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Background: Notch signaling pathway plays an important role in regulating pancreatic endocrine and exocrine cell fate during 
pancreas development. Notch signaling is also expressed in adult pancreas. There are few studies on the effect of Notch on adult 
pancreas. Here, we investigated the role of Notch in islet mass and glucose homeostasis in adult pancreas using Notch1 antisense 
transgenic (NAS). 
Methods: Western blot analysis was performed for the liver of 8-week-old male NAS mice. We also conducted an intraperitoneal 
glucose tolerance test (IPGTT) and intraperitoneal insulin tolerance test in 8-week-old male NAS mice and male C57BL/6 mice 
(control). Morphologic observation of pancreatic islet and β-cell was conducted in two groups. Insulin secretion capacity in islets 
was measured by glucose-stimulated insulin secretion (GSIS) and perifusion.
Results: NAS mice showed higher glucose levels and lower insulin secretion in IPGTT than the control mice. There was no sig-
nificant difference in insulin resistance. Total islet and β-cell masses were decreased in NAS mice. The number of large islets 
(≥250 μm) decreased while that of small islets (<250 μm) increased. Reduced insulin secretion was observed in GSIS and perifu-
sion. Neurogenin3, neurogenic differentiation, and MAF bZIP transcription factor A levels increased in NAS mice. 
Conclusion: Our study provides that Notch1 inhibition decreased insulin secretion and decreased islet and β-cell masses. It is 
thought that Notch1 inhibition suppresses islet proliferation and induces differentiation of small islets. In conclusion, Notch sig-
naling pathway may play an important role in β-cell mass determination and diabetes.
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INTRODUCTION

Diabetes mellitus is one of the most common diseases and 
health problem in the 21st century with an increasing preva-
lence worldwide. It is caused by the absolute or relative defi-
ciency of insulin. Insulin is released by pancreatic β-cells at an 
appropriate rate in response to blood glucose levels [1-3]. The 
causes of β-cell mass reduction are autoimmune destruction in 
type 1 diabetes mellitus (T1DM) and factors including insulin 
resistance, glucotoxicity, lipotoxicity, islet amyloid and so on in 
type 2 diabetes mellitus. It is believed that 70% to 90% of the 
β-cell mass and function is lost at the time of the clinical onset 

of T1DM [2]. Preserving or increasing the amount and func-
tion of β-cell is important in the treatment of diabetes [4].

The endocrine cells of the pancreas are derived from pancre-
atic progenitor cells which are located within the early gut en-
doderm [5]. Various transcription factors are involved in dif-
ferentiation of the pancreas, whthin which Notch signaling has 
an influence on regulating pancreatic endocrine and exocrine 
cell fate [6,7].

Notch signaling pathway is complex and involve four Notch 
receptors (Notch1–4) and five ligands (Delta1, 3 and 4, and 
Jagged1 and 2) in mammals and is activated by ligand-receptor 
interactions between two neighboring cells [8]. Notch signal-
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ing is a conserved intracellular signaling mechanism and has 
important roles in embryonic development and in the mainte-
nance of the homeostasis of multicellular organisms in adults. 
The loss of Notch signaling in mammals induces defects in 
embryonic development and tissue homeostasis, and the func-
tional abnormality of Notch signaling is related to multiple de-
velopmental disorders and several inherited human diseases 
such as Alagille syndrome, spndylocostal dysostosis, and so on 
[8,9]. The Notch signaling pathway also plays a critical role in 
vascular development and homeostasis. Some studies have 
shown that Notch or Notch ligand knockout mice died from 
hemorrhage early during embryogenesis. or displayed severe 
defects in angiogenic vascular remodeling [10,11]. Notch1 an-
tisense transgenic (NAS) mice can be used instead of Notch or 
Notch ligand knockout mice. NAS mice were generated using 
a Notch1 antisense construct expressed under the control of 
the mouse mammary tumor virus long terminal repeat pro-
moter and their genetic background is C57BL/6. NAS mice ex-
perience about 50% down-regulation of Notch-1 expression 
and function [12,13]. 

Notch signaling is still expressed in adult pancreas [8,14]. 
Notch is believed to maintain β-cell mass and have prolifera-
tive potency in adult pancreas [15]. A recent study has shown 
that Notch signaling regulates adult β-cell proliferation and 
maturity [15]. But there are few studies on the effect of Notch 
on adult pancreas still now. 

The objective of this study was to determine the effect of 
partial inhibition of Notch1 on glucose homeostasis and islet 
mass in the adult pancreas using NAS mice.  

METHODS

Animals
NAS mice were generated as previously described [12]. Notch1 
antisense construct has been described in previously detail 
[13] and has been shown to down-regulate Notch-1 expression 
and function in murine cells. Male C57BL/6 mice were sup-
plied by Orient Bio Inc. (Seongnam, Korea). The animals were 
housed in animal facilities at the Lee Gil Ya Cancer and Diabe-
tes Institute, Gachon University of Medicine and Science, un-
der constant temperature (22°C to 24°C) and humidity (40% 
to 60%) with a 12-hour light and 12-hour dark cycle. All ani-
mal experiments were carried out in accordance with the pro-
tocol approved by the Institutional Animal Care and Use 
Committee at Lee Gil Ya Cancer and Diabetes Institute, Ga-

chon University (LCDI-2013-0037). 

Mouse tail genotyping
Genomic DNA was extracted from the tail tissue of 4-week-
old male NAS mice and purified. To confirm the genotype of 
the NAS mice, polymerase chain reaction (PCR) was per-
formed using the primers described listed in Supplementary 
Table 1. The cycling profile used for genotyping was denatur-
ation at the 95°C for 5 minutes, then 35 cycles of 94°C for 30 
seconds, 54°C for 30 seconds, 72°C for 1 minute, and a final 
extension at 72°C for 5 minutes. 

Notch protein expression in liver using western blot assay
The livers were obtained from 8-week-old male control and 
NAS mice after having been sacrificed. Total liver proteins 
were separated by electrophoresis, blotted, and exposed first to 
antibodies against Notch1, 2, 3, and 4 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), and then to a secondary antibody 
conjugated with horseradish peroxidase (HRP) (Sigma-Al-
drich, St. Louis, MO, USA). The blots were revealed using en-
hanced chemiluminescence reagents (Pierce, Rockford, IL, 
USA), stripped, and exposed to an anti-β-actin antibody (Sig-
ma-Aldrich).

Measurements of body weight and blood glucose levels
The body weight and casual blood glucose levels in 8-week-old 
male control and NAS mice (n=16 for each group) were mea-
sured using an OHAUS weighting balance (OHAUS Corpora-
tion, Shanghai, China), and a glucometer (OneTouch Ultra; 
Lifescan, Johnson & Jonson, Milpitas, CA, USA), respectively. 
Blood samples were obtained from the mice tail vein. 

Intraperitoneal glucose tolerance test and intraperitoneal 
insulin tolerance test 
For the glucose tolerance test, 8-week-old male NAS and con-
trol mice (n=16 for each group) were fasted overnight and 
glucose (2 g/kg; JW pharmaceutical, Seoul, Korea) was admin-
istered intraperitoneally. Blood samples were obtained from 
the mice tail vein at 0, 15, 30, 60, 90, and 120 minutes after glu-
cose injection. Blood glucose levels were measured using a 
glucometer (OneTouch Ultra). The area under the curve 
(AUC) for the glucose was calculated over a 2-hour period of 
intraperitoneal glucose tolerance test (IPGTT). Serum insulin 
levels were measured at 0, 15, and 30 minutes using the ultra-
sensitive mouse insulin kit (Merck Millipore, Darmstadt, Ger-
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many). All insulin measurements were repeated three times. 
For the insulin tolerance test, animals were fasted overnight 
and human insulin (1 U/kg; Novonordisk, Bagsvaerd, Den-
mark) was injected intraperitoneally. Blood samples were ob-
tained from the mice tail vein at 0, 15, 30, 60, 90, and 120 min-
utes after insulin injection. Blood glucose levels were measured 
using a glucometer (OneTouch Ultra).

Islet staining: H&E staining, immunohistochemistry, and 
immunofluorescence 
The pancreas was fixed in 10% neutral buffered formalin, de-
hydrated, and paraffin-embedded. Multiple 3 μm thick micro-
tome sections from the tissues were stained with hematoxylin 
and eosin (H&E). For the detection of insulin, paraffin sections 
were processed for immunohistochemistry (IHC) staining us-
ing the avidin-biotin peroxidase complex (ABC) method and 
diaminobenzidine (DAB)-nickel (Vector, Burlingame, CA, 
USA) reactions. Briefly, for insulin staining, the paraffin sec-
tions were incubated overnight with an antibody against insu-
lin (rabbit polyclonal; Cell Signaling, Beverly, MA, USA) dilut-
ed 1:200 in 0.1% phosphate buffer saline (PBS) at room tem-
perature (RT). After H&E and DAB, the images were observed 
using light microscope (×200, Imager Z1; Carl Zeiss, Berlin, 
Germany). For immunofluorescence (IF), the sections were 
deparaffinized, blocked and incubated overnight 4°C with the 
primary antibodies for insulin, glucagon, and 4’,6-diamidino-
2-phenylindole (DAPI) (Abcam, Cambridge, UK). After wash-
ing with PBS, the sections were incubated for 1 hour at RT 
with fluorescent secondary antibodies (Alexa Fluor 488 and 
555, 1:500; Invitrogen, Carlsbad, CA, USA). The slides were 
counterstained with DAPI and mounted with Vectashield 
(Vector, Burlingme, CA, USA). Fluorescent images were ob-
tained using a Zeiss LSM710 confocal microscope.

Analysis of mass and number/area of islet and β-cell and 
α/β cell ratio
Briefly, four random cross-sections of the pancreas were ob-
tained. Islet diameter, area and number were measured by the 
H&E staining of sections. After insulin staining, the diameters 
and areas of β-cell within each section were measured by pla-
nimetry using the image tool for Windows, AxioVision re 4.7 
(Carl Zeiss) as described above [16-20]. Based on the median 
size, the islets were divided into two groups according to diam-
eter (<250 µm vs. ≥250 µm), following which the islet num-
ber/4 mm2 was calculated. Islet size was classified as either 

small, medium, and large according to the area (small <0.003 
mm2; medium 0.003 to 0.03 mm2; large >0.03 mm2). The ratio 
of α to β-cells was calculated according to islet size after count-
ing α and β-cells in the IF sections using ImageJ (National In-
stitutes of Health, Bethesda, MD, USA). 

Isolation and preparation of islets 
Pancreatic islets were isolated using the collagenase digestion 
method. Briefly, islets were isolated by intraductal injection of 
0.8 mg/mL collagenase P (Roche, Mannheim, Germany) in 
Hank’s buffered saline solution, purified using a Ficoll (Bio-
chrom, Berlin, Germany) gradient, and cultured by suspension 
in RPMI 1640 (HyClone, South Logan, UT, USA) with 10% fe-
tal bovine serum (Gibco, Grand Island, NY, USA) and 1% anti-
biotic-antimycotic (Gibco). 

Measurement of insulin secretion in islet: glucose-
stimulated insulin secretion assay and perifusion assay
To determine glucose-stimulated insulin release, 10 islets were 
washed using Kreb-Ringer buffer (115 mM NaCl, 4.7 mM KCl, 
2.6 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 5 mM NaH-
CO3, 10 mM HEPES, 0.2% bovine serum albumin [BSA; pH 
7.4]) containing 3.3 mmol/L glucose and preincubated with 
the same buffer for 1 hour. The buffer was replaced with fresh 
buffer for 1 hour, which was subsequently collected (basal) and 
replaced with a buffer containing 16.7 mmol/L glucose for an 
additional hour (glucose-stimulated). The supernatants were 
collected, and the concentration of the insulin was measured 
using a mouse/rat insulin enzyme-linked immunosorbent as-
say (ELISA) kit according to the manufacturer’s instructions 
(Merck Millipore). 

To determine the oscillatory insulin secretion after an increase 
in glucose concentration (increased from 3.3 to 16.7 mmol/L, 
and then returned to 3.3 mmol/L), 50 islets were picked and 
loaded into a perifusion chamber at a flow rate of 0.5 mL/min 
in the apparatus described by Fujimoto and Metz [21]. For each 
perifusion experiment, islets were obtained from five mice. The 
five perifusion chambers each with a chamber volume of 0.25 
mL were contained in a water jacket maintained at the same 
temperature. The temperature in the perifusion chamber was 
monitored using a thermistor which varied by no more than 
1°C over 120 minutes and demonstrated no periodicity. The 
protocol in each experiment was an initial 60 minutes equili-
bration period in 3.3 mmol/L glucose with either Krebs-Ringer 
Buffer containing 0.2% (wt/vol) BSA/V or 10 mM HEPES [22]. 
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The medium was equilibrated with 95% O2 to 5% CO2 and 
maintained at a pH 7.4. Without interruption the flow, the islets 
were then perifused with the same medium containing 3.3 
mmol/L glucose concentration 30 minutes, then 16.7 mmol/L 
glucose concentration for a period of 60 minutes. Before 
switching to the high glucose concentration, samples were col-
lected in 5 minutes fractions and frozen for subsequent insulin 
analysis. After switching to 16.7 mmol/L glucose concentration, 
samples were collected in 2 minutes fraction for insulin mea-
surement. Serum insulin levels were measured using a com-
mercial ELISA kit (ALPCO Diagnostics, Windham, NH, USA).

Quantitative real-time PCR analysis
Total mRNA was isolated from mice islet using TRIzol reagent 
(Invitrogen). To obtain the complementary DNA (cDNA), 
equal amounts of total RNA were synthesized and used for 
quantitative fluorescent real-time PCR amplification. The se-
quences of primers are given in Supplementary Table 1.

Statistical analysis 
All data are presented as the mean±standard deviation. All 
statistical analyses were performed using GraphPad Prism 7.0 
(GraphPad Software Inc., San Diego, CA, USA). The statistical 
differences between groups were analyzed using unpaired Stu-
dent’s t-test. A P value of <0.05 was considered statistically sig-
nificant. 

RESULTS

Notch1 antisense construct is expressed in NAS mice 
To select mice for use in the experiment, mouse tail genotyping 

of Notch antisense construct was carried out in 4-week-old 
male NAS mice. Most NAS mice expressed Notch1 antisense 
construct in genotyping (Fig. 1). We selected the mice express-
ing the NAS antisense construct and used these animals in our 
study.

Notch1 expression is decreased in NAS mice
To examine the tissue expression of Notch1 in NAS mice, 
Western blot analysis was performed for the liver. In all experi-
ments, Notch1 expression was reduced by about 50% in NAS 
mice compared to the control mice. There was no difference in 
expression in Notch2, 3, and 4 between the two groups (Fig. 2). 

Inhibition of Notch1 decreases insulin secretion without 
changing of insulin resistance in NAS mice
There were no significant differences in the body weight and 
casual blood glucose levels between the two groups (Fig. 3A). 
To examine the effect of Notch1 on glucose homeostasis, we 
performed an IPGTT and an intraperitoneal insulin tolerance 
test (IPITT) on the 8-week-old male NAS mice and control 
mice. In the IPGTT, the glucose levels of NAS mice were sig-
nificantly higher than those of the control mice at 30, 60, and 
90 minutes (P<0.01, P<0.001, P<0.001, respectively) (Fig. 3B). 
The AUC of glucose showed significantly higher levels in the 
NAS mice compared to that in the control mice (P<0.001) (Fig. 
3C). The serum insulin levels of NAS mice were significantly 
lower than those of the control mice at 0, 15, and 30 minutes 
(P<0.001, P<0.001, P<0.001, respectively) (Fig. 3D). In the 
IPITT, there was no significant difference in the glucose levels 
and the AUC between the two groups (Fig. 3E and F). 

Fig. 1. Notch1 antisense construct (NAS-C) is expresssed in 4-week-old NAS mice. Mouse tail genotyping of NAS-C was per-
formed using polymerase chain reaction (PCR) in 4-week-old male NAS and control mice.
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Fig. 2. Protein expression levels of Notch1 are reduced in 8-week-old male Notch1 antisense transgenic (NAS) mice compared to 
control mice. (A) Protein expression levels of Notch1, 2, 3, and 4 in the liver by Western blotting and (B) The relative ratio of protein 
expression level of Notch1, 2, 3, and 4 in two groups. Equal protein loading was confirmed by β-actin (control, n=1; NAS, n=2).

Fig. 3. Notch1 inhibition worsens glucose profile and decreases insulin secretion without changing insulin resistance in 8-week-
old male Notch1 antisense transgenic (NAS) mice. (A) Body weight and casual glucose level. (B) Glucose profile in intraperitone-
al insulin tolerance test (IPGTT) (glucose 2 g/kg). (C) Area under the curve (AUC) of glucose during IPGTT. (D) Serum insulin 
level at 0, 15, and 30 minutes in IPGTT. (E) Glucose profile in IPITT. (F) AUC of glucose during IPITT. All data are represented as 
the mean±standard deviation. aP<0.01, bP<0.001 compared to the control mice (control, n=16; NAS, n=16).
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Inhibition of Notch1 decreases islet mass and increases the 
numbers of small islets compared to large islets
A histomorphometric analysis of the pancreas was carried out 
including total islet diameter, area and number/area of the two 
groups using H&E and IHC staining (Fig. 4A). The diameter 
(µm) and area (µm2) of islets was significantly lower in the 
NAS mice compared to the control mice (P<0.05, P<0.05, re-
spectively) (Fig. 4B and C). The total number/area of islets was 
significantly lower in the NAS mice than in the control mice 
(P<0.001) (Fig. 4D). The number of small-sized islets (<250 
µm) was significantly higher in the NAS mice than in the con-
trol mice, while the number of large-sized islet (≥250 µm) was 
significantly lower in the NAS mice than in the control mice 
(P<0.001, P<0.001 respectively) (Fig. 4E). 

Inhibition of Notch1 decreases β-cell mass and does not 
affect α/β-cell ratio 
IHC and IF analyses of islets were carried out to measure the 

β-cell diameter, area, and α/β-cell ratio in the two groups (Fig. 
5A and B). The diameter (µm) and area (µm2) of β-cell was sig-
nificantly lower in the NAS mice than in the control mice 
(P<0.05, P<0.05, respectively) (Fig. 5C and D). There was no 
significant difference in α/β-cell ratio when compared by size 
(Fig. 5E).

Inhibition of Notch1 decreases insulin secretion in islets
Pancreatic islets were isolated from the NAS and control mice 
(n=8 for each group). To examine the insulin secretion capacity 
of islets, we carried out two methods: glucose-stimulated insu-
lin secretion (GSIS) and perifusion. As shown in Fig. 6A, insulin 
release at low glucose (3.3 mmol/L) was similar between control 
and NAS mice. Insulin secretion at high glucose (16.7 mmol/L) 
was enhanced in control mice. However, glucose-induced insu-
lin secretion was impaired in the NAS mice (P<0.001) (Fig. 6A). 

In perifusion, a golden method for evaluating first-phase in-
sulin secretion of islets in vitro, the islets of the control mice 

Fig. 4. Notch1 inhibition decreases islet mass and increases the numbers of small islets compared to large islets. (A) H&E staining 
and immunohistochemistry (IHC) of pancreatic section. (B) Islet diameter of 8-week-old male Notch1 antisense transgenic (NAS) 
and control mice. (C) Islet area of 8-week-old male NAS and control mice. (D) Islet number/4 mm2 of 8-week-old male NAS and 
control mice. (E) Islet number/4 mm2 according to the diameter (<250 µm vs. ≥250 µm). All data are represented as the 
mean±standard deviation. aP<0.05, bP<0.01, and cP<0.001 compared to the control mice (control, n=6; NAS, n=6). 
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showed increased first-phase insulin secretion, while the NAS 
mice showed a significant decrease in insulin peaks after in-
creasing glucose (Fig. 6B). 

Neurogenin3, neurogenic differentiation, and MAF bZIP 
transcription factor A were increased in the NAS mice 
Levels of neurogenin3 (Ngn3), neurogenic differentiation 
(NeuroD), and MAF bZIP transcription factor A (Maf-A) sig-
nificantly increased in the NAS mice compared to those in the 
control mice (P<0.05, P<0.05, P<0.05, respectively). There was 
no difference in pancreatic and duodenal homeobox 1 (Pdx1) 
and insulin 1 (Ins1) levels between the two groups (Fig. 7).

 
DISCUSSION

Here, we have demonstrated that the partial inhibition of Notch 

impaires blood glucose homeostasis, reduces insulin secretion 
in vivo and in vitro, and reduces islet and β-cell mass in NAS 
mice. During this study, we discorvered that the Notch signal-
ing pathway may play an important role in insulin secretion 
and pancreatic islet proliferation in the adult pancreas of mice

The development of diabetes is associated with decreased 
β-cell mass and function. Over the last decade, many studies 
have been carried out in an attempt to preserve or regenerate 
β-cell for the treatment of diabetes or to differentiate these 
from adult pancreatic progenitors, duct cells and nonpancreat-
ic cell types [4,5,23-25]. The dedifferentiation of pancreatic 
β-cells has also been studied [26,27]. 

The Notch signaling pathywas has been found to maintiain 
profileration and prevent endocrine differentiation of early 
progenitor cells. The role of Notch in the development of the 
pancreas is already known; however, there are few studies re-

Fig. 5. Notch1 inhibition decreases β-cell mass and does not affect the α/β-cell ratio. (A) Immunohistochemistry (IHC) of islet. (B) 
Representative images of islets stained with immunofluorescence in 8-week-old male Notch1 antisense transgenic (NAS) and con-
trol mice pancreas section. (C) α/β-cell diameter in 8-week-old male NAS and control mice. (D) α/β-cell area of 8-week-old male 
NAS and control mice. (E) α/β-cell ratio in three groups divided by size (<0.003, 0.003 to 0.03, and >0.03 mm2). All data are repre-
sented as the mean±standard deviation. aP<0.05 compared to the control mice (control, n=6; NAS, n=6).
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garding Notch in in adult pancreas. Notch may be required for 
the expansion of adult pancreas ducts where Notch-deficient 
centroacinar cells do not give rise to endocrine cells [14]. Pa-
jvani et al. [28] demonstrated that combined haploinsufficien-
cy of forkhead box class O1 (FoxO1) and Notch-1 markerdly 
increased insulin sensitivity in diet-induced insulin resistance, 
where the inhibition of Notch signaling improved insulin re-
sistance.

Recently, it has been reported that mice given β-cell specific 
Notch gain of function (β-NICD) in adult stage had increased 
β-cell proliferative capacity but a progressive loss of β-cell ma-
turity. In this study, chronic Notch activity in β-cell induced 
β-cell proliferation without maturation [15]. Although the 

methods used in the previous study differed from those of our 
study, the previous results were similar to those of the present 
study. The findings of both the studies indicated that Notch 
plays an important role in maintaining β-cell mass by regulat-
ing β-cell function and proliferation. 

We used mice with inhibition of Notch function and evalu-
ated the effect of Notch1 inhibition on pancreatic islet prolifer-
ation and glucose homeostasis in the adult pancreas. An anti-
sense construct was used in our experiments to reduce Notch 
signaling. After use of NAS antisense construct, decrease in 
Notch1 was demonstrated by western blotting. NAS mice ex-
perience about 50% decrease in Notch1 expression which re-
sulted in decreased insulin secretion and impaired glucose ho-

Fig. 6. Notch1 inhibition decreases insulin secretion in islet of 8-week-old male Notch1 antisense transgenic (NAS) compared to 
control mice. (A) Insulin secretion induced by glucose stimulation from 3.3 to 16.7 mmol/L. (B) Insulin release from perifused 
pancreas of control and NAS mice. All data are represented as the mean±standard deviation. aP<0.001 compared to the control 
mice (control, n=4; NAS, n=4). 

Fig. 7. Neurogenin3 (Ngn3), neurogenic differentiation (NeuroD), and MAF bZIP transcription factor A (Maf-A) are increased in 
8-week-old male Notch1 antisense transgenic (NAS) mice compared to control mice. Real-time polymerase chain reaction was 
performed on the transcription factors including Ngn3, NeuroD, Maf-A, pancreatic and duodenal homeobox 1 (Pdx1), and insulin 
1 (Ins1). Total mRNA was isolated from mice islet. All data represented as mean±standard deviation. aP<0.05 compared with con-
trol mice (control, n=3; NAS, n=4).
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meostasis in IPGTT. In terms of changes in morphology, islet 
and β-cell masses were reduced in NAS mice compared to the 
control mice. Classified by size, the number of large islets de-
creased while the number of small islets increased. A decrease 
in insulin secretion was observed in vitro studies including 
GSIS and perifusion using isolated islets from NAS mice. In 
the real-time PCR analysis of transcription factors, Ngn3, Neu-
roD, and Maf-A increased in the NAS mice compared to levels 
in the control mice. 

In various previous studies, several transcriptional factors, 
including Ngn3, Maf-A, Pdx1, and paired box 4 (Pax-4) have 
been founded to be involved in the final stage of endocrine 
pancreas development [4,29]. Ngn3 is the most important 
transcription factor responsible for driving pancreatic precur-
sors towards an endocrine fate. The differentiation activity of 
Ngn3 is influenced by Notch signaling. In the developing pan-
creas, Notch signling regulates Ngn3 expession and inhibition 
of Notch signaling results in a down-regulation of hes family 
bHLH trascription factor 1 (HES1) expression and up-regula-
tion of Ngn3 [8]. In the present study, a similar reuslt was ob-
tained; when Notch signaling was inhibited, the levels of Ngn3 
increased.

Maf-A is a β-cell specific transcription factor that interacts 
with Pdx1 and NeuroD1 to activate the β-cell gene including 
insulin [30,31]. Pdx1 also plays an important role in the regula-
tion of β-cell fate commitment. Enforced Pdx1 expression in 
endocrine progenitors induces β-cell formation and decreases 
the number of α-cells [32]. Our study showed higher levels of 
Ngn3, NeuroD, and Maf-A in NAS mice compared to their 
levels in control mice; however, the levels of Pdx1 and Ins1 
were similar between the two groups. The underlying mecha-
nism has not yet been completely elucidated, and therefore, 
additional studies are required to determine the mechanism. 
In the present study, there was no difference in the α/β ratio, 
which may be related to the similar levels of Pdx1 between the 
two groups. 

The Notch signaling pathway has been found to maintain 
proliferation and prevent the precocious differentiation of pan-
creatic progenitos cells [33,34]. But in NAS mice, it is thought 
that the activity of Notch1 is suppressed from the benining, 
and thus differentiation occurs without proliferation. In other 
words, the partial inhibition of Notch1 may suppress the pro-
liferation of islets and induce the differentiation of not fully 
proliferated small islets. As a result, the reduced amount of is-
lets and β-cells is thought to have exacerbated blood glucose 

homeostasis and decreased insulin secretion. 
Our study provides the evidence of Notch affecting the 

maintenance of islet mass and glucose homeostasis in adult 
stage of mice.

Unfortunately, we were unable to observe islets morphology 
in the prenatal and early postnatal stages of NAS mice in this 
study. As such we could not confirm when these changes took 
place. The effect of Notch inhibition on pancreatic differentia-
tion and proliferation may be more readily observed if the ef-
fect of Notch inhibition is constantly monitored from the em-
bryonic period to the postnatal period. This will needs to be 
clarified in future studies using a partial pancreatectomized 
model of NAS mice. 

In conclusion, Notch signaling pathway has an important 
role in islet and β-cell mass and insulin secretion in mice mod-
el. Notch signaling pathway may play an important role in 
β-cell mass determination and diabetes. Furthermore, clinical-
ly, the temporary stimulation of Notch or Notch ligand may 
induce pancreatic islet proliferation and improve blood glu-
cose homeostasis. 
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Supplementary Table 1. Sequences of primers used in polymerase chain reaction analysis

Name Forward primer (5´ to 3´) Reverse primer (5´ to 3´)

NAS-C GCTCCCATTCATCAGTTC TCTGTGAGAGTGAGCAGG

NeuroD CGCAGAAGGCAAGGTGTC' TTTGGTCATGTTTCCACTTCC

Pdx1 GAAATCCACCAAAGCTCACG CGGGTTCCGCTGTGTAAG

Ngn3 ACTGCTGCTTGTCACTGACTG ATGGTGAGCGCATCCAAG

Ins1 TATAAAGCTGGTGGGCATCC GGGACCACAAAGATGCTGTT

Maf-A CTCCAGAGCCAGGTGGAG GTACAGGTCCCGCTCCTTG

NAS-C, Notch1 antisense construct; NeuroD, neurogenic differentiation; Pdx1, pancreatic and duode-
nal homeobox 1; Ngn3, neurogenin3; Ins1, insulin 1; Maf-A, MAF bZIP transcription factor A.


