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The small molecule kobusone
can stimulate islet b-cell
replication in vivo
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Abstract

Objective: To investigate the ability of kobusone to reduce high glucose levels and promote

b-cell proliferation.
Methods: Four-week-old female db/db mice were assigned to the kobusone (25 mg/kg body

weight, intraperitoneally twice a day) or control group (same volume of PBS). Glucose levels and

body weight were measured twice a week. After 6 weeks, intraperitoneal glucose tolerance tests

and immunohistochemical studies were performed, and insulin levels were determined. The

expression of mRNAs involved in cell proliferation, such as PI3K, Akt, cyclin D3 and p57Kip2,

was measured by quantitative reverse transcription polymerase chain reaction (RT-qPCR).

Results: Kobusone reduced blood glucose levels after 3 weeks and more strongly increased

serum insulin levels than the vehicle. Immunohistochemistry illustrated that kobusone increased

5-bromo-20-deoxyuridine incorporation into islet b-cells, suggesting that it can stimulate islet

b-cell replication in vivo. RT-qPCR indicated that kobusone upregulated the mRNA expression of

PI3K, Akt, and cyclin D3 and downregulated that of p57Kip2.

Conclusion: Our findings suggest that kobusone is a potent pancreatic islet b-cell inducer that
has the potential to be developed as an anti-diabetic agent.
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Introduction

Diabetes is a chronic metabolic disease

characterized by hyperglycemia attributable

to absolute or relative deficits in insulin
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secretion by islet b-cells. The loss of b-cell
mass in pancreatic islets is a pathological
hallmark of the development of both type
1 and type 2 diabetes.1 Thus, restoring the
reduced b-cell mass by regenerating or pre-
serving functional b-cells is a fundamental
therapeutic goal for treating or curing dia-
betes. Unfortunately, currently existing
therapies fail to prevent diabetic complica-
tions, including cardiovascular disease, neu-
ropathy, nephropathy, and retinopathy.2

Therefore, there is an urgent need to devel-
op a novel therapy to treat or cure diabetes.

Pancreatic b-cells are dynamic cells that
modulate their mass in response to a variety
of physiological (pregnancy)3,4 and patho-
physiological cues (obesity or insulin resis-
tance).5 Pre-existing b-cells rather than
specialized progenitor cells are the primary
sources of new b-cells.6,7 Reports have indi-
cated that preserving b-cell function is a
fundamental therapeutic goal for treating
or curing diabetes.8–10

A recent study11 reported that 17 natural
products, including kobusone, could stimu-
late b-cell replication in primary rat islet
cells. Kobusone is a natural product pro-
duced by Wuhan ChemFaces Biochemical
Co., Ltd. (Wuhan, China) and has anti-
bacterial, anti-oxidant, anti-inflammatory,
analgesic, anti-allergic, anti-helmintic,
anti-platelet, anti-diarrheal, and anti-
hyperglycemic activities.12–16 Thus, kobu-
sone is widely used in traditional medicine
globally for the treatment of many diseases.

This study examined the efficacy of
kobusone in stimulating the regeneration
of pancreatic islet b-cells in db/db mice
and characterized the molecular mechanism
of this effect.

Methods

Materials

Kobusone was purchased from Wuhan
ChemFaces Biochemical Co., Ltd.

A 5-bromo-20-deoxyuridine (BrdU)

Labeling Kit was purchased from BD

Biosciences (Franklin Lakes, NJ, USA),

and an Ultra Sensitive Mouse Insulin

ELISA Kit was purchased from Crystal

Chem Inc. (Downers Grove, IL, USA).

Primers and probes for PI3K, Akt, cyclin

D3, and p57Kip2 for quantitative reverse

transcription polymerase chain reaction

(RT-qPCR) were designed by Integrated

DNA Technologies (Coralville, IA, USA).

Animals and treatment

Four-week-old female db/db mice (BKS.

Cg-mþ/þLeprdb) were purchased from

The Jackson Laboratory (Bar Harbor,

ME, USA). Mice were housed in an

animal facility at The Catholic University

of Korea, College of Medicine under con-

trolled light (12-hour light/12-hour dark)

and temperature conditions with free

access to standard mouse food and water.

The procedures used and the care of ani-

mals were approved by the Institutional

Animal Care and Use Committee of The

Catholic University of Korea, Seoul,

Korea (Approval No.: IACUC 20-10). All

studies involving animals were reported in

accordance with the ARRIVE guidelines.

After 2 weeks of acclimation, the animals

were randomly divided into control (n¼ 5)

and treatment groups (n¼ 5). Mice in the

treatment group received kobusone at a

dosage of 25 mg/kg body weight (100 mL/
g, intraperitoneally twice a day). Control

animals were treated with the same

volume of PBS. Glucose levels and body

weight were randomly measured twice a

week. Six weeks after treatment, all animals

were subjected to metabolic analysis. Then,

all mice were sacrificed using CO2 gas for

islet isolation. Half of the islets were used

for mRNA measurements, and the remain-

ing portion was used for immunohisto-

chemical analysis.
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Intraperitoneal glucose tolerance test

(IPGTT)

For the IPGTT, the mice were fasted for 16

hours and intraperitoneally injected with

10% glucose (1mg/g body weight).

Glucose levels were then measured after 0,

30, 60, 90, and 120 minutes using a

Glucometer Elite (Bayer, Leverkusen,

Germany).17

Determination of serum insulin levels

Before animals were sacrificed, blood sam-

ples (50 mL) were collected from the tails of

fed mice into heparinized microhematocrit

tubes for the determination of insulin con-

centrations using an Ultra Sensitive Mouse

Insulin ELISA Kit.18

Immunohistochemical analysis

Pancreata were removed from the db/db

mice, fixed overnight in 4% formaldehyde

solution, and embedded in paraffin.

Paraffin sections (4 mm) were rehydrated,

and antigen retrieval in 10 mM sodium cit-

rate solution was performed using a micro-

wave, followed by blocking endogenous

peroxidase in 3% H2O2. The following pri-

mary antibodies were used: guinea pig anti-

swine insulin (1:300; Agilent Technologies,

Santa Clara, CA, USA), mouse anti-cyclin

D3 (1:40; Vector Laboratory, Burlingame,

CA, USA), and mouse anti-BrdU (1:10; BD

Biosciences). All images were captured

using a Zeiss Axioplan 2 microscope (Carl

Zeiss Inc., Oberkochen, Germany).19,20

RT-qPCR analysis

Islets were isolated from pancreases using a

method published previously.18 Total RNA

was extracted from islets using an RNeasy

Mini Kit (Qiagen, Hilden, Germany). The

targeting cDNA sequences were obtained

online (www.ncbi.nlm.nih.gov), and PCR

primers and probes were designed using

PrimerQuestTM (Integrated DNA

Technologies). RT-qPCR was performed

using an EXPRESS One-Step SuperScript

Quantitative RT-PCR Kit (Invitrogen,

Thermo Fisher Scientific, Waltham, MA,

USA) according to the manufacturer’s

instructions with a 7900HT Real-Time

PCR System (Applied Biosystems, Thermo

Fisher Scientific). mRNA levels were calcu-

lated using the comparative CT method

(XTest/XGAPDH¼ 2DDCT) with GAPDH as

the endogenous reference gene. Primers

and probes used in RT-qPCR were

designed using PrimerQuest as listed in

Table 1.

Statistical analysis

Data are expressed as the mean� standard

error (SE). Significant differences among

groups were evaluated by one-way analysis

of variance and Tukey’s multiple compari-

sons test or by an unpaired two-tailed

Student’s t-test using GraphPad PRISM

(GraphPad, San Diego, CA, USA).

Significance levels are described in individ-

ual figure legends.

Results

Kobusone decreased glucose levels in

db/db mice

To examine the effects of kobusone, 6-

week-old db/db mice were treated with

kobusone (25 mg/kg) twice daily. The high

glucose levels in db/db mice began to

decrease after 3 weeks of treatment. The

glucose-lowering effect continued until the

end of the 6-week treatment without

(Figure 1a). There was no significant

change in body weight throughout the

whole experiment (Figure 1b). These find-

ings suggest that kobusone, a natural prod-

uct, lowered blood glucose levels in db/db

mice.
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Kobusone improved glucose tolerance

and increased insulin secretion in db/db

mice

To determine whether kobusone improves

glucose tolerance in diabetic animals, an

IPGTT was performed via the IP adminis-

tration of 10% glucose (1 mg/g body weight)

after the mice were fasted for 16 hours. The

area under the curve was significantly

smaller at 30 (773 vs. 507), 60 (1476 vs.

950), 90 (2017 vs. 1145), and 120 minutes

(2411 vs. 1399) in the treated group than

that in the control group (all P< 0.001), sug-

gesting the glucose tolerance was improved

by kobusone treatment relative to vehicle

(Figure 2a). To evaluate islet b-cell insulin
secretion, serum insulin levels were deter-

mined using a mouse insulin ELISA kit.

Again, kobusone enhanced islet b-cell

function, thereby boosting insulin secretion

into the circulation (Figure 2b).

Kobusone preserved islet mass and

stimulated islet b-cell proliferation in

db/db mice

After 6 weeks of treatment, pancreata were

collected for histological or immunohisto-

chemical studies. Kobusone treatment pre-

served the normal islet structure, as

evidenced by the clear boundary of the

islets with the surrounding acinar cells,

whereas the structure of control islets was

destroyed (Figure 3a and b). Insulin immu-

nostaining revealed that kobusone treat-

ment resulted in strong insulin staining

throughout the entire islets (Figure 3d),

whereas the control group contained fewer

insulin-positive cells in a small part of the

Table 1. Primers and probes for quantitative reverse transcription PCR.

Gene Sequences of primers and probes

Cyclin D3 Forward: 50-TCT TCC TTC CCA CTC AAC CAG CTT

Probe: /56-FAM/TCCTGGGCC/Zen/ATGATGGTCAGAGAAAT/3IABkFQ/

Reverse: 50-TTT GGC AAC TGA GAA GGT TGG AGC

p57Kip2 Forward: 50-ATG TAG CAG GAA CCG GAG ATG GTT

Probe: /56-FAM/TGAGAACAC/Zen/TCTGTACCATGTGCAAGG/3IABkFQ/

Reverse: 50-TTT ACA CCT TGG GAC CAG CGT ACT

PI3Kr1 Forward: 50-AAT AGG TTA CAG TGC GGG CCG TAT

Probe: /56-FAM/GGGAAGGTA/Zen/AGGTGAGAACATTGTTGGG/3IABkFQ

Reverse: 50-CAG TTT CCT TGG CTT TGC TCG GTT

PI3Kr2 Forward: 50-TGC ATC CAG CAA GAT CCA AGG AGA

Reverse: 50-ACC ATC CCG GTG GAA GAC TTT GAT

Probe: /56-FAM/TCAGGAAAG/Zen/GCGGGAACAACAAGTTG/3IABkFQ/

PI3Kr3 Forward: 50-TTC AGA CAT TGC TGT GCG GTT GTG

Probe: /56-AM/GGGAAGGTA/Zen/AGGTGAGAACATTGTTGGG/3IABkFQ/

Reverse: 50-GCA AGT CTG CCA ACC ATT CCA AGT

Akt1 Forward: 5’-AAC AGC AAC TCC CAC TCT TC-3’

Probe: /56-FAM/TT GTC ATT G/ZEN/A GAG CAA TGC CAG CC/3IABkFQ/

Reverse: 5’CCT GTT GCT GTA GCC GTA TT-3’

Akt2 Forward: 5’-AAC AGC AAC TCC CAC TCT TC-3’

Probe: /56-FAM/TT GTC ATT G/ZEN/A GAG CAA TGC CAG CC/3IABkFQ/

Reverse: 5’-CCT GTT GCT GTA GCC GTA TT-3’

GAPDH Forward: 50-TCAACAGCAACTCCCACTCTTCCA-30

Probe: /56-AM/GGCTGGCAT/Zen/TGCTCTCAATGACAACT/3IABkFQ/

Reverse: 50-ACCCTGTTGCTGTAGCCGTATTCA-30
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islets (Figure 3c). Treated islets contained

BrdU-positive cells (red arrows, Figure

3f), whereas no BrdU staining was found

in untreated islets (Figure 3e). These results

indicate that kobusone preserved the func-

tional islet mass by stimulating b-cell pro-
liferation in db/db mice.

Kobusone upregulated cyclin D3 and

downregulated p57Kip2 expression in

islets through the PI3K/Akt signaling

pathway in db/db mice

Cell proliferation is controlled by cyclin-

dependent kinases (CDKs), which are

positively regulated by cyclins and negative-

ly regulated by CDK inhibitors (CKIs). In

addition, the PI3K/Akt signaling pathway

plays an important role in regulating multi-

ple biological processes, including cell sur-

vival, proliferation, and growth.21 To

examine whether kobusone exerted its role

by modulating cyclin D3/p57Kip2 and

PI3K/Akt expression, their mRNA levels

were determined by RT-qPCR. Kobusone

upregulated cyclin D3, PI3K, and Akt

expression but downregulated p57Kip2

expression in pancreatic islets in db/db

mice (Figure 4). This result suggests that

kobusone stimulated islet b-cell

Figure 2. An intraperitoneal glucose tolerance test was performed after 6 weeks of treatment. Kobusone
significantly improved glucose tolerance in db/db mice (a) by increasing insulin secretion into blood collected
from fed mice (b). Data are presented as the mean� SE. *, P< 0.01 vs. control.

Figure 1. Treatment of db/db mice with kobusone reduced blood glucose levels in as little as 3 weeks (a)
without causing a dramatic change in body weight (b). Data are presented as the mean� SE. *, P< 0.01 vs.
control.
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proliferation by modulating CDKs/CDKIs

(cyclin D3/p57Kip2) through the PI3K/Akt

signaling pathway in db/db mice.

Discussion

In our study, we demonstrated that kobu-

sone treatment decreased blood glucose

levels and increased serum insulin levels in

db/db mice by inducing islet b-cell prolifer-
ation via activation of the PI3K/Akt signal-

ing pathway, leading to cyclin D3

upregulation and p57Kip2 downregulation.

Kobusone is a natural product and
a low-molecular-weight fatty acid that
can be extracted from the herbaceous
plant Cyperus rotundus L. (also known
as nutgrass or purple nutsedge), which
has anti-bacterial, anti-oxidant, anti-
inflammatory, analgesic, anti-allergic,
anti-helmintic, anti-platelet, anti-diarrheal,
and anti-hyperglycemic activities.12–16

Thus, C. rotundus L. is a widely
used plant in traditional medicine
globally for the treatment of various
diseases.

Figure 3. Kobusone preserved the islet mass and structure and induced islet b-cell proliferation in db/db
mice. Magnification, �20.
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The PI3K/Akt signaling pathway is an

intracellular signal transduction pathway

that promotes metabolism, proliferation,

cell survival, and growth in response to

extracellular signals.21–25 Cell proliferation

is controlled by cyclins, CDKs, and CKIs.

CDKs are regulated positively by cyclins

and negatively by CKIs.26,27 Cyclin D

family members play important roles in

cell division. The family includes three

members (cyclins D1, D2, and D3) that

are essential for regulating cell cycle pro-

gression via complex formation with

CDKs. Human islet b-cells contain abun-

dant cyclin D3, variable amounts of cyclin

D1, and little cyclin D2.28 In particular,

cyclin D3 (but not cyclin D1 and D2) in

combination with CDK6 stimulates the

largest increase in human b-cell prolifera-
tion.28 CDKs play critical roles in cell pro-

liferation by controlling the cell cycle.

Cyclin D-dependent kinases initiate Rb

phosphorylation in mid-G1 phase, sup-

pressing the ability of Rb to repress E2F

family members and activating genes

needed to enter S phase. This transition

from G1 to S phase in the cell cycle leads

to cell proliferation. Conversely, p57Kip2, a

member of the CIP/KIP family of CKIs

that is highly expressed in human pancreat-

ic b-cells,29 causes cell cycle arrest in G1

phase. Interestingly, the expression of

p57Kip2 is induced by the transcription

factor E47, which is involved in the transi-

tion from proliferation to cell cycle exit.30

In our study, kobusone exhibited anti-

diabetic activity, lowering blood glucose

levels and increasing blood insulin levels

in db/db mice. Immunostaining of the pan-

creata illustrated that kobusone treatment

increased BrdU incorporation in islet

b-cells, suggesting that it can stimulate

islet b-cell regeneration. A molecular mech-

anism study indicated that the mRNA

expression of PI3K, Akt, and cyclin D3

was upregulated by kobusone treatment,

whereas p57Kip2 was downregulated.

Therefore, our results demonstrated that

kobusone can lower blood glucose levels

by stimulating pancreatic islet b-cell

Figure 4. Kobusone upregulated cyclin D3 expression and downregulated p57Kip2 expression in pancreatic
islets through the PI3K/Akt signaling pathway in db/db mice in vivo. Total RNA was extracted from islets
isolated from control and kobusone-treated db/db mice at the age of 12 weeks, and the mRNA levels of
PI3Kr1–3, Akt1–2, cyclin D3, and p57Kip2 were determined by quantitative reverse transcription PCR. Data
are presented as the mean� SE. *, P< 0.01 vs. control.
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regeneration in db/db mice. The possible
mechanism is that kobusone activates the
PI3K/Akt signaling pathway, alleviating
the p57Kip2-mediated inhibition of cyclin
D family members, which in turn initiate
the cell division cycle.

In this study, we tested the potential of
kobusone to treat diabetes in mice. Two
variables must be considered before preclin-
ical application. We examined the anti-
diabetic effect of kobusone in a small
number of animals (five per group) over a
short period (6 weeks). These two variables
greatly limit the generalizability of the study
results. Therefore, large-scale animal stud-
ies should be performed to confirm the effi-
cacy of kobusone in stimulating b-cell
proliferation over a longer period in diabet-
ic animal models. In addition, the side
effects of kobusone on carcinogenesis or
tumorigenesis should also be examined.

In conclusion, kobusone, a natural prod-
uct isolated from C. rotundus L, exerted a
strong glucose-lowering effect in db/db mice
by stimulating b-cell regeneration in vivo.
Our data suggest that kobusone can induce
cell proliferation by activating the PI3K/Akt
signaling pathway, leading to p57Kip2 down-
regulation and cyclin D3 upregulation.
Thus, kobusone is a promising small mole-
cule for development as a pharmacological
agent to treat diabetes in humans.
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