherent in human 
physiology. The expertise of gastroenterologists offers 
a unique vantage point in this domain, as they possess 
endoscopic access to the entire GI tract, extending from 
the esophagus to the rectum. This access facilitates the 
collection of human tissue samples that can advance 
research directly pertinent to human health. In particu-
lar, studies leveraging organoids derived from human GI 
stem cells, pioneered by Yui et al. [5], who demonstrated 

the first successful transplantation of cultured colon 
organoids into damaged murine colons to regenerate 
functional epithelium, are emerging as promising meth-
odologies for elucidating the intricacies of GI biology and 
the pathophysiology of related diseases.

By bridging the divide between animal studies and 
human-centric research, especially through the utiliza-
tion of organoid models, we can significantly enhance 
our understanding of the multifaceted roles that stem 
cells play within the GI tract. This integrative approach 
not only contributes to the development of innovative 
therapeutic strategies but also addresses the pressing 
need for translational research that is directly relevant 
to improving human health outcomes. As we explore the 
interplay between GI stem cells and various gastroin-
testinal disorders, our aim is to contribute meaningfully 
to the advancement of clinical practices and to enhance 
patient care within the field of gastroenterology.

Esophageal stem cells
Development and homeostasis
The esophagus develops from the anterior foregut endo-
derm, sharing a common embryological origin with the 
respiratory system. Throughout its development, the 
esophageal epithelium transitions from a simple colum-
nar to a stratified squamous architecture, a transforma-
tion accompanied by mesenchymal differentiation into 
muscle layers. Investigations utilizing animal models 
and human pluripotent stem cell (hPSC) differentiation 
have provided insights into the roles of various signaling 
pathways, including bone morphogenetic protein (BMP) 
signaling, as well as transcription factors such as SOX2, 
in esophageal development, respiratory-esophageal sep-
aration, and epithelial morphogenesis. These signaling 
pathways, essential during ontogeny, can also be reacti-
vated under pathological conditions affecting the mature 
esophagus and its stem cell populations [6, 7].

The epithelium maintains a crucial equilibrium 
between cellular proliferation and differentiation in the 
adult esophagus. This is characterized by the activity of 
basal cells, which proliferate, migrate toward the lumen, 
differentiate, and ultimately undergo apoptotic cell death. 
Although the precise identification and characteriza-
tion of esophageal stem cells remain complex challenges, 
recent studies have suggested the existence of a poten-
tial stem cell population localized within the basal cell 
compartment. These cells exhibit self-renewal capabili-
ties, as demonstrated through clonogenic assays, three-
dimensional organotypic cultures, and in  vivo epithelial 
reconstitution following injury. Importantly, these puta-
tive stem cells are capable of giving rise to both undiffer-
entiated and differentiated progeny, underscoring their 
significant regenerative potential [8, 9].
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Recent advancements in research methodologies, 
including bromodeoxyuridine (BrdU) label-chase experi-
ments, single-cell RNA sequencing (scRNA-seq), and 
DNA methylation profiling in rat models and organoid 
systems, have elucidated a subpopulation of slow-cycling 
or quiescent stem cells within the basal layer of the 
esophagus. These quiescent cells are characterized by ele-
vated levels of hemidesmosomes (HDs) and diminished 
Wnt signaling activity. Trajectory analysis from scRNA-
seq data suggests that these quiescent basal cells initi-
ate critical cell fate decisions, leading to the generation 
of proliferating and differentiating cells within the basal 
layer, which subsequently undergo further differentiation 
in supra-basal and differentiated layers. Disruptions in 
HD expression or Wnt signaling can significantly impair 
this process, thereby affecting organoid development and 
highlighting the intricate interplay between these factors 
in maintaining esophageal homeostasis [9]. Furthermore, 
investigations utilizing mouse models have uncovered a 
heterogeneous population of basal cells exhibiting vary-
ing degrees of stem cell potential, which is regulated by 
signaling pathways including Sox2, Wnt, and BMP, indi-
cating the presence of a non-quiescent stem cell popula-
tion within the esophageal basal epithelium [6].

Esophageal diseases and therapeutic applications
Esophageal stem cells have therapeutic potential in treat-
ing various pathologies, building on their established roles 
in homeostasis and regeneration. Disruptions in these 
processes can lead to conditions such as post-surgical 
complications, radiation damage, and esophageal cancer.

The esophageal cancer stem cell (ECSC) hypothesis 
posits a pivotal role for mutated stem cells in the progres-
sion of esophageal cancer and their contribution to thera-
peutic resistance. ECSCs can be distinguished by specific 
molecular markers, including aldehyde dehydrogenase 1 
(ALDH1) and leucine-rich repeat-containing G protein-
coupled receptor 5 (Lgr5), as well as by alterations in 
key signaling pathways, notably the Wnt/β-catenin and 
Notch pathways. These characteristics render ECSCs 
critical targets for therapeutic intervention. Innovative 
strategies aimed at disrupting these signaling cascades, 
modulating microRNA expression, and targeting hypoxic 
microenvironments associated with ECSCs hold consid-
erable promise for enhancing treatment efficacy and out-
comes in esophageal cancer [10, 11].

Stem cell therapies also offer potential for conditions 
resulting in strictures or tissue damage. For instance, 
endoscopic submucosal dissection (ESD) for early neo-
plasia can lead to post-operative stenosis, where conven-
tional treatments often fall short. Innovative approaches, 
such as using a self-cross-linkable hyaluronate hydrogel to 
deliver adipose-derived stem cells (ADSCs), have signifi-
cantly reduced stricture formation in animal models by 
enhancing cell retention and promoting tissue regenera-
tion [12, 13] (Fig. 1). Additionally, catechol-functionalized 
hyaluronic acid hydrogels encapsulating human mesen-
chymal stem cell spheroids (MSC-SPs) have been tested 
to counteract radiation-induced esophageal fibrosis. This 
method provided a supportive microenvironment for 
MSC-SPs, resulting in improved tissue structure, reduced 
fibrosis, and enhanced epithelial regeneration [14].

Fig. 1  Stem cell-based therapy for post-ESD esophageal stricture prevention. A Schematic representation of endoscopic submucosal 
dissection (ESD) in the esophagus, involving the removal of mucosal (m), submucosal (sm) above muscularis propria (mp) layers. B Application 
of a self-cross-linkable hyaluronate hydrogel loaded with adipose-derived stem cells (ADSCs) to the resection site. The hydrogel enhances ADSC 
retention and promotes tissue regeneration. (C) Outcome of ADSC-hydrogel therapy, demonstrating reduced stricture formation and restored 
epithelial integrity across the mucosal, submucosal, and muscularis propria layers. This approach mitigates post-ESD complications by leveraging 
ADSC-mediated regenerative mechanisms, as demonstrated in preclinical models
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Overall, these studies highlight the potential of stem 
cell-based therapies, particularly when integrated with 
advanced delivery systems, in treating various esopha-
geal disorders. Ongoing research focused on targeting 
ECSCs and optimizing delivery methods holds promise 
for advancing therapeutic options in this field.

Gastric epithelial stem cells
Development and homeostasis
Gastric epithelial stem cells play a pivotal role in the 
development, maintenance, and regeneration of the 
stomach lining. These cells predominantly inhabit two 
distinct anatomical regions of the stomach: the corpus 
and the pylorus/antrum. Each region is characterized 
by unique types of stem cells with specific markers and 
regulatory mechanisms, underscoring their functional 
diversity [15].

In the pylorus and antrum, Lgr5 + stem cells are located 
at the base of the glands. These cells engage in symmetric 
division, facilitating continuous renewal of the epithe-
lial layer, a process regulated by Wnt signaling pathways. 
They are identified by the expression of multiple mark-
ers, including Lgr5, CCKR2, Axin2, and AQP5 [16]. This 
stem cell population is integral to the regeneration of 
the gastric epithelium, ensuring a robust response to the 
cellular turnover dictated by the stomach’s harsh acidic 
environment. Conversely, the corpus presents a distinct 
profile of gastric stem cells, which are situated near the 
lumen in the isthmus region. Unlike their counterparts in 
the pylorus and antrum, corpus stem cells do not rely on 
Wnt signaling and do not express Lgr5. Instead, they are 
characterized by markers such as TFF2 mRNA, Mist1 +, 
and Troy + cells [15, 17]. This divergence highlights the 
specialized mechanisms adapted by different stem cell 
populations to fulfill their roles in gastric physiology.

During embryonic development, gastric epithelial 
stem cells are instrumental in establishing the stomach’s 
regionalization and patterning. Early gastric progenitors 
give rise to all differentiated cell lineages present in the 
adult glandular stomach, thereby laying the groundwork 
for the organ’s complex architecture and functionality. As 
development transitions to adulthood, these stem cells 
continue to be critical for homeostasis and tissue regen-
eration, particularly in response to injury or cellular loss 
[18]. In the adult stomach, the continuous renewal of the 
gastric epithelium is crucial, given the organ’s exposure to 
an acidic environment that limits the lifespan of epithelial 
cells [15, 16]. Stem cells in both the pylorus/antrum and 
corpus demonstrate remarkable plasticity, particularly 
the corpus stem cells, which can increase their prolifera-
tion in response to the loss of specific progeny lineages, 
such as the acid-secreting parietal cells. This adaptability 

underscores the sophisticated regulatory mechanisms 
that govern gastric epithelial turnover [15].

The regulation of gastric epithelial stem cells is orches-
trated by an array of signaling pathways. Notably, Notch 
signaling plays a crucial role in modulating the balance 
between stem cell proliferation and differentiation within 
the antrum [19]. While Wnt signaling holds signifi-
cance in antral stem cell function, its influence is mark-
edly diminished in the corpus [20]. Additionally, factors 
such as BMPs, Shh, and growth factors including EGF 
and FGF10 contribute to regulating the processes of self-
renewal and differentiation [18, 21, 22].

Recent advances in stem cell research have facilitated 
the development of gastric organoids derived from adult 
stem cells, as well as those generated through the differ-
entiation of embryonic stem cells or induced pluripotent 
stem cells [23]. These organoids serve as valuable experi-
mental models for investigating gastric development, the 
interactions between host cells and Helicobacter pylori 
(H. pylori), and mechanisms underlying malignant trans-
formation [16, 24]. A comprehensive understanding of 
the complex dynamics governing gastric epithelial stem 
cells is essential, not only for elucidating the processes 
of stomach development and homeostasis but also for 
identifying potential therapeutic strategies for gastric 
diseases. Ongoing research in this domain continues to 
reveal the sophisticated nature of gastric epithelial stem 
cells and their integral roles in ensuring stomach func-
tion and overall health.

Gastric diseases and therapeutic applications
Abnormalities in gastric stem cell regulation are increas-
ingly recognized as critical factors in the development of 
various diseases, notably gastric cancer. One of the cen-
tral players in this process is the dysregulation of gastric 
stem cells, particularly the Lgr5 + stem cells, which sig-
nificantly contributes to the initiation and progression of 
gastric cancers and related conditions.

Chronic infection with H. pylori is a predominant fac-
tor in disrupting normal gastric stem cell function and 
elevating the risk of gastric cancer. The mechanisms 
through which H. pylori promotes carcinogenesis include 
the induction of gene mutations, most notably affecting 
the TP53 gene through the upregulation of activation-
induced cytidine deaminase (AID) [25]. This infection 
also induces aberrant DNA methylation in specific pro-
moter regions, including critical tumor suppressor genes. 
Notably, such epigenetic changes can persist even after 
the eradication of the bacterium and are correlated with 
heightened carcinogenic risk [26]. Furthermore, H. pylori 
infection has been shown to enhance the expression 
of the stem cell marker Lgr5 in gastric organoid cells, 
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potentially expanding the stem cell pool and paving the 
way for tumorigenesis [27, 28].

Another vital pathway implicated in gastric cancer 
development is the Notch signaling pathway, which plays 
an integral role in regulating gastric stem cell dynam-
ics. Dysregulation of Notch signaling can significantly 
alter stem cell behavior. For instance, Notch activation 
has been observed to promote the proliferation of gas-
tric stem and progenitor cells, while its inhibition results 
in suppressed proliferation. Additionally, the balance 
of differentiation is affected by Notch dysregulation; 
when Notch signaling is inhibited, there is an increase 
in mucous and endocrine cell differentiation, whereas 
persistent activation tends to reduce differentiation 
overall. Moreover, continuous Notch activation in Lgr5 
+ stem cells can lead to gland fission and tissue expan-
sion, potentially contributing to tumor formation and the 
development of undifferentiated, hyper-proliferative pol-
yps in the gastric antrum [19, 29].

The mTOR signaling pathway has also emerged as 
a significant player in the landscape of gastric cancer 
development. Research indicates that Notch activation 
is associated with increased mTOR signaling; there-
fore, inhibiting mTORC1 can normalize the heightened 
proliferation and gland fission driven by Notch. This 
knowledge reveals therapeutic potential, suggesting that 
targeting the mTOR pathway could be a promising strat-
egy for addressing Notch-induced gastric abnormalities 
[30].

Understanding these molecular mechanisms is cru-
cial for the effective development of targeted therapies 
aimed at gastric cancer stem cells (GCSCs). Identifying 
specific surface and intracellular markers for GCSCs can 
aid in creating novel therapeutic approaches. Moreover, 
the tumor microenvironment surrounding GCSCs con-
tributes to their maintenance and tumor progression 
through the availability of growth factors that support 
angiogenesis. Importantly, GCSCs exhibit a heightened 
capacity for drug resistance due to increased activity of 
drug efflux pumps and the synthesis of anti-apoptotic 
factors, making them less susceptible to conventional 
cancer treatments [31–34].

Gastric stem cell abnormalities, particularly those 
driven by H. pylori infection and the dysregulation of 
signaling pathways such as Notch and mTOR, play sub-
stantial roles in the development of gastric cancer and 
related diseases. A deeper understanding of these mecha-
nisms is essential for the advancement of effective pre-
ventive and therapeutic strategies aimed at combating 
gastric diseases. As research continues to uncover the 
complex interplay of these factors, new opportunities for 
intervention and treatment may arise, offering hope for 
improved outcomes in gastric cancer management.

Intestinal stem cells
Development and homeostasis
Two primary types of intestinal stem cells (ISCs) have 
been identified: the Lgr5 + crypt base columnar (CBC) 
cells and the + 4 cells. Lgr5 + CBCs are rapidly proliferat-
ing stem cells situated at the base of the intestinal crypts, 
interspersed among Paneth cells. These cells are distin-
guished by the expression of the Lgr5 marker and play a 
crucial role in the majority of epithelial turnover during 
homeostasis. Lgr5 + ISCs are multipotent and capable of 
generating all types of intestinal epithelial cells, including 
absorptive enterocytes, secretory cells (goblet, enteroen-
docrine, and tuft cells), and Paneth cells [35–37]. The + 4 
cells, named based on their position relative to the crypt 
base, constitute a more quiescent population of stem 
cells. Often referred to as reserve stem cells, these cells 
are characterized by the expression of markers such as 
Bmi1. While Lgr5 + CBCs are primarily responsible for 
daily epithelial maintenance, + 4 cells become activated 
in response to injury or stress to the epithelium, high-
lighting the plasticity of the intestinal stem cell compart-
ment [38].

Intestinal stem cells (ISCs) are fundamental to the con-
tinuous renewal of the intestinal epithelium, a process 
that transpires approximately every 3 to 5 days in mam-
mals. This rapid cellular turnover is critical for preserv-
ing the integrity of the intestinal barrier and facilitating 
optimal nutrient absorption. Lgr5 + crypt base columnar 
(CBC) cells undergo asymmetric division, resulting in the 
generation of both stem cells and transit-amplifying (TA) 
cells. Subsequently, these TA cells differentiate into the 
diverse specialized cell types that constitute the intestinal 
epithelium as they migrate upward along the crypt-vil-
lus axis. The differentiation process of ISCs is intricately 
regulated by a myriad of signaling pathways, promi-
nently including the Wnt, Notch, and BMP pathways. 
These molecular signaling avenues maintain the delicate 
equilibrium between stem cell self-renewal and differen-
tiation, ultimately ensuring a proper cellular composition 
within the intestinal epithelium [37, 39, 40].

The intestinal stem cell niche is pivotal for modulat-
ing ISC functionality and maintenance. Paneth cells, 
which represent specialized secretory cells localized at 
the base of the crypts, are integral components of this 
niche. These cells secrete crucial factors, such as epider-
mal growth factor (EGF), transforming growth factor-
alpha (TGF-α), Wnt3, and the Notch ligand Dll4, which 
collectively support ISC functionality [41–43]. The close 
physical association between Lgr5 + CBCs and Paneth 
cells is essential for sustaining stem cell activity. In vitro 
investigations have demonstrated that co-culturing ISCs 
with Paneth cells substantially enhances the formation 
of intestinal organoids, underscoring the significance of 
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this cellular interaction. Furthermore, the stem cell niche 
encompasses various stromal cell populations that pro-
vide additional support and contribute regulatory sig-
nals to ISCs, thereby accentuating the complexity of this 
microenvironment [44, 45].

Intestinal diseases and therapeutic applications
Dysfunction of ISCs is implicated in several gastrointes-
tinal pathologies. For instance, mitochondrial impair-
ments within ISCs may precipitate their transition into 
dysfunctional Paneth cells, which serves as a predictive 
marker for the recurrence of Crohn’s disease [46]. Fur-
thermore, inflammatory processes can induce metabolic 
alterations in ISCs, resulting in diminished capacities 
for differentiation and regeneration, as observed in con-
ditions such as graft-versus-host disease (GVHD) and 
inflammatory bowel diseases (IBD) [47, 48]. Inflamma-
tory bowel diseases, encompassing Crohn’s disease and 
ulcerative colitis, represent chronic inflammatory con-
ditions of the gastrointestinal tract. These maladies are 
characterized by recurrent inflammation, which may 
culminate in complications such as intestinal fistulae, 
obstruction, and hemorrhage. The continual renewal 
and repair of the intestinal mucosal epithelium under 
such circumstances is heavily reliant on the proper func-
tioning of ISCs [49, 50].

Present therapeutic modalities for IBD predominantly 
emphasize the suppression of inflammation to avert fur-
ther tissue damage. Nevertheless, achieving sustained 
remission and mucosal healing remains a formidable 
challenge. Emerging stem cell therapies, involving the 
application of hematopoietic stem cells (HSCs) and 
mesenchymal stem cells (MSCs), have demonstrated 
potential in modulating immune responses and facilitat-
ing tissue repair. Seminal work by Yui et  al. [5] laid the 
foundation for organoid-based therapies, demonstrating 
that cultured Lgr5 + colonic stem cells could regenerate 
functional epithelium in damaged murine colons. Trans-
planted organoids derived from a single Lgr5 + stem cell 
integrated seamlessly into injured tissue, forming histo-
logically normal crypts with long-term engraftment (> 
6 months). Additionally, the transplantation of ISCs into 
inflamed mucosal tissue, now extended to human trials 
using patient-derived organoids, is being investigated as 
a novel therapeutic strategy aimed at reconstructing the 
epithelial barrier in IBD [49, 51, 52](Fig. 2). Prospective 
therapeutic approaches may involve the integration of 
biological agents with ISC transplantation to augment 
treatment efficacy for patients with IBD. The develop-
ment of ISC organoids represents a promising avenue 
for both research and therapeutic intervention, offer-
ing a potential source for the regeneration of damaged 
intestinal tissues [53]. Moreover, targeting mitochondrial 

functionality within ISCs emerges as a promising direc-
tion for the treatment of intestinal disorders, as the 
remodeling of mitochondrial activity could enhance ISC 
performance and overall intestinal health [54]. The appli-
cation of vitamin D to stimulate ISC differentiation and 
function is also under investigation as a potential strategy 
for promoting intestinal epithelial restoration [55].

ISCs play a critical role in sustaining intestinal health, 
and their dysfunction is associated with a variety of gas-
trointestinal diseases. While current treatments primar-
ily focus on the suppression of inflammation, future 
strategies may leverage advancements in stem cell tech-
nology and mitochondrial targeting to improve clinical 
outcomes for individuals afflicted with IBD.

Colonic stem cells
Development and homeostasis
Colonic stem cells (CSCs) are essential for preserving 
the integrity of the colonic epithelial lining, and recent 
advancements in research have markedly enhanced our 
comprehension of their characteristics, functions, and 
implications in disease pathology. This section aims to 
elucidate these recent findings by comparing CSCs with 
small intestinal stem cells (ISCs), elucidating their roles 
in the maintenance of colon epithelium, and investigat-
ing their associations with various diseases, particularly 
inflammatory bowel disease (IBD).

Both CSCs and ISCs serve the fundamental purpose 
of maintaining and regenerating their respective epi-
thelial tissues; however, they exhibit critical differences. 

Fig. 2  Stem cell-based therapy for IBD. Intestinal crypts and cryptal 
stem cells can be harvested endoscopically from healthy intestinal 
mucosa in patients with inflammatory bowel disease (IBD). These cells 
can then be expanded in vitro using established organoid culture 
methods. Once they reach the desired number of cells, they can be 
transplanted to the target site using an endoscopic delivery method
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A notable distinction pertains to their differentiation 
potential: ISCs possess the capability to differentiate into 
five major cell types, including absorptive enterocytes, 
goblet cells, enteroendocrine cells, Paneth cells, and tuft 
cells, whereas CSCs are restricted to three distinct line-
ages, including colonocytes, goblet cells, and enteroen-
docrine cells in the colon [49]. Furthermore, a significant 
disparity exists in their radioresistance; specifically, CSCs 
demonstrate substantially higher radioresistance in  vivo 
compared to ISCs. This phenomenon can be attributed to 
variations in cell cycle reentry and the differential suscep-
tibility to mitotic cell death [56]. Additionally, molecular 
profiling has revealed distinct gene expression patterns 
between stem cells in the small intestine and those in the 
colon, with this molecular heterogeneity contributing to 
the functional differences observed across these regions 
of the gastrointestinal tract [57].

CSCs are pivotal in sustaining the health and function-
ality of the colonic epithelium, operating through sev-
eral key mechanisms. Wnt signaling emerges as a critical 
regulator of intestinal stem cell activation, with epithelial 
WNT ligands serving an indispensable role in this pro-
cess. Furthermore, GLI1-expressing mesenchymal cells 
constitute a vital Wnt-secreting niche for colon stem 
cells, thereby underscoring the significance of the stem 
cell microenvironment. The extracellular matrix (ECM) 
also contributes significantly, as its mechanical proper-
ties influence the fate of intestinal stem cells. The interac-
tion between ECM mechanics and stem cell fate proves 
crucial for the maintenance of the stem cell niche and the 
overall functionality of tissue [58, 59]. Lastly, the tran-
scription factor SATB2 has been identified as essential for 
preserving the identity of colon stem cells and mediating 
the process of ileum-colon conversion through enhancer 
remodeling, which emphasizes the importance of epige-
netic regulation in safeguarding CSC identity [60].

Colonic diseases and therapeutic applications
Abnormalities within CSC populations have been impli-
cated in various pathologies, with particular emphasis 
on IBD. Investigations utilizing mouse models of IBD-
like colitis have demonstrated the persistence of Lgr5 
+ stem cells, albeit with variable spatial patterns con-
tingent upon the specific model employed. This persis-
tence stands in contrast to the total depletion of these 
cells observed in the DSS model, indicating that dis-
tinct forms of intestinal inflammation may differentially 
impact CSC populations [61]. Moreover, Krt19 +/Lgr5 
− cells have been characterized as radioresistant cancer-
initiating stem cells within both the colonic and intes-
tinal contexts, yielding critical insights into the origins 
of colorectal cancer and facilitating the development 
of targeted therapeutic strategies [38]. Recent research 

has highlighted changes in the diversity of colonic epi-
thelial cells in patients with inflammatory bowel disease 
(IBD). Specifically, there is a positional remodeling of 
goblet cells, which coincides with the downregulation of 
WFDC2, an antiprotease molecule expressed by goblet 
cells that inhibits bacterial growth. These modifications 
also involve changes in stem cell populations, contrib-
uting to disease pathogenesis and potentially revealing 
new avenues for therapeutic intervention [62]. Addi-
tionally, the gut microbiota has emerged as a pivotal 
factor influencing the intestinal stem cell niche under 
both homeostatic and inflammatory conditions. A spe-
cialized group of microbes, crypt-specific core micro-
biota, reside in close proximity to ISCs, form a unique 
microbial niche that directly impacts stem cell function. 
An enhanced understanding of this intricate relation-
ship may pave the way for innovative approaches aimed 
at preserving stem cell functionality and treating intesti-
nal disorders [63].

Recent research has considerably advanced our under-
standing of colonic stem cells, elucidating their unique 
properties and their significance in both health and dis-
ease. These findings offer valuable insights that could 
inform the development of novel therapeutic strategies 
targeting CSCs in various gastrointestinal disorders, par-
ticularly in the context of IBD.

Conclusions
The gastrointestinal (GI) tract is a highly intricate system 
whose integrity and function are sustained by the diverse 
properties of various stem cell populations. This review 
underscores the specialized roles that distinct regional 
stem cells—specifically those in the esophagus, stomach, 
small intestine, and colon—play in tissue homeostasis, 
repair, and regeneration. A nuanced understanding of 
these differences is paramount for both basic researchers 
and clinical practitioners, as it lays the groundwork for 
the development of targeted therapeutic approaches for 
gastrointestinal disorders (Fig. 3).

Recent research has illuminated the functional heter-
ogeneity of stem cells within the GI tract. For instance, 
intestinal stem cells (ISCs) in the small intestine are 
distinguished by their rapid turnover rates and robust 
capacity for epithelial regeneration, whereas colonic 
stem cells (CSCs) exhibit unique characteristics that are 
essential for maintaining the integrity of the colonic epi-
thelial lining. This functional specialization emphasizes 
the necessity for tailored therapeutic interventions that 
correspond with the specific stem cell types implicated in 
various GI conditions. Notably, emergent stem cell thera-
pies aimed at ISCs for inflammatory bowel disease (IBD) 
may prove ineffective for pathologies predominantly 
affecting the colon, where CSCs are more influential.
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Furthermore, the interaction between stem cells and 
their specific microenvironments, or niches, is crucial for 
their optimal functionality. Advancements in elucidating 
the signaling pathways, particularly the Wnt and Notch 
pathways, that govern stem cell dynamics offer signifi-
cant insights into potential manipulation for therapeutic 
ends. Targeting these signaling pathways may enhance 
stem cell functionality, thereby improving patient out-
comes in those afflicted with GI disorders. Additionally, 
the emergence of organoid models derived from GI stem 
cells represents a promising avenue for both experimen-
tal and therapeutic exploration. These models facilitate 
the investigation of disease mechanisms and the assess-
ment of novel treatments in a controlled setting.

While considerable foundational research on GI 
stem cells has been conducted using animal models, 
the prospects for human-based studies are increasingly 

encouraging. Gastroenterologists have endoscopic access 
to the entire GI tract, from the esophagus to the rectum, 
which affords the opportunity to collect human tissue sam-
ples for research purposes. Such access enables the devel-
opment of human-derived organoid studies, which hold the 
potential to yield insights that are more directly translatable 
to human health than those derived from animal models.

Despite the advancements in our understanding of GI 
stem cells, several challenges persist. The translation of 
basic research findings into clinical applications remains 
limited, as evidenced by the absence of any recom-
mended stem cell-based therapies in clinical GI disease 
guidelines in Japan as of 2025. This situation should not 
be regarded as a setback; rather, it underscores the press-
ing need for sustained efforts to bridge the gap between 
research and clinical application. The quest for achieving 
sustained remission and mucosal healing in conditions 

Fig. 3  Current landscape of stem cell therapies for gastrointestinal tissue repair. This figure presents an overview of the emerging applications 
and effectiveness of stem cell therapies throughout various regions of the gastrointestinal tract. Esophagus: adipose-derived stem cells (ADSCs) 
have demonstrated efficacy in mitigating post-endoscopic submucosal dissection (ESD) stricture formation in mouse models. Mesenchymal stem 
cell spheroids (MSC-SPs) have been effective in diminishing fibrosis resulting from radiation exposure in animal studies. Stomach: currently, there 
are no available stem cell-based therapies reported in either animal models or clinical trials, indicating a significant gap in research opportunities. 
Small intestine and colon: hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), and intestinal stem cells (ISCs) have demonstrated 
their potential for effective tissue repair in animal studies and are under active evaluation in clinical trials. Research into the roles of microbiota 
and dietary-related stem cell therapies is emerging as a promising avenue for gastrointestinal tissue repair. This figure highlights significant 
advancements in stem cell research aimed at gastrointestinal tissue repair, while also identifying critical areas that warrant further investigation. The 
potential applications of various stem cell types and their associated therapies offer promising solutions for addressing gastrointestinal damage 
and diseases throughout the digestive tract



Page 9 of 10Bai et al. Inflammation and Regeneration           (2025) 45:15 	

such as IBD remains a formidable challenge, highlighting 
the need for innovative strategies that integrate stem cell 
technologies with existing therapeutic modalities.

Future research endeavors should prioritize elucidat-
ing the mechanisms underlying stem cell dysfunction 
across a spectrum of gastrointestinal diseases. Addi-
tionally, exploring combination therapies that leverage 
the regenerative capabilities of stem cells in conjunction 
with immunomodulatory treatments holds significant 
promise. By fostering collaborative efforts between basic 
researchers and clinical practitioners, especially through 
the utilization of human samples and organoid models, 
we can enhance our understanding of GI stem cells and 
translate this knowledge into effective therapeutic inter-
ventions for patients with gastrointestinal disorders.

In conclusion, the expanding body of literature sur-
rounding GI stem cells highlights their fundamental role 
in preserving gastrointestinal health and their poten-
tial as therapeutic targets. Continued exploration of the 
distinct properties of various stem cell types, along with 
their interactions within the GI tract, will be essential for 
advancing the field and improving patient outcomes.
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