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Abstract
Purpose  Notch and Wnt/β-catenin signaling are responsible for regulation of intestinal stem cells (ISCs) proliferation and 
differentiation. The purpose of the study was to evaluate Wnt/β-catenin and Notch signaling roles in regulation of ISC dif-
ferentiation following ischemia–reperfusion (IR) injury in a rat.
Methods  Rats were assigned into two groups: Sham rats underwent laparotomy without vascular intervention and IR rats 
underwent occlusion of SMA and portal vein for 20 min followed by 48 h of reperfusion. Wnt/β-catenin and Notch-related 
gene expression were determined using Real-Time PCR. Enterocyte proliferation, differentiation and Wnt-related proteins 
were determined by immunohistochemistry.
Results  IR rats demonstrated a significant decrease in β-catenin gene expression, a decrease in cyclin D1 and β-catenin 
positive cells in jejunum and ileum compared to Sham rats. IR rats demonstrated a significant increase in Notch-related gene 
expression in jejunum and ileum compared to Sham rats. The number of secretory cells was higher mainly in the jejunum 
and number of absorptive cells was significantly lower in jejunum and lower in ileum in IR rats compared to Sham rats.
Conclusions  Intestinal stem-cell differentiation is toward secretory cells 48 h after IR injury; however, Wnt/β-catenin pathway 
inhibition and Notch-related gene expression stimulation suggest crosstalk between pathways.
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Introduction

Ischemia–reperfusion intestinal (IR) injury is a complex 
process which leads to intestinal mucosal cell death dur-
ing ischemia by a decrease in oxygen delivery, dropping of 
cellular energy stores and accumulation of toxic metabo-
lites. Furthermore, the reintroduction of oxygen during rep-
erfusion may initiate a cascade of events that exacerbates 
intestinal tissue injury via formation of reactive oxygen spe-
cies (ROS) and nitrogen species [1]. The increase in ROS 
and nitrogen species production strengthens damage to the 
endothelium and increase permeability of the epithelium [2], 

which leads to translocation of bacteria and their products 
into the systemic circulation, infiltration of polymorphonu-
clear leukocytes and mast cells that secrete several cytokines 
(TNF-α, IL-1 and IL-8), platelet activating factor, eicosa-
noids, leukotrienes and other mediators, which can promote 
a systemic inflammatory response, multiple organ failure 
and even death [3, 4]. Additionally, nowadays, it is known 
that apoptosis triggered by IR is a significant, and perhaps 
the principal contributor to cell death after IR [5, 6].

The process of intestinal cells regeneration, which is also 
known as intestinal cell turnover is possible due to intestinal 
stem cells (ISCs) proliferation and differentiation to absorp-
tive and secretory types of cells, which migrate and replace 
the preceding intestinal epithelial layer. The regeneration 
rate of the intestinal cells is balanced by stem-cell prolifera-
tion and differentiation on the one hand and on apoptosis of 
the cells on the other hand, and is regulated by interaction of 
the epithelium and the stromal layer of intestinal tissue [7].

Four main signaling pathways known as Hedgehog, Bone 
Morphogenetic Protein (BMP), Wnt/b-catenin and Notch 
regulate proliferation and differentiation of ISCs [8]. ISCs 
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are capable to divide either to intestinal absorptive cells 
called enterocytes or to secretory cells which are goblet 
cells, endocrine cells and Paneth cells [9, 10]. Wnt/b-catenin 
signaling contains two pathways, β-catenin-dependent 
(canonical) and β-catenin-independent (non-canonical) [11, 
12]. It is known that the canonical Wnt signaling pathway 
is involved in cell proliferation and differentiation through 
transcription of Wnt responsive genes in the cell nucleus 
like c-Myc [13]. Notch signaling is also believed to drive 
intestinal stem cells differentiation through activating tar-
get genes in the nucleus like Hes-1 which is responsible 
for differentiation of precursor cells into enterocytes [14, 
15]. It is known that when Notch signaling is inhibited the 
ISCs differentiate to secretory cells and when Notch signal-
ing is activated the differentiation of ISCs to secretory cells 
is ceased [10, 14, 16].

The purpose of this study was to evaluate the roles of 
Notch and Wnt/b-catenin signaling in ISC differentiation 
process after ischemia–reperfusion injury in a rat.

Materials and methods

Animals

Experimental animals were handled according to the stand-
ards of care and use of animals as mentioned in the Guide for 
the Care and Use of Laboratory Animals (Sourasky Faculty 
of Medicine, Tel Aviv, Israel). Sprague–Dawley male rats 
(weighing 250–270 g) were stored in pairs at 21 °C regime 
and on 12-h day and night cycles for 7 days prior to the 
experiment. The animals were fed with standard chow and 
had free access to water and were only allowed access to 
water 24 h before the operation.

Experimental design

The rats were randomly divided into two experimental 
groups. Group A (Sham) rats underwent laparotomy, iden-
tification of the superior mesenteric artery (SMA) and por-
tal vein (PV) without their occlusion and were sacrificed 
48 h after operation. Group B (IR) underwent laparotomy 
in which both SMA and PV were occluded for 20 min fol-
lowed by 48 h of reperfusion. All animals were sacrificed 
by carbon dioxide (CO2) inhalation according to AVMA 
Guidelines for the Euthanasia of Animals.

Surgical procedure

The experimental animals were anaesthetized by injection 
of ketamine (90 mg/kg) and xylazine (15 mg/kg) subcutane-
ously (SC) after an overnight fast. Opening the abdomen was 
done using a midline laparotomy. In the sham groups, the 

SMA and PV were isolated but not occluded. In the inter-
vention group, the SMA and PV were occluded using atrau-
matic microvascular clamps, causing intestinal ischemia. 
During ischemic period, the abdominal wound was covered 
by wet gauze to prevent heat and fluid loss. After 20 min, 
the abdomen was re-opened and the clamp was removed 
and the ischemic bowel was returned into the abdomen. The 
abdominal cavity was washed with a 3-ml IP injection of 
0.9% saline before closure. The abdomen was closed using 
3/0 Vicryl (Ethicon Corporation, USA) in two layers of run-
ning suture. The rats were allowed free access to water 6 h 
after operation. The rats were sacrificed 48 h after operation.

Intestinal microscopic appearance

During sacrificing the animals after operation, the small 
intestine was extracted, excised and rinsed with cold 0.9% 
saline and divided into two segments: proximal jejunum 
and terminal ileum. Both segments were cut longitudinally 
and in each the mucosa was scraped using a glass slide and 
collected. Histologic sections were performed from the 
bowel segments by fixation in 4% buffered formalin for 
24 h and processed into paraffin blocks. Five-micrometer 
paraffin-embedded tissue slices (5 µm) were stained with 
hematoxylin and eosin. The villus height and crypt depth for 
each specimen were measured using an objective mounted 
micrometer (X100 magnification) and an optical microscope 
(10X100 magnification). Villus height and crypt depth 
measurement consists of the mean of five villi and crypts.

Real‑time PCR

Trizol (Invitrogen) reagent was used to isolate ribonucleic 
acid (RNA) according to the manufacturer’s protocol. 
Spectrophotometry of 260/280 nm was used to quantify the 
extracted RNA. Thereafter, 500 ng of total RNA was con-
verted into complementary DNA (cDNA) by reverse tran-
scriptase (qScriptcDNA Synthesis Kit Quantabio, USA). 
Next, cDNA was amplified by PCR-Thermal Cycler (2720 
Thermal Cycler, ABI, Israel). Gene expression of β-catenin, 
cyclin D1, c-Myc, Jag2, DLL was determined by quantita-
tive real-time polymerase chain reaction (PCR) ABI-PRISM 
7000 (applied Biosystems, Foster City, California, USA) on 
cDNA samples using PerfeCTa SYBR Green FastMix, Low 
ROX (Quantabio, USA) except for template and primers.

Immunohistochemistry

The proliferation of crypt cells was evaluated using 
immunohistochemistry for nuclear protein Ki-67. Tissue 
slices were stained with Ki-67 monoclonal antibody (Ki-
67 a recombinant monoclonal antibody, dilution 1:200). 
The index of proliferation was set as the ratio of positive 
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stained crypt cells for Ki-67 per ten crypts. The detec-
tion of Wnt/β-catenin signaling pathway was done using 
immunohistochemistry for β-catenin (β-catenin cleaved 
polyclonal antibody, dilution 1:100) and Cyclin D1 (Cyc-
lin D1 cleaved polyclonal antibody, dilution 1:50). Posi-
tive cells were identified using a combination of strepta-
vidin–biotin–peroxidase method and microwave antigen 
retrieval on formalin-fixed, paraffin-embedded tissues 
in accordance with manufacturer's protocols. β-Catenin 
staining distribution was scored as M (membranous) 
when the intercellular borders of enterocytes were stained 
positively; H (heterogeneous) when the intercellular bor-
ders of some enterocytes were stained positively; C (cyto-
plasmic) when the enterocytes cytoplasm were stained. 
The immunostaining strength was graded as strong ( +), 
weak ( ±), and absent (-).

Intestinal epithelial cell proliferation

To estimate the differentiation of intestinal cells to spe-
cialized secretory cells, additional sections of jejunum 
and ileum were stained with hematoxylin and eosin to 
detect enterocytes and Paneth cells, Alcian blue for detec-
tion of goblet cells according to Myer's protocol [17]. 
For determination of enteroendocrine cells, immunohis-
tochemistry with anti-chromogranin (Abcam 151601; 
1:1250; Abcam, Cambridge, UK), diluted in 1%BSA/
PBS, following antigen retrieval in citrate buffer for 
15 min. Secondary antibody was biotinylated goat anti-
rabbit, detected with the ABC system (Vector Laborato-
ries, PK-6100) and DAB chemistry to give a brown stain.

Statistical analysis

All data expressed as the Mean ± SEM. Kruskal–Wallis test 
was used for statistical analysis of intestinal cell proliferation 
and differentiation, followed by post hoc test for multiple 
comparisons. Statistical significance was considered if p 
value was < 0.05.

Results

Intestinal epithelial cell proliferation 
and microscopic bowel appearance

We have demonstrated a decrease in intestinal cell prolifera-
tion index 48 h after IR injury in the jejunum (112.6 ± 23.2 
vs. 168.3 ± 21 Ki-67 positive cells/10 crypts) and in the 
ileum (98.4 ± 25 vs. 199 ± 38 Ki-67 positive cells/10 crypts; 
p < 0.05) compared to Sham rats (Fig. 1). We have also 
demonstrated a significant decrease in villus height in the 
jejunum (2027.2 ± 268.2 vs. 2695.3 ± 213.4 µm; p < 0.05) 
and a trend toward decrease in villus height in the ileum 
(2120.5 ± 179.8 vs. 2209.3 ± 128.7 µm) compared to Sham 
animals (Fig. 2). There was no a significant difference in 
crypt depth in both jejunum and ileum between IR and Sham 
groups.

Wnt/β‑catenin and Notch signaling‑related genes 
(real‑time PCR)

We evaluated Wnt/β-catenin and Notch-related gene expres-
sions using real-time PCR and we have demonstrated a sig-
nificant decrease in the expression of β-catenin mRNA level 

Fig. 1   Effect of intestinal 
ischemia–reperfusion on 
intestinal cell proliferation 48 
h following laparotomy (Sham) 
or intestinal IR. Values are 
mean ± SEM. IR: ischemia–rep-
erfusion. *P < 0.05 IR rats vs 
sham rats
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in the jejunum (20-fold decrease; p < 0.05) and in the ileum 
(13-fold decrease; p < 0.05) of IR rats compared to Sham 
rats (Fig. 3). There were no differences in the expression of 
C-Myc and Cyclin D1 mRNA levels 48 h after IR compared 
to Sham group. Regarding Notch-related gene expression, 
we have shown an increase of JAG2 mRNA level in the 
jejunum (1.5-fold increase, NS) and in the ileum (5.3-fold 
increase; p < 0.05) as well as a significant increase of DLL 
mRNA level in the jejunum (8.2-fold increase; p < 0.05) and 
in the ileum (1.5-fold increase; p < 0.05) of IR rats compared 
to Sham rats.

Immunohistochemistry and cell differentiation

Immunohistochemistry for β-catenin in IR rats revealed a 
weak immunolabeling distributed throughout the entero-
cytes cytoplasm, suggesting lower activity of Wnt/β-catenin 
signalling, while in Sham rats, the immunolabeling was 
strongly distributed throughout the enterocytes cytoplasm 
(Fig. 4). IR rats also demonstrated a slight decrease in the 
number of Cyclin D1 positive cells in both jejunum (152 ± 8 
vs. 161 ± 22) and ileum (178 ± 9 vs. 183 ± 10) compared to 
Sham animals (Fig. 4).

Intestinal stem cell differentiation

IR rats demonstrated an increase in the number of goblet 
cells in the jejunum (15% increase) as well as an increase 
in the number of enteroendocrine cells in the jejunum (25% 
increase) and a decrease in the ileum (30% decrease) com-
pared to sham animals (Fig. 5). IR rats demonstrated also 
an increase in the number of Paneth cells in jejunal crypt 
(31% increase) and a significant decrease in those cells in the 
ileum (34% decrease, p < 0.05) compared to control animals. 

With regard to intestinal absorptive cells, IR rats demon-
strated a significant decrease in the number of enterocytes 
in the jejunum (317 ± 49 vs. 506 ± 49, p < 0.05) and in the 
ileum (410 ± 39 vs. 572 ± 71, p < 0.05) compared to sham 
rats. When calculated per 100 cells per villus/crypt unit, IR 
rats have shown a significant increase in the number of gob-
let cells in the jejunum (7.1 ± 1 vs. 3.8 ± 0.6, p < 0.05) and 
in the ileum (6.2 ± 0.8 vs. 4.6 ± 0.5) as well as an increase 
in the number of enteroendocrine cells in the jejunum 
(0.2 ± 0.1 vs. 0.1 ± 0.02) and a significant increase in the 
number of Paneth cells/100 cells in the jejunum (0.8 ± 0.2 
vs. 0.3 ± 0.04, p < 0.05) and a slight decrease in the num-
ber of those cells in the ileum (0.6 ± 0.1 vs. 0.7 ± 0.1) com-
pared to Sham rats. Regarding intestinal absorptive cells, 
the number of enterocytes/100 cells decreased significantly 
in the jejunum (92 ± 1.3 vs. 96 ± 0.6, p < 0.05) and in the 
ileum (93 ± 0.9 vs. 95 ± 0.6) in the IR rats compared to Sham 
animals.

Discussion

Intestinal ischemia–reperfusion injury is a complex pro-
cess causing damage to the intestinal wall, especially to the 
vulnerable layer, the epithelium. The regeneration process 
of the intestinal epithelial cells is known as intestinal cell 
turnover is based on the proliferation, differentiation and 
apoptosis of intestinal epithelial layer. There are four main 
signaling pathways which regulate intestinal stem cells 
(ISCs) activity and are known as Wnt/β-catenin, hedgehog, 
bone morphogenetic protein (BMP) and Notch [7, 8]. ISCs 
can be divided into two progenitor cells which are known 
as absorptive and secretory cells. The absorptive cells are 
known as enterocytes, whereas the secretory cells are known 
as goblet cells, enteroendocrine cells and Paneth cells [8, 
13, 18].

Both Wnt/β-catenin and Notch signaling pathways are 
known to play a vital role as regulators of stem cells activ-
ity in the gastrointestinal tract [13, 19, 20]. Wnt/β-catenin 
has two separate pathways; canonical or Wnt/β-catenin-
dependent pathway and a non-canonical or Wnt/β-catenin-
independent pathway [21]. The Wnt/β-catenin-dependent 
pathway is activated when Wnt ligand binds to a receptor 
complex. Wnt ligand binding causes a phosphorylation 
of low-density lipoprotein receptor-related protein 5/6 
(LRP5/6). The phosphorylated LRP5/6 binds to Axin and 
this complex proteins which is known as β-catenin destruc-
tion complex dissociate. Then, the stable β-catenin pene-
trates the cell’s nucleus and binds to transcription factors 
(TCF) which leads to transcription of Wnt-related genes like 
c-Myc which in turn leads to cell proliferation [13]. When 
Wnt ligand is absent, β-catenin is part of a multiprotein 
β-catenin destruction complex, while it is phosphorylated 

Fig. 2   Effect of intestinal IR on microscopic intestinal appearance 
(villus height and crypt depth). As expected, Sham rats demonstrated 
a normal histologic architecture. IR rats showed a decrease in villus 
height and crypt depth. Values are mean ± SEM. IR: ischemia–reper-
fusion *P < 0.05 IR vs Sham rats
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and degraded by ubiquitin–proteosome complex. Notch sign-
aling pathway is composed of four single trans-membrane 
Notch receptors (Notch 1–4) and 5 single Delta-like ligands 
(DLL) 1, 3, 4 and Jagged (Jag) 1, 2 [22]. Notch pathway 
is activated when a ligand binds to a neighboring receptor. 
The binding of ligand to its receptor leads to series cleavage 
of Notch receptor and release of NICD (Notch intracellular 
domain). NICD penetrates the cell’s nucleus and binds to 

a complex of transcription factors to promote transcription 
of Notch potential target genes like HES 1, 5, 7 and HERP 
1, 2, 3 [14].

Intestinal epithelia cells have multiple functions such 
as digestion and absorption of nutrients and protection 
against luminal pathogens and are localized along a verti-
cal axis in crypts and villi. The epithelium includes four 
differentiated cell lineages, the absorptive enterocytes 

Fig. 3   Effect of intestinal ischemia–reperfusion on Wnt/β-catenin 
and Notch signaling-related genes. A: Gene expression of β-catenin, 
C-Myc and Cyclin D1 mRNA was determined by quantitative real-

time PCR. B: Gene expression of Jag 2 and DLL mRNA was deter-
mined by quantitative real-time PCR. Values are mean ± SEM. IR: 
ischemia–reperfusion. *P < 0.05 IR rats vs sham rats
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and the secretory goblet, enteroendocrine and Paneth 
cells. All these mature cell lineages are proliferated and 
differentiated from stem cells residing along the crypts 
bases and maintained the homeostasis of this organized 
multicellular tissue [9, 23–25]. The self-renew of the epi-
thelial cells throughout life or after injury like IR is made 

by proliferation of several types of precursor cells in the 
lower part of the crypts. The proliferation continues for 
several rounds till these proliferating precursor cells dif-
ferentiate into one of the mature cell lineages and move 
upward to the top of the villi except Paneth cells which 
move down to the base of the crypts [26, 27].

Fig. 4   Immunohistochemistry for Cyclin D1 and β-catenin was per-
formed for identification of positive cells using a combination of 
the streptavidin–biotin–peroxidase method and microwave antigen 

retrieval on formalin-fixed, paraffin-embedded tissues according to 
the manufacturer’s protocols. Values are mean ± SEM. IR: ischemia–
reperfusion. *P < 0.05 IR rats vs sham rats

Fig. 5   Effect of intestinal ischemia–reperfusion on the cell differen-
tiation in the remaining small intestine. A: staining with hematoxylin 
and eosin, Alcian blue, and anti-chromogranin was used in entero-
cytes, goblet cells, enteroendocrine cells, and Paneth cells. B: the 

number of enterocytes decreased, while the number of goblet cells, 
enteroendocrine cells, and Paneth cells increased in IR (vs. sham) rats 
when calculated per 100 cells. Values are mean ± SEM. IR: ischemia–
reperfusion. *P < 0.05 IR rats vs sham rats



Pediatric Surgery International           (2024) 40:23 	

1 3

Page 7 of 9     23 

According to previous studies, Wnt/β-catenin and Notch 
signaling pathway has a vital role in the regulation of intes-
tinal stem cell proliferation and differentiation toward intes-
tinal absorptive or secretory cells [13, 18, 28, 29]. Based on 
number of studies, canonical Wnt/β-catenin signaling has 
a pivotal role as a regulator of stem cell proliferation and 
also of the transit-amplifying cells in intestinal crypts [30]. 
It has been shown that when there are mutations in APC 
or β-catenin components of Wnt signaling and is overac-
tivated, there is an overproliferation of epithelial cells and 
failure of them to differentiate [31–33]. However, when Wnt 
signaling is inhibited by overexpression of Dkk1 inhibitor 
or alternatively in β-catenin or TCF4 knockout mice, epi-
thelial cell proliferation ceased [34–37]. Additionally other 
studies stated about the differentiation of progenitor cells 
to absorptive cells rather than secretory cells due to stimu-
lation by Notch signaling pathway [38, 39]. Another sub-
stantial knowledge is the fundamental roles of bHLH (basic 
helix–loop–helix) transcription factors as part of Notch sign-
aling pathway in the regulating of intestinal epithelial cells 
differentiation [40]. A primary evidence about the role of 
Notch signaling in intestinal cell differentiation was in Hes1 
knockout mice [41]. Hes1 is a known bHLH-type transcrip-
tion repressor which Notch signaling activates its expres-
sion [42, 43]. Deletion of a Hes1 gene resulted in amplified 
generation of secretory cells such as goblet, enteroendocrine 
and Paneth cells [40]. On the other hand, inhibition of Notch 
signaling pathway by blocking the release of NICD resulted 
in suppression of progenitor cells to proliferate and con-
verted them into secretory cells [44]. However, the regula-
tion of ISCs and their differentiation process following IR 
injury in a rat has not been investigated thoroughly.

The purpose of the study was to evaluate the roles of 
Wnt/β-catenin and Notch signaling pathways in the regula-
tion of ISCs’ differentiation process following IR injury in 
a rat model. In our previous study, we had demonstrated 
that 48 h following intestinal IR Notch signaling pathway 
was inhibited. This inhibition was based on a decrease in 
Notch-related proteins expression, Notch-1 and Hes-1 and a 
decrease in the number of Notch-related positive cells. How-
ever, signs of Notch signaling pathway activation emerged 
and characterized by increase in Notch-related gene expres-
sion particularly in the jejunum [45].

To evaluate the roles of Wnt/β-catenin and Notch sign-
aling and explore the crosstalk between pathways in the 
regulation of ISCs proliferation and differentiation fol-
lowing IR injury, we examined Wnt/β-catenin and Notch 
signaling-related gene expression using real-time PCR. We 
have demonstrated a significant decrease in the expression 
of β-catenin mRNA level in the jejunum and in the ileum 
of IR rats compared to Sham rats. The expression of C-Myc 
and Cyclin D1 mRNA levels was a slight higher in the IR 
rats particularly in the jejunum compared to Sham rats but 

without statistical significance. Regarding Notch-related 
gene expression, we have demonstrated an increase of JAG2 
mRNA level in the jejunum and a significant increase in 
the ileum and also a significant increase of DLL mRNA 
level in the jejunum and in the ileum of IR rats compared 
to Sham rats.

The significance decrease in the expression of β-catenin 
mRNA level was coincided with a trend of a slight decrease 
in the number of Cyclin D1 positive cells in both jejunum 
and ileum compared to Sham rats and a weak immunola-
beling of β-catenin distributed throughout the enterocytes’ 
cytoplasm compared to Sham rats where the immunola-
beling distributed strongly throughout the enterocytes’ 
cytoplasm in both jejunum and ileum. The decrease in the 
number of positive cells to Cyclin D1 along with immu-
nolabeling reduction of β-catenin throughout enterocytes’ 
cytoplasm suggests lower activity of Wnt/β-catenin signal-
ing in IR rats compared to Sham animals.

Next, we have determined the differentiation of intestinal 
stem cells in relation to Wnt/β-catenin and Notch signal-
ing activity. Analysis of secretory cells differentiation 48 h 
following IR injury revealed an increase in the number of 
goblet cells in the jejunum with no difference in the number 
of goblet cells in the ileum. An increase in the number of 
enteroendocrine cells in the jejunum and a decrease in the 
ileum compared to Sham rats when calculated by 10 villi. 
There was also an increase in the number of Paneth cells in 
jejunum and a significant decrease in those cells in the ileum 
compared to Sham rats when calculated by 10 crypts. How-
ever, while secretory cells were calculated per 100 cells per 
villus/crypt unit, IR rats demonstrated a significant increase 
in the number of goblet cells in the jejunum and also an 
increase in the number of those cells in the ileum compared 
to Sham rats. An increase in the number of enteroendocrine 
cells in the jejunum and no difference in the number of those 
cells in the ileum compared to Sham rats. In addition, IR rats 
demonstrated a significant increase in the number of Paneth 
cells/100 cells in the jejunal crypt and only a slight decrease 
in the number of those cells in the ileal crypt compared to 
Sham rats. While analysis of absorptive cells revealed a sig-
nificant decrease in the number of enterocytes in jejunum 
and ileum of IR rats compared to Sham rats. Additionally, 
while absorptive cells were calculated per 100 cells per vil-
lus/crypt unit, the number of enterocytes decreased signifi-
cantly in the jejunum and decreased less in the ileum of IR 
rats compared to Sham animals.

According to the depicted roles of Wnt/β-catenin and 
Notch signaling in regulating the proliferation and differen-
tiation of intestinal crypt cells progenitors, a crosstalk model 
was suggested. Both Wnt/β-catenin and Notch signaling are 
required to activate multipotent progenitor cells to prolifer-
ate. As soon as Notch signaling stops activating some pro-
genitor cells, their proliferation ceases and they are directed 
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toward secretory fate. However, if Wnt/β-catenin signaling 
stops activation of some of these progenitor cells, they dif-
ferentiate into absorptive cells [40]. There are a few hypoth-
eses about the mechanisms involved in this complicated inte-
gration between Wnt/β-catenin and Notch signaling for stem 
cells fate decision. One of the assumptions is that Notch 
signaling is the principal regulator of cell fate decision and 
Wnt/β-catenin signaling is a modulator of Notch signaling 
activity. This assumption is based on the activity of Notch 
and Wnt/β-catenin signaling as regulators of colon cancer 
cells proliferation in vitro. According to Leow et al., Hath1 
mRNA (the human homolog of Math1—a repressed gene by 
Hes1) is inhibited by an overactivated Wnt/β-catenin signal-
ing in colon cancer cells [46]. Another possible assumption 
about the mechanism of crosstalk between Wnt/β-catenin 
and Notch signaling might be an interaction between both 
signaling pathways in a certain cell cycle control step. This 
possible hypothesis is based on the modulation of p21CIPI/

WAF1, a cyclin-dependent kinase inhibitor (CKI) by Wnt/β-
catenin and Notch signaling that might regulate the G1/S cell 
cycle transition in progenitor cells [40].

Based on the studies depicted, complex interactions and 
intracellular communications between Wnt/β-catenin and 
Notch signaling pathways dominate intestinal stem cell fate 
determination. However, more studies are needed to clarify 
this integration.

In conclusion, intestinal stem-cell differentiation is 
toward secretory cells 48 h after IR injury. Enterocytes inhi-
bition is dominate; however, Wnt β/catenin pathway inhibi-
tion and Notch-related gene expression stimulation start to 
emerge suggest crosstalk between the two pathways.
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