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Abstract

Incretins, glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) have been shown to
improve hyperglycemia in patients with type 2 diabetes, suggesting that an enhanced capacity of GIP and GLP-1
production could be beneficial in type 2 diabetes. We have recently found that dual-specificity tyrosine
phosphorylation-regulated kinase (DYRK) inhibitors reduce glucose levels and increase the number of intestinal
gip-expressing K-cells and glp-1-expressing L-cells in zebrafish. However, their effects onmammals require exploration in
greater detail. In this study, we examined whether oral administration of a DYRK inhibitor, ID-8, to diabetic db/dbmice
affects glucose homeostasis, plasma levels of insulin, incretins, number of intestinal K-cells and L-cells and pancreatic cell
volume in vivo. ID-8-treated mice showed a significant reduction in HbA1c levels and decreased blood glucose levels
after oral glucose tolerance test along with enhanced plasma levels of insulin, total-GIP and total-GLP-1. The number of
K-cells and L-cells in the intestines of ID-8-treatedmicewas increased, and a subset of these cells were co-stainedwith a
DYRK-regulated transcriptional factor, nuclear factor of activated T cells 4 (NFATc4), but not co-localized with the
proliferation marker EdU. There were no significant differences of pancreatic β- and α-cell mass between the ID-8- and
vehicle-treated mice. Moreover, mRNA levels of incretins were significantly increased in ID-8-treated human intestinal
organoids. Our present study demonstrated that ID-8 improved hyperglycemia in association with enhanced plasma
levels of insulin and incretins as well as an increased number of K-cells and L-cells in diabetic mice; therefore, it may be a
novel therapeutic agent for diabetes.
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Introduction
Incretins, glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like peptide-1 (GLP-1) are secreted
hormones from enteroendocrine K-cells and L-cells,
respectively, in the small intestine (1, 2, 3, 4).

These hormones have, along with many other
pleiotropic effects, been known to promote secretion of
insulin in a glucose-dependent manner (1, 2, 3, 4). A lot of
studies have reported that increased plasma levels of
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total-GIP or total-GLP-1 improve hyperglycemia in
diabetic mice and patients (5, 6, 7, 8). Indeed, GLP-1
receptor agonists have been widely used for the
treatment of hyperglycemia in patients with type 2
diabetes (9, 10). Furthermore, dual agonists of GIP and
GLP-1 receptors have been developed for the treatment of
hyperglycemia in patientswith type 2 diabetes (11, 12, 13),
whose effect could be superior to GLP-1 alone with better
care of hyperglycemic conditions (14). Therefore,
enhanced capacity of both GIP and GLP-1 production
could be beneficial for the management of patients
with type 2 diabetes.

We have recently identified a dual-specificity tyrosine
phosphorylation-regulated kinase (DYRK) inhibitor,
ID-8, that increases genetic gip levels in transgenic (Tg)
Tg(gip:luciferase) zebrafish larvae by performing an
unbiased in vivo chemical screen of 1,304 small
molecules using an in vivo luciferase assay (15). Indeed,
ID-8 inhibited DYRK in in vitro experiments and increased
the cellular populations of intestinal gip-expressing
K-cells and glp-1-expressing L-cells and reduced
random glucose levels in zebrafish larvae. In addition,
the number of intestinal GIP-positive cells in diabetic
mice was increased by another DYRK inhibitor
(called AZD-Dyrk1b-33) in vivo (15). These observations
lead us to speculate that inhibition of DYRK by ID-8 could
increase the number of both GIP- and GLP-1-producing
cells, thus leading to the amelioration of hyperglycemia in
diabetic mice.

DYRKs are known to phosphorylate nuclear factor of
activated T cells (NFATs) and prohibit the shuttling of
NFATs from the cytoplasm to the nucleus (16), thereby
regulating the expression of pro-inflammatory cytokines
during the immune response (17) and modulating cell
development, regulation and differentiation in various
tissues (18, 19). Among the NFAT family, NFATc4 protein
exists mainly as a phosphorylated form in the cytoplasm,
which is dephosphorylated by a calmodulin-dependent
phosphatase, calcineurin, promoting the translocation of
this transcriptional factor to the nucleus (20). We have
recently found that Nfatc4 is expressed in the zebrafish
intestines and could play a crucial role in the formation of
enteroendocrine K-cells in zebrafish (15). However, the
role of NFATc4 in mammalian enteroendocrine K-cells
and L-cells remains to be elucidated. Therefore, we
investigated here the effects of a DYRK inhibitor, ID-8,
on glucose homeostasis; plasma levels of insulin, total-GIP
and total-GLP-1; intestinal cellular number of K-cells and
L-cells; and pancreatic β- or α-cells isolated from diabetic
db/db (C57BLKS/J Iar-+Leprdb/+Leprdb) mice because
diabetic db/db mice provide a robust background for
evaluating incretin-related therapies due to their severe
insulin resistance and impaired glucose homeostasis
(21, 22). By using this model, we aimed to investigate
whether ID-8 could restore glucose control by
enhancing the endogenous incretin system, an
approach increasingly recognized for its therapeutic
potential in type 2 diabetes (23). We further studied

whether K-cells and L-cells are co-stained with NFATc4
in the mouse intestines, to get a holistic view of the effects
and potential of this strategy.

Materials and methods

Materials and regents

ID-8 was purchased from Apex Bio Technology (USA).
0.5% hydroxypropylmethylcellulose and 0.1% Tween 80
were obtained from Sigma-Aldrich Co. LLC (USA). Mouse
ultrasensitive insulin ELISA kit (M1104) was from
Morinaga Co. Ltd (Japan). GIP total ELISA kit
(EZRMGIP-55K) and GLP-1 total ELISA kit
(EZGLP1T-36K) were purchased from EMD Millipore
(USA).

Animal experiments

The Animal Care Committee of ShowaMedical University
School ofMedicine (approval date: April 1, 2022; approval
number: 04016) permitted and approved the animal
experiments, in compliance with ARRIVE 2.0 guidelines
and the Guide for the Care and Use of Laboratory
Animals. All surgeries or sacrifices were conducted
under general anesthesia using isoflurane and
diligently minimizing the suffering.

A total of 14 male db/db (C57BLKS/J Iar-+Leprdb/+Leprdb)
mice at 7 weeks old were purchased from Sankyo Labo
Service (Japan), and the mice were given standard rodent
food with free access to water in the Division of Animal
Experimentation of Showa Medical University School of
Medicine. The room conditions were maintained at 21°C
and 40–60% humidity, with a 12 h light:12 h darkness
cycle. At 11 weeks old, either ID-8 at 10 mg/kg or vehicle
was administered to the mice by oral gavage for 14 days.
We previously found that 20–100 μM ID-8 significantly
stimulated the GIP pathway in Tg(gip:luciferase) zebrafish
larvae (15). Therefore, we chose 10 mg/kg/day of ID-8 in
this study because if the absorption efficiency of ID-8 is
about 3–15%, its plasma concentration could reach
around 20–100 μM. ID-8 was suspended in vehicle
solution that consisted of 0.5%
hydroxypropylmethylcellulose and 0.1% Tween 80 in
saline. At the end of the treatment, OGTT was
conducted, and the plasma samples were collected via
tail cut. The mice were peritoneally injected EdU at
100 mg/kg before 24 h of sacrifice (24). To assess the
ID-8’s efficacy under stable pharmacological conditions,
intraperitoneal glucose tolerance test (IPGTT) was
performed in mice at 13 weeks of age on day 13 and
oral glucose tolerance test (OGTT) was performed on day
14. Immediately after the OGTT, mouse intestines and
pancreas were isolated. Our mouse model
(db/db, C57BLKS/J Iar-+Leprdb/+Leprdb) is known to
develop severe hyperglycemia and a marked reduction
in insulin secretion between 8 and 12 weeks of age,
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followed by progressive β-cell dysfunction after 12 weeks
(21, 22). We used only male mice, and the treatment was
initiated at 11 weeks of age and continued for 2 weeks,
with outcomes assessed at 13 weeks of age in order to
minimize the experimental variability by excluding the
potential confounding effects of female sex hormones,
such as estrogen on blood glucose levels and insulin
sensitivity. Furthermore, using a more advanced stage
of diabetic model could enhance the statistical power to
detect the therapeutic efficacy of ID-8 on hyperglycemia
and β-cell dysfunction.

OGTT and IPGTT

Glucose (0.5 g/kg body weight) was orally administered
through a gavage tube after a 12 h fast. Blood glucose
levels were measured at the specific time points at 0, 15,
30, 60 and 120 min using a StatStrip XP2 dextrometer
(Nipro, Japan) as previously described (7, 21, 22). Blood
samples at 0 and 15 min were used for the evaluation of
insulin, total-GIP and total-GLP-1 levels (25). In addition,
we calculated incremental area under the curve (iAUC)
during OGTT by integrating the glucose excursion above
the baseline level from each subsequent time point for
each mouse.

IPGTT was performed in the db/db mice at 13 weeks of
age. After a 12 h fast, micewere intraperitoneally injected
with glucose (0.5 g/kg body weight), which is the same
dose as the OGTT. Blood glucose levels were monitored at
0, 15, 30, 60 and 120 min post-injection using a
glucometer, with samples obtained from the tail vein.

Biochemical profile and characteristics in mice

Blood samples were taken following a 12 h fast, and
biochemical analyses were performed. Time course of
bodyweight, food intake, systolic/diastolic blood pressure
(SBP/DBP) and pulse rate were calculated. Total
cholesterol (total-C), triglycerides, high-density
lipoprotein cholesterol (HDL-C), fasting blood glucose
(FBG), glycated hemoglobin (HbA1c), insulin, total-GIP
and total-GLP-1 were assessed as described previously
(21, 22, 26).

Immunofluorescence staining of mouse
intestine and pancreas

The intestines and pancreas extracted from db/db mice
were fixed with 4% formaldehyde and then with 70%
ethanol at 4°C. After being embedded in paraffin, tissues
were sectioned and selected middle levels sections were
used, as previously described (15). The sections were
stained by using the following primary
antibodies: anti-GIP at 1:250 (Ab30679, Abcam, UK),
anti-GLP-1 at 1:250 (H-028-11, Phoenix Pharmaceuticals
Inc., USA), anti-NFATc4 Alexa Fluor®488 at 1:100
(sc-271597, Santa Cruz Biotechnology, USA),

anti-insulin at 1:600 (A0564, Dako, USA) and anti-
glucagon at 1:200 (G2654, Sigma-Aldrich Co. LLC, USA).
Then, the sections were stained with DAPI at 1:1,000
(D1306, Life Technologies Japan, Japan) and with Alexa
Fluor secondary antibodies at 1:500 (Life Technologies
Japan, Japan). Incorporation of EdUwas detectedwith the
Click-iT Plus EdU imaging Kits Alexa Fluor®488
(C10637, Invitrogen, USA) according to the
manufacturer’s methods. After washing with PBS
gently, the tissues were mounted in Vectashield®
(Vector Laboratories Inc., USA) and
immunofluorescence was observed using an All-in-One
Fluorescence Microscope BZ-X710 microscope and
analyzed/quantified with BZ-X800 analysis software
(Keyence, Japan) and ImageJ software
(version 1.52v; National Institutes of Health, USA)
(21, 22). β- or α-cell mass (mg) was calculated from
multiplying the fraction of each cell area by the weight
of whole pancreas as previously described (15).

Human intestinal organoid experiments

This study was conducted in accordance with the
Declaration of Helsinki, and all procedures were
performed under protocols approved by the ethics
committees of local guidelines and Regionala
Etikprövningsnämnden in Stockholm
(approval number: 2014/2067-31). All human tissue
samples were de-identified in accordance with regional
ethical regulations, and informed consent was obtained
from donors.

Human intestinal samples were isolated from
consenting donors, which were sectioned into 1 mm
pieces and washed 2–3 times by pipetting with cold
Dulbecco’s phosphate-buffered saline (DPBS). They
were treated with 2 mg/mL collagenase type IV
(Worthington Biochemical Corporation, USA) in F12K
medium (Gibco, 21-127-022; Thermo Fisher Scientific,
USA) at 37°C for 30 min by pipetting every 10 min.
After adding F12K with 10% fetal bovine serum (FBS)
to terminate digestion, the solution was filtered through
a 100 μm cell strainer. The resulting cell pellets rinsed
with F12K medium were resuspended in human 3D
organoid culture medium (HCM) and MatrigelTM at a
volume ratio of 1:5, and 10–20 crypts were embedded
in each 10 μL droplet. Human organoids were cultured in
HCM and differentiated in human 3D organoid
differentiation medium for 72 h as previously
described (27).

To investigate the effect of ID-8 on these cells, we
incubated the human intestinal organoids derived from
human intestinal stem cells (hISCs) with 5 μM ID-8 or
saline control in 7.5% CO2 at 37°C for 7 days. We then
washed the cells in PBS and extracted total RNA using the
Qiagen RNeasy Micro Kit (74004), which was
reverse-transcribed into cDNA, as previously described
(28). The expression levels of target genes were
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normalized by the values of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and then expressed as relative
values to the controls. Quantitative reverse
transcription-polymerase chain reaction (RT-PCR) was
performed using specific primers for human GIP,
glucagon (GCG) and GAPDH as follows: hGIP-F, GTTGAG
GGCTGCTCACCTTA; hGIP-R, GGCAGTGGGACTAGGAGA
GA; hGCG-F, AGCTGCCTTGTACCAGCATT; hGCG, TGCTCT
CTCTTCACCTGCTCT; hGAPDH-F, CATGAGAAGTATGAC
AACAGCCT; hGAPDH-R, AGTCCTTCCACGATACCAAAGT.

Statistical analysis

All data were expressed as mean ± standard deviation.
Statistical significancewas evaluated by two-way analysis
of valiance (ANOVA); unpaired t-test was used to compare
two groups. All analyses were conducted using PRISM
software (version 7.05, GraphPad Inc., USA). Statistical
significance was defined as P < 0.05.

Results

Characteristics and biochemical data of
diabetic db/db mice

Laboratory data of db/db mice orally administered with
ID-8 at 10 mg/kg or vehicle for 14 days are shown in
Table 1. There were no significant differences in food
intake, SBP/DBP, heart rate, total-C, triglycerides and
HDL-C between the two groups. FBG and HbA1c levels
were significantly decreased in ID-8-treated db/db mice
compared with that of vehicle-treated mice.

ID-8 ameliorates glucose homeostasis and
enhances plasma levels of incretins and insulin
in diabetic db/db mice

We first examined the effects of ID-8 on OGTT with 0.5 g
glucose/kg body weight and plasma levels of total-GIP,

Table 1 Biochemical characteristics of db/dbmice at 13 weeks of

age after 14 days of treatment with ID-8 or vehicle.

db/db mice + vehicle db/db mice + ID-8

Number 7 7
Food intake (g/day) 4.9 ± 0.7 4.7 ± 0.8
SBP (mmHg) 109 ± 9 108 ± 8
DBP (mmHg) 63 ± 6 65 ± 6
Heart rate (bpm) 612 ± 62 608 ± 56
Total-C (mg/dL) 117 ± 42 106 ± 42
HDL-C (mg/dL) 63 ± 29 63 ± 18
Triglycerides (mg/dL) 120 ± 35 118 ± 33
FBG (mg/dL) 460 ± 55 358 ± 62+

HbA1c (%) 8.5 ± 0.6 7.5 ± 0.4++

SBP, systolic blood pressure; DBP, diastolic blood pressure; total-C, total
cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood
glucose; HbA1c, glycated hemoglobin; results are expressed as
mean ± standard deviation. Statistical significance is shown by
+P < 0.05 and ++P < 0.01 between the two groups.

Figure 1

Effects of ID-8 on diabetic db/db mice. Body weight, oral glucose tolerance, plasma levels of incretins and insulin were all assessed in db/db mice. (A) Time
course of body weight. OGTT was performed at 13 weeks of age, followed by isolation of mouse intestines and pancreas. (B) OGTT at 0.5 g glucose/kg
body weight. (C) Incremental area under the curve (iAUC) for blood glucose levels during OGTT by integrating the glucose excursion above the baseline (0
min) level from each subsequent time point for eachmouse. (D) Total-GIP levels, (E) total-GLP-1 levels and (F) insulin levels of plasma at 0 and 15min after
glucose administration during OGTT. Statistical significance is shown by +P < 0.05, ++P < 0.01 and +++P < 0.005.
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total-GLP-1 or insulin before and 15 min after the glucose
challenge of diabetic db/db mice. As shown in Fig. 1A,
although there were no significant differences in the time
course of body weight gain between the two groups, oral
administration of ID-8 at 10 mg/kg/day for 14 days
significantly decreased glucose levels during OGTT
compared to vehicle (Fig. 1B). Furthermore, basal
glucose levels differed between the ID-8 and control
groups, but a two-way ANOVA revealed no statistically
significant difference in basal glucose levels between the
two groups. Consistent with the individual time point
data, the ID-8-treated group showed a significant
reduction in iAUC compared with the vehicle group
(Fig. 1C). Plasma levels of total-GIP, total-GLP-1 and
insulin at 15 min after the glucose challenge were

significantly higher in ID-8-treated mice compared to
the vehicle-treated mice (Fig. 1D, E, F).

ID-8 increases the number of intestinal K-cells
and L-cells in diabetic db/db mice

We elucidated the effects of ID-8 on intestinal
GIP-expressing K-cells and GLP-1-expressing L-cells.
The number of intestinal GIP-expressing K-cells,
GLP-1-expressing L-cells and co-stained cells of GIP and
GLP-1 in the mice was increased by the treatment of ID-8
compared to vehicle (Fig. 2A, B, C).

We further investigated the effects of ID-8 on K- and
L-cells in the small intestines of db/db mice. A subset of

Figure 2

ID-8 increases the number of intestinal K-cells and L-cells in db/db mice. A subset of K-cells and L-cells are co-stained for NFATc4 but not co-localized with
EdU-labeled cells in the intestines isolated from ID-8-treated db/dbmice. Representative images of the small intestines in db/dbmice treated with vehicle
(A) or ID-8 (B, D, E, F, G, H, I, L, M). GIP-positive cells were stained in red, GLP-1 in green, and co-expressing GLP-1 and GIP cells in yellow (A and B).
Quantification of incretin-positive cells per DAPI area in the small intestines (C). GIP-positive cells were stained in red (D), NFATc4-positive cells in green
(E andH), and co-stained cells of GIP andNFATc4 in yellow (F, yellow arrowhead). GLP-1-positive cells were stained in purple (G), and co-stained cells of GLP-1
and NFATc4 in yellow (I, white arrowhead). Quantification of GIP and NFATc4 or GLP-1 and NFATc4 co-stained cells per DAPI area in the small intestines
(J and K). EdU-labeled cells were stained in white (L), GIP-positive cells in red, GLP-1-positive cells in green, and DAPI-stained cells in blue (M). Scale
bar = 100 μm (A, B, L, M); scale bar = 50 μm (D, E, F, G, H, I). Statistical significance is shown by +P < 0.05, ++P < 0.01 and +++P < 0.005. A full color version of
this figure is available at https://doi.org/10.1530/JME-25-0214.
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GIP- or GLP-1-positive cells in the small intestines were
co-stained for NFATc4 (Fig. 2D, E, F, G, H, I), whose cell
numbers were significantly increased by the treatment
with ID-8 (Fig. 2J and K), but they did not overlap with
EdU-labeled cells (Fig. 2L and M). The antibody against
NFATc4 was not specific for its dephosphorylated form
and was designed to detect the total NFATc4 protein,
regardless of its phosphorylation status. Therefore,
there were some GIP- or GLP-1-positive cells that were
NFATc4-negative (Supplementary Fig. 1 (see section on
Supplementary materials given at the end of the article)),
reflecting different cellular states. As shown in
Supplementary Fig. 2, which provided four following
distinct signals: DAPI (blue, nuclear marker), NFATc4
(green), GIP (red) and GLP-1 (purple),
some NFATc4- and GIP- (Supplementary Fig. 2A) or
GLP-1-positive cells (Supplementary Fig. 2B) were
co-stained with DAPI, thus suggesting that part of
NFATc4 staining was within the nuclei.

ID-8 did not change the amount of pancreatic
β- and α-cells in diabetic db/db mice

We examined whether ID-8 could affect pancreatic
β- and α-cells in diabetic db/db mice in vivo.

Although β-cells’ mass tended to increase in the
ID-8-treated mice compared with vehicle, there was no
significant difference in volume of pancreatic β- and
α-cell mass between the two groups (Fig. 3A, B, C, D).

ID-8 increases GIP and GCG/GLP-1 expression
levels in human intestinal organoids

We examined whether ID-8 could affect mRNA levels of
GIP and GCG as an approximate for GLP-1 in human
intestinal organoids derived from intestines (Fig. 4A
and B). GIP and GCG mRNA levels were significantly
enhanced in ID-8-treated human intestinal organoids
(Fig. 4C and D).

Discussion
A growing body of evidence has shown that enhancement
of GIP and GLP-1 levels reduces hyperglycemia in diabetic
mice and patients with diabetes (5, 6, 7, 8), and
dual agonist of GIP and GLP-1 has been widely used
for the management of hyperglycemia in patients with
type 2 diabetes (11, 12, 13). In our previous study,

Figure 3

ID-8 does not affect the amount of pancreatic β- and α-cell mass in
diabetic db/dbmice. Representative images of pancreata in db/dbmice
treated with vehicle (A) or ID-8 (B). β-cells were stained in green, and
α-cells in red (A and B). Quantification of the pancreatic β- and α-cell
mass in mice treated with vehicle or ID-8 (C and D). Scale bar = 100 μm.
A full color version of this figure is available at
https://doi.org/10.1530/JME-25-0214.

Figure 4

ID-8 increasesGIP andGCG (approximate forGLP-1) mRNA levels in human
intestinal organoids. Representative images of human intestinal
organoids derived from human intestinal stem cells (hISCs) treated with
saline (A) and ID-8 (B). Gene expression levels of GIP (C) and GCG/GLP-1
(D) in the organoids. n = 5–6 per group. Statistical significance is shown by
++P < 0.01 between the two groups.
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we found that i) random glucose levels were reduced in
zebrafish treated with ID-8, ii) luminescence signal
was enhanced in ID-8-treated Tg(gip:luciferase)
zebrafish, iii) the population of intestinal gip-expressing
K-cells and glp-1-expressing L-cells was increased in
ID-8-treated zebrafish larvae, and iv) intestinal
GIP-positive cells in diabetic mice were increased by
another DYRK inhibitor in vivo (15). Since peptide
sequence similarity between zebrafish and mammalian
GIP or GLP-1 hormone sequences is of approximately 50%
or 70%, respectively (29, 30), this led us speculate that
increased cellular populations of GIP and GLP-1 could be
a beneficial target for diabetes in mammals, e.g., by
increased production of incretins using ID-8. Thus, in
this study, we first investigated the effects of a DYRK
inhibitor, ID-8, on glucose homeostasis and plasma
levels of total-GIP, total-GLP-1 and insulin in diabetic
db/db mice.

We found here for the first time that i) HbA1c, FBG and
glucose levels after OGTT were reduced in ID-8-treated
db/db mice compared to vehicle-treated mice and
ii) plasma levels of total-GIP, total-GLP-1 and insulin at
15 min of OGTT were significantly enhanced in
ID-8-treated db/db mice compared to vehicle-treated
mice, without affecting body weight, food intake, blood
pressure and lipid parameters. Furthermore, the number
of GIP-positive cells, GLP-1-positive cells and cells
co-expressing GIP and GLP-1 was increased in the
intestines isolated from the ID-8-treated db/db mice. On
the other hand, although administration of ID-8 to db/db
mice tended to increase insulin-producing pancreatic
β-cell mass, it did not significantly affect β- and/or
α-cell mass, thus suggesting that improved β-cell
function by ID-8 may contribute to lowering glucose in
db/db mice. These observations suggest that enhanced
plasma levels of total-GIP and total-GLP-1 due to the
increased number of enteroendocrine K-cells and
L-cells by ID-8 via DYRK inhibition could stimulate
insulin secretion released from β-cells, which leads to
ameliorated glucose homeostasis in db/db mice. In
addition, in this study, we found that GIP and
GCG/GLP-1 mRNA levels in human intestinal organoids
were increased by ID-8 in vitro. The finding suggests that
ID-8 may stimulate the secretion of incretins in humans
as well.

In this study, we performed OGTT with 0.5 g/kg body
weight glucose administered to db/db mice and 1.5 g/kg
body weight to wild-type mice because db/db mice
exhibited severe baseline hyperglycemia at 13 weeks of
age, whichmay suggest the augmented glycemic response
to relatively low-dose of oral glucose due to pre-existing
severe β-cell dysfunction (21, 22), while wild-type non-
diabetic mice elicited an appropriate glycemic response
to a relatively high dose of oral glucose (7, 21). When
glucose (1.5 g/kg body weight) was orally administered
through a gavage tube to wild-type (non-diabetic) mice
treated with either ID-8 (10 mg/kg/day) or vehicle for 14
days, ID-8 treatment exerted no effects on glycemic

profiles after OGTT in the wild-type mice
(Supplementary Fig. 3). In addition, when we
performed an intraperitoneal glucose tolerance test
(IPGTT) (0.5 g glucose/kg body weight) in db/db mice at
13 weeks of age to allow for a direct comparison of
glucose disposal capacity between oral and
intraperitoneal administration by using the same
glucose load, there were also no significant differences
in glucose levels between the ID-8-treated group and the
control group (Supplementary Fig. 4). That is, in contrast
to the case with OGTT (Fig. 1B), there was no significant
difference in the effects of the ID-8 treatment group
compared to the control group in the investigation
conducted through IPGTT in the diabetic model.
Without insulin tolerance test, we cannot totally
exclude the possibility that ID-8 treatment may induce
hyperinsulinemia by causing insulin resistance.
However, the lack of hypoglycemic effects of ID-8 in
both normoglycemic wild-type mice and
IPGTT-conducted db/db mice suggests that ID-8
ameliorates glucose homeostasis in a
glucose-dependent manner via secretion of incretins,
thus further supporting the concept that increased
secretion of incretins by ID-8 and subsequently
enhanced glucose-stimulated insulin secretion may
contribute to the glucose-lowering effects of ID-8 in our
mice. Quantifying pancreatic β-cell insulin content,
including measurements under basal (0 min) and
glucose-stimulated (15 min) conditions may help to
support the interpretation. Development of therapy
that increases cellular populations of K- and L-cells can
be an attractive approach because plasma levels of total-
GIP and total-GLP-1 are secreted in a physiological
manner. This may open up a new potential therapeutic
window for themanagement of type 2 diabetes. However,
it remains unclear whether increasing endogenous
hormone-producing cells, such as GIP-secreting K-cells
and GLP-1-secreting L-cells by ID-8, may be a more
effective therapeutic strategy than GLP-1 and/or GIP
receptor agonists. GLP-1 and/or GIP receptor agonist
treatment with or without ID-8 versus ID-8 alone would
help to understand the clinical utility of ID-8 for the
treatment of diabetes.

NFATc4 protein exists mainly as a phosphorylated form
in the cytoplasm, which is dephosphorylated by
calcineurin, a calmodulin-dependent phosphatase, and
then translocated to the nucleus (16, 20). DYRKs have
been identified as key kinases that regulate NFAT
phosphorylation by genome-wide RNA interference in
Drosophila (31, 32). Inhibition of DYRKs leads to
dephosphorylation of serine–proline repeat 3 motif of the
NFAT regulatory domain, which could facilitate
dephosphorylation and then stimulate the transcriptional
activity of NFATc4 (31, 32). Furthermore, we previously
found that NFATc4, a downstream modulator of
DYRKs, was expressed in zebrafish intestines and could
play a crucial role in the differentiation of
enteroendocrine K-cell in the zebrafish model.
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Genetic knockdown of nfatc4 by antisense morpholino
specific for the first intron–exon splice junction of nfatc4
decreased the cellular number of intestinal K-cells, thus
indicating that Nfatc4 is essential for K-cell formation in
the transgenic zebrafish model (15). Although NFATc4 is
also expressed in the intestines of mammalians (33) as
well as various tissues or organs, including the endocrine
pancreas, heart and brain, as reported in the tissue-based
map of the human proteome (34), there is no study to
examine the relationship of NFATc4 with
enteroendocrine K- and L-cells in mammals. Therefore,
we investigated whether DYRK inhibition-induced
NFATc4 activation could be associated with K-cells and
L-cells in the small intestines of db/dbmice. In the present
study, a subset of K- and L-cells were co-stained for
NFATc4 in ID-8-treated mouse intestines. In this study,
we also found that cells co-stained for NFATc4with GIP or
GLP-1 were increased by ID-8 treatment compared with
vehicle (Fig. 2J andK). Given that NFATc4 is evolutionarily
conserved across species from fish to mammals (33, 35),
our present study suggests that ID-8 treatment could
stimulate the expression of GIP or GLP-1 via activation
of NFATc4, thus improving dysglycemia in diabetic db/db
mice. However, our present data showing NFATc4 can be
found in GIP- and GLP-1-positive cells are circumstantial,
and therefore, further mechanistic studies, such as
knocked down or knocked out experiments of Nfatc4,
would be helpful to support the translation of this
effect. Moreover, since it is difficult to differentiate
certain cellular components, such as nucleus and
cytoplasm by immunofluorescence staining, we could
not examine the nuclear-to-cytoplasmic NFATc4 ratio in
ID-8-treated versus vehicle-treated groups.

On the contrary, therewas no overlap of EdU-labeled cells
with K-cells and L-cells in the mouse intestines. Thus, our
study is the first to show that the increased number of
K-cells and L-cells by ID-8 in mice may be caused by
differentiation of intestinal cells via an
NFATc4-regulated process rather than cell proliferation
of these cells. Indeed, NFATc4 and NFATc1 regulate
intestinal cell differentiation through tumor suppressor
protein phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) (35). Since NFATc1-positive cells
were identified as a population of colonic stem cells and
could contribute to epithelial regeneration during colitis
(36), NFATc4may be associatedwith enteroendocrine cell
differentiation of K-cells and L-cells (Fig. 5), as in the case
of zebrafish (15), while NFATc1 might be related to cell
proliferation (37).

A couple of studies, including ours, have revealed the high
specificity of ID-8 for DYRK1A andDYRK1B, and it had less
activity for DYRK2 and DYRK4 (15, 38). Recently, it has
been shown that inhibition of DYRK1A or reduced
expression of DYRK1A increased pancreatic β-cell
proliferation and its function (39, 40, 41). Furthermore,
DYRK1A is well recognized as a negative regulator of the
cell cycle, and recent studies have highlighted that
DYRK1A inhibitors significantly potentiate human β-cell

regeneration when combined with GLP-1 receptor
agonists (42, 43). In the present study, although oral
administration of ID-8 in db/db mice tended to increase
β-cell mass, we did not observe the clear effect of ID-8 on
β-cell expansion. The observation was in contrast to the
previous finding that pharmacological doses of GLP-1
receptor agonists with DYRK1A inhibitors elicited β-cell
proliferation (42, 43). ID-8-stimulated secretion of
incretins for 2 weeks may not be sufficient to promote
a significant change in β-cell mass in our mouse model.
However, it would be helpful to examine the impact of
ID-8 on cell cycle regulation, such as cyclin activity or
expression. Taken together, our present study suggests
that oral administration of ID-8 could enhance plasma
levels of total-GIP and total-GLP-1 alongwith an increased
number of K-cells and L-cells in the intestines through the
NFATc4 pathway via inhibition of DYRK1B, whichmay, in
concert, improve β-cells’ insulin-secreting ability in
diabetic mice. Since DYRK1B is a key modulator of
signaling pathways that regulate cell differentiation
and has a crucial role in developmental processes and
cell homeostasis (44), DYRK1B may be involved in
enteroendocrine cell differentiation in the intestines
through NFATc4 regulation.

Our study has several potential limitations. First, we
found here that ID-8 significantly improved blood
glucose and HbA1c levels, but it did not induce body
weight loss. The rationale for using the 14-day dosing
regimen was that cellular and protein turnover rates in
the small intestines were estimated to approximately
5 days (45). However, two-week treatment with
10 mg/kg/day ID-8 may not be sufficient to reduce body
weight or induce pancreatic β-cell mass in db/db mice,
although it stimulated the GLP-1/GIP incretin pathway.
It would be helpful to examine the effects of relatively
long-term administration with ID-8 on body weight and

Figure 5

Possible actions of ID-8 on differentiation of enteroendocrine K- and
L-cells. ID-8-induced DYRK inhibition facilitates NFATc4
dephosphorylation and activation, thereby promoting the differentiation
of K- and L-cells. NFATc4, nuclear factor of activated T cells 4; pNFATc4,
phosphorylated NFATc4; and DYRK, dual-specificity tyrosine
phosphorylation-regulated kinase. A full color version of this
figure is available at https://doi.org/10.1530/JME-25-0214.
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β-cell mass in our model because GLP-1R agonism can
increase the β-cell fraction in some diabetic models
(46, 47). Second, due to the lack of protein or mRNA
samples, we could not conduct western blot, RT-PCR or
flow cytometry analysis in the present study. It would be
interesting to perform western blot, RT-PCR or flow
cytometry analysis to support the immunofluorescence
or immunohistochemical staining for GIP, GLP-1 and
NFATc4, or to reveal K- and L-cell differentiation.
However, we found here that ID-8 significantly
increased GIP and GCG/GLP-1 mRNA levels in human
intestinal organoids. Third, the potential off-target
effects or existing safety data of ID-8 in humans remain
unclear. Fourth, although the ID-8 concentration was
determined based on the results from zebrafish larvae,
we did not conduct formal pharmacokinetic or half-life
studies in our mouse model. However, no adverse effects
of ID-8 were observed during the 2-week study period. It
would be important to clarify whether potential drug
accumulation and any possible adverse effects
occurred in tissues beyond the intestine, such as
expected target organs. Fifth, a subset of GIP- or
GLP-1-positive cells in the small intestines were
co-stained for NFATc4 (Fig. 2D, E, F, G, H, I), whose cell
numbers were significantly increased by the treatment
with ID-8 (Fig. 2J and K), but they did not overlap with
EdU-labeled cells (Fig. 2L and M). The observations
suggest that the increased cell populations may not be
driven by changes in cell cycle dynamics (i.e., cell
proliferation), but it would be interesting to examine
the markers of cell dynamics through experiments
such as western blotting, flow cytometry and
immunofluorescence under in vitro conditions using
intestinal organoids. Sixth, our objective was to
evaluate the efficacy of ID-8 in a therapeutic
intervention rather than a preventive one, because the
treatment period from 11 to 13 weeks of age is
characterized by established hyperglycemia and the
transition toward progressive β-cell dysfunction
(21, 22). The potential preventive or early-stage
therapeutic effects of ID-8 deserve further study.
Seventh, based on our previous finding that Nfatc4
is expressed in the zebrafish intestine and could play a
crucial role in the formation of enteroendocrine K-cells
(15), we focused specifically on the expression and
localization of NFATc4 within K- and L-cells. However,
it remains unknown whether NFATc4
expression (total or phosphorylated) is unique to
K- and L-cells in the present study. Eighth, we did not
know whether the glucose-lowering effects of ID-8
observed here were specific to db/db mice.
Additional background and relevant literature would
help contextualize whether this effect is indeed
db/db-specific. Ninth, it is known that NFATc4 is
expressed in the mammalian intestine (33) as well as
various tissues or organs, including the endocrine
pancreas (34). However, we did not examine the
expression of NFATc4 in the pancreas of our model.
The potential direct effects of ID-8 on pancreatic

NFATc4 are of interest. Further studies would be
needed to address these issues in the future.

Conclusions
The present study is the first to demonstrate that DYRK
inhibition by ID-8 can improve glucose homeostasis in
association with elevated plasma levels of incretins and
insulin and an increased number of differentiated K-cells
and L-cells, thus suggesting that ID-8 may be a potential
novel therapeutic agent for diabetes.

Supplementary materials

This is linked to the online version of the paper at
https://doi.org/10.1530/JME-25-0214.

Declaration of interest

The authors declare that there is no conflict of interest that could be perceived
as prejudicing the impartiality of the work reported.

Funding

This research was funded by the European Foundation for the Study of
Diabetes (EFSD) and Japan Diabetes Society (JDS) Fellowship Programme
(grant number 2015-1 to MT), Sumitomo Life Welfare Foundation
(grant number 2016 to MT) and Showa University Research Grant for Young
Researchers (grant number 2015 to MT).

Author contribution statement

MT conceived the study; designed the methodology; acquired software,
resources and funding; performed validation, formal analysis, investigation,
data curation and visualization; administered the project; and wrote, reviewed
and edited themanuscript. OA performed validation, supervised the study and
reviewed and edited the manuscript. QZ performed investigation and data
curation and acquired resources. S-IY administered the project, supervised
the study and wrote, reviewed and edited the manuscript. All authors
(except for the late Dr Zhou) have read and agreed to the published version of
the manuscript.

Data availability

All data are contained within the article.

Institutional review board statement

The study was performed in accordance with the Declaration of Helsinki
guidelines and permitted by the Animal Care Committee of Showa Medical
University School of Medicine (approval date: April 1, 2022; approval number:
04016), local guidelines and Regionala Etikprövningsnämnden in Stockholm
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