
RESEARCH ARTICLE

A Novel Diphenylthiosemicarbazide Is a

Potential Insulin Secretagogue for Anti-

Diabetic Agent

Kenji Sugawara1,2, Kohei Honda1, Yoshie Reien3, Norihide Yokoi1, Chihiro Seki1,

Harumi Takahashi1, Kohtaro Minami1, Ichiro Mori4, Akio Matsumoto3, Haruaki Nakaya3,

Susumu Seino1*

1 Division of Molecular and Metabolic Medicine, Kobe University Graduate School of Medicine, Kobe,

Japan, 2 Division of Diabetes and Endocrinology, Kobe University Graduate School of Medicine, Kobe,

Japan, 3 Department of Pharmacology, Graduate School of Medicine, Chiba University, Chiba, Japan,

4 Division of Advance Medical Science, Graduate School of Science, Technology and Innovation, Kobe

University, Kobe, Japan

* seino@med.kobe-u.ac.jp

Abstract

Insulin secretagogues are used for treatment of type 2 diabetes. We attempted to discover

novel small molecules to stimulate insulin secretion by using in silico similarity search using

sulfonylureas as query, followed by measurement of insulin secretion. Among 38 com-

pounds selected by in silico similarity search, we found three diphenylsemicarbazides and

one quinolone that stimulate insulin secretion. We focused on compound 8 (C8), which had

the strongest insulin-secreting effect. Based on the structure-activity relationship of C8-

derivatives, we identified diphenylthiosemicarbazide (DSC) 108 as the most potent secreta-

gogue. DSC108 increased the intracellular Ca2+ level in MIN6-K8 cells. Competitive inhibi-

tion experiment and electrophysiological analysis revealed sulfonylurea receptor 1 (SUR1)

to be the target of DSC108 and that this diphenylthiosemicarbazide directly inhibits ATP-

sensitive K+ (KATP) channels. Pharmacokinetic analysis showed that DSC108 has a short

half-life in vivo. Oral administration of DSC108 significantly suppressed the rises in blood

glucose levels after glucose load in wild-type mice and improved glucose tolerance in the

Goto-Kakizaki (GK) rat, a model of type 2 diabetes with impaired insulin secretion. Our data

indicate that DSC108 is a novel insulin secretagogue, and is a lead compound for develop-

ment of a new anti-diabetic agent.

Introduction

Type 2 diabetes is characterized by impaired insulin secretion from pancreatic β-cells and
impaired insulin sensitivity in target tissues including liver, adipose tissues, and muscles. Vari-
ous anti-diabetic drugs to stimulate insulin secretion from pancreatic β-cells and to improve
insulin sensitivity in insulin target tissues have been developed to date. Insulin secretagogues
including sulfonylureas, glinides, and incretin-related drugs are widely used in clinical practice
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for treatment of patients with type 2 diabetes with impaired insulin secretion [1]. Among these,
sulfonylureas are the most commonly used anti-diabetic drug worldwide. Sulfonylureas inhibit
the ATP-sensitive K+ (KATP) channels in the pancreatic β-cells to simulate insulin secretion
[2–5]. The β-cell KATP channel is composed of Kir6.2, the pore-forming subunit, and SUR1, a
sulfonylurea receptor, as the regulatory subunit [6–8]. Sulfonylureas and glinides bind to SUR1
to induce closure of the KATP channels, depolarizing the β-cell membrane, leading to opening
of the voltage-dependent Ca2+ channels (VDCCs), and allowing Ca2+ influx into the β-cells.
The resultant rise in intracellular Ca2+ concentration ([Ca2+]i) triggers insulin release [8].
Thus, in addition to its physiologically essential role as an ATP sensor in glucose-induced insu-
lin secretion (GIIS), the KATP channel is a validated drug target to regulate insulin secretion
[2–5, 9]. However, despite their beneficial effects, these drugs can cause prolonged hypoglyce-
mia, especially for elderly patients and patients with renal insufficiency, due in part to their
long half-life properties [10].

We recently reported that in addition to causing closure of the KATP channels, sulfonylureas
directly activate Epac2A/Rap1 signaling in pancreatic β-cells to stimulate insulin secretion [11,
12]. We also have found that sulfonylureas and cAMP cooperatively activate Epac2A to simu-
late insulin secretion [13]. Sulfonylureas are reported to act on sulfonylurea receptor-like mole-
cules on insulin granules [14–16]. Thus, sulfonylureas and sulfonylureas-related molecules
have diverse targets in the insulin secretorymechanism [17].

In silico screening is widely used as a powerful and effective approach for the discovery of
novel therapeutic compounds. Similarity search is an especially useful method for retrieving
compounds with characteristics similar to those of known ligands [18]. In the present study,
we attempted to identify novel compounds to stimulate insulin secretion by similarity search
utilizing the information on the structures of the sulfonylureas in combination with measure-
ment of their insulinotropic effects both in vitro and in vivo. We identified a diphenylthiosemi-
carbazide-derivative (designated DSC108) as a novel insulin secretagogue having no structural
similarities to those of known secretagogues including sulfonylureas. Our data indicate that
DSC108 and its sodium salt form (DSC108-Na) have strong insulinotropic effects both in vitro
and in vivo and that the pancreatic β-cell KATP channel is a target of DSC108. In addition, oral
administration of DSC108-Na improved glucose tolerance in the Goto-Kakizaki (GK) rat,
which is a model of type 2 diabetes with impaired insulin secretion. Thus, DSC108 serves as a
lead compound for development of a novel anti-diabetic agent.

Material and Methods

In silico similarity search

Similarity search using two-dimensional (2D) structural fingerprint (TGTFOP) was applied.
2D structures of tolbutamide, chlorpropamide, acetohexamide, glipizide, and glibenclamide
were used as queries, and the fingerprints were then calculated by MOE (CCG Inc., Montreal,
Canada). Similarity searches were done by Daylight (Daylight Chemical Information Systems,
Aliso Viejo, CA) and 38 compounds were retrieved from a commercially available database
produced by Namiki Shoji Co., Ltd (Tokyo, Japan). The similarity metrics (Tanimoto coeffi-
cient) towards sulfonylureas were calculated for each compound, and all of the structures with
similarity coefficient values of less than 0.75 were excluded. In addition, compounds with sulfo-
nylurea structure were manually excluded.

Insulin secretion measurement

MIN6-K8 cells [19] were washed twice and preincubated for 30 min in medium containing
133.4 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 5.0 mM
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NaHCO3 and 10 mM HEPES (pH 7.4) (KRBH) containing 0.1% BSA with 2.8 mM glucose.
After preincubation, the cells were incubated for 30 min in KRBH containing each stimulus.
For perfusion experiments of mouse pancreata, overnight (16 hours)-fasted male mice at 16–
20 weeks of age were used as previously reported [20]. In the experiments,mouse pancreata
were perfusedwith KRBH buffer containing 2.8 mM glucose in the presence or absence of
10 μM DSC108. Insulin released in the incubation medium or perfusate was measured by insu-
lin assay kits from CIS Bio international (Gif sur Yvette, France).

Chemicals

Derivatives of compound C8 with various chemical modifications including DSC108 and the
sodium-salt of DSC108 were synthesized by NARD Institute Ltd. (Kobe, Japan).

Measurement of intracellular Ca2+ level ([Ca2+]i)

MIN6-K8 cells were loaded with 5 μM Fura2-AM (Dojindo, Kumamoto, Japan) for 20 min at
37°C in KRBH. The cells were stimulated with indicated secretagogues and the intracellular
Ca2+ level was measured by a dual-excitation wavelength method (340/380 nm) with a fluo-
rometer (Fluoroskan Ascent CF; Labsystems, Helsinki, Finland).

[3H]glibenclamide displacement experiments

MIN6-K8 cells transfected with human SUR1 were incubated with 10 nM [3H]glibenclamide
and with different concentrations of DSC108-Na for 30 min in binding buffer. Bound [3H]glib-
enclamide was separated by rapid vacuum filtration through Whatmann GF/C filters (What-
mann International, Maidstone, U.K.). The filters were washed three times with 4 ml of ice-
cold buffer (shown above) and the radioactivitywas determined by liquid scintillation counter.

Electrophysiology

Pancreatic β-cells were isolated from C57BL/6 mice by collagenase digestion methods, as previ-
ously described [21]. Isolated β-cells were cultured for 24–48 hours before experiments.Mem-
brane potential recordings from β-cells were performed in the current clamp mode of the
patch clamp method at room temperature. The composition of the external solution (HEPES-
Tyrode solution) was 143 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2�6H2O, 0.33
mM NaH2PO4, 5.5 mM glucose, and 5 mM HEPES- NaOH (pH 7.4) and that of the internal
pipette was 110 mM KOH 110 mM L-aspartate, 20 mM KCl, 1 mM MgCl2�6H2O, 0.1 mM
EGTA, 1 mM CaCl2, 1 μM ATP-K2, and 5 mM HEPES-KOH (pH7.4). Effects of DSC108
(30 μM) and glibenclamide (1 μM) on the membrane potentials were then examined.

The β-cell KATP channels were reconstituted in COS-1 cells transfected with human SUR1
and human Kir6.2 as previously described [6]. The cells were cultured in Dulbecco'smodified
Eagle's medium (DMEM, Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum for 24–72 hours at 37°C in a humidifiedCO2 incubator before the experiments. Effects
of DSC108 on the outward current induced by diazoxide (300 μM) (Sigma Chemical, St. Loius,
MO) were examined with the whole-cell clamp and compared with those of glibenclamide and
gliclazide (Sigma Chemical). The composition of the external solution was the same as that
indicated above. The pipette solution contained 107 mM KCl, 2 mM MgSO4, 11 mM EGTA,
1mM CaCl2, 1 μM ATP-K2, and 11 mM HEPES-KOH (pH 7.2). In the voltage-clamp mode, a
ramp-pulse protocol was used to record the quasi-steady-state membrane current at an interval
of 20 s. The membrane potential was held at -40 mV and depolarized to +50 mV in 300 ms. It
was then repolarized or hyperpolarized to -100 mV in 500 ms, during which time the change
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in the membrane current was automatically plotted against the membrane potential. The con-
centration-inhibitory effect data of the membrane current measured at 0 mV were fitted and
IC50 values were obtained using Delta Graph 6 (Delta Point, Polaroid Computing, Tokyo).

Animals

Male C57BL/6JJcl mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). Male GK/Slc rats
were purchased from Japan SLC, Inc. (Shizuoka, Japan). All animals were maintained under spe-
cific pathogen free conditions at 23 ± 2°C and 55 ± 10% relative humidity with a 12-h light-dark
cycle, and were provided with water and a commercial diet CE-2 (CLEA Japan, Inc.) at the Ani-
mal Facility of Kobe BiotechnologyResearch and Human ResourceDevelopment Center of
Kobe University. At the end of the experiments, animals were sacrificedby cervical dislocation or
overdose of anesthesia with pentobarbital sodium.All animal experiments were approved by the
Committee on Animal Experimentation of Kobe University and Chiba University, and carried
out in accordance with the Guidelines for Animal Experimentation at these universities.

Measurement of plasma concentration of DSC108

Male C57BL/6JJcl mice at 16–28 weeks of age were orally administered 30 mg/kg of the com-
pounds and whole blood samples were collected from the tail vein without anesthesia. Plasma was
separated by centrifugation for measurement of the plasma concentration. Anti-diabetic agents
from mice plasma were extracted by homogenization with extraction solution (Methanol/H2O/
CH3Cl) containing internal standard (20 μM methionine sulfone) and centrifugation, filtered
through a 5-kD filter, and lyophilized. The dried compounds were reconstituted with MilliQ
water and subjected to mass spectrometry. DSC108-Na and sulfonylureas were analyzed using a
triple quadrupolemass spectrometer (LCMS-8050; Shimadzu Corporation,Kyoto, Japan) coupled
with conventional flow liquid chromatography (Nexera UHPLC; Shimadzu Corporation). The
LC separation was performedusing DiscoveryHS F5 column (3 μm, 2.1 mm × 150 mm, Sigma-
Aldrich) with binary gradient of 0.1% formic acid in water and 0.1% formic acid in acetonitrile.

Oral glucose tolerance test

Male C57BL/6JJcl mice at 16–30 weeks of age were fasted for 16 hours and given DSC108-Na
(10–100 mg/kg body weight) at 20 min prior to glucose loading (1.5 g/kg body weight). Male
GK/Slc rats (Japan SLC, Inc., Shizuoka, Japan) at 16–30 weeks of age were fasted for 6 hours
and given DSC108-Na (100 mg/kg body weight) at 20 min prior to glucose loading (1.5 g/kg
body weight). Whole blood samples were collected from the tail vein without anesthesia and
blood glucose levels were measured by Antsense III glucose analyzer (Bayer Yakuhin, Osaka,
Japan); ELISA system was used for measurement of serum insulin (Morinaga, Tokyo).

Statistical analysis

The results are presented as mean ± SEM. Differences between the groups were analyzed with
the Student’s t test, paired t test, or Dunnet’s method as indicated in the legend. P< 0.05 was
regarded as statistically significant.

Results

Identification of insulin secretagogues by in silico screening in

combination with insulin secretion measurement

We carried out in silico screening to search for candidate compounds. For this purpose, simi-
larity search using two dimensional structures of sulfonylureas including tolbutamide,
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chlorpropamide, acetohexamide, glipizide, and glibenclamide as query compounds was per-
formed against a commercially available compound database containing about 5 million com-
pounds. Following the similarity search, the compounds possessing the sulfonylurea structure
were excluded by visual inspection; 38 compounds were finally selected as candidate com-
pounds (S1 Table).

We then investigated whether these compounds could stimulate insulin secretion by using
the mouse insulin-secreting cell line MIN6-K8 [19]. MIN6-K8 cells were stimulated by 10 μM
of each of the compounds in the presence of 11.2 mM glucose. Of these, four of them, C8, C9,
C22, and C25, were selected as hit compounds possessing strong effects on insulin secretion
(>2 fold increase vs. vehicle) (Fig 1A and S1 Table).

These four hit compounds were classified into two groups based on their chemical struc-
tures (Fig 1B). The first group includes C8, C9, and C22, all of which possess diphenylsemicar-
bazide; the second group includes C25, which possesses quinolone. We focused on
diphenylsemicarbazide as its insulinotropic effect was unknown.

Structure-activity relationship (SAR) of C8-derivatives

For the SAR study of C8, which exhibited the strongest insulinotropic effect, we obtained a
total of 69 of its derivatives from a commercial source and by chemical modifications of C8. By
comparing their insulinotropic effects, we found that 1,1-diphenylthiosemicarbazide is critical
for the activity. In addition, the introduction of a carboxy group on the 4-position of the cyclo-
hexane ring was found to increase the activity. (S1 Fig). Based on the SAR studies of the cyclo-
hexyl ring substitutions, we designed and synthesized the novel compound DSC108 (Fig 2 and
S2 Fig). We also synthesized the sodium-salt of DSC108 (referred to as DSC108-Na) (Fig 2 and
S2 Fig), which has higher aqueous solubility than DSC108.

Insulinotropic properties of DSC108 in vitro

We examined the properties of DSC108 to stimulate insulin secretion, using MIN6-K8 cells.
The DSC108 had a stronger stimulatory effect on insulin secretion at 10 μM, compared to C8,
and stimulated insulin secretion significantly even at 3 μM (Fig 3A). Although C8 showed bell-
shaped concentration dependency, DSC108 stimulated insulin secretion in a dose-dependent
manner (Fig 3A). We also confirmed that DSC108-Na had the same dose-dependencyas
DSC108 in insulin secretion from MIN6-K8 cells (S3 Fig).

We then analyzed the dynamics of DSC108-induced insulin secretion by perfusion experi-
ment using wild-typemouse pancreata. In the presence of 2.8 mM glucose, 10 μM of DSC108
markedly and transiently stimulated insulin secretion (Fig 3B).

The effect of DSC108 on [Ca2+]i in pancreatic β-cells

To determine whether DSC108-stimulated insulin secretion is associated with a rise in [Ca2+]i,
we examined the effect of DSC108 on the dynamics of [Ca2+]. DSC108 increased [Ca2+]i
immediately after stimulation in a dose-dependentmanner in a range of 3 to 30 μM (Fig 4).
This result suggests that DSC108 stimulates insulin secretion through increasing [Ca2+]i in
pancreatic β-cells.

Inhibition of the β-cell KATP channel by DSC108 through binding to

SUR1

Although C8 does not have the sulfonylurea structure, it was originally identified by similarity
search using sulfonylurea as query. We therefore explored the possibility that DSC108 might
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inhibit the activity of the β-cell KATP channel. We first examined the binding of DSC108 to the
sulfonylurea receptor SUR1, a subunit of the β-cell KATP channel, in COS-1 cells transfected
with human SUR1 [22] using radiolabeled glibenclamide.We utilizedDSC108-Na because of

Fig 1. Insulin secretagogues identified by in silico screening in combination with insulin secretion

measurement. (A) Insulin secretion from MIN6-K8 cells stimulated by 10 μM of each compound in the presence of 11.2

mM glucose. Data are fold-increase in insulin secretion relative to vehicle. Values are expressed as mean ± SEM (n = 3

for each compound). (B) Chemical structures of hit compounds. C8, 9, and 22 are diphenylsemicarbazides; C25 is a

quinolone.

doi:10.1371/journal.pone.0164785.g001

Fig 2. Chemical structures of DSC108 and its sodium-salt form (DSC108-Na).

doi:10.1371/journal.pone.0164785.g002
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its high aqueous solubility. As shown in the displacement curve, 300 μM and 1 mM of
DSC108-Na inhibited interaction between 3H-labeled glibenclamide and human SUR1 (Fig
5A), indicating that DSC108 and glibenclamide share the same binding site in SUR1.

To determinewhether DSC108 can inhibit activity of the β-cell KATP channel, we performed
electrophysiological experiments. As KATP channels are important in controlling the mem-
brane potential in pancreatic β-cells, we first examined the effect of DSC108 on membrane
potential. DSC108 produced membrane depolarization followed by oscillatorymembrane
depolarizations in primary cultured pancreatic β-cells, as shown in Fig 6A. DSC108 at a con-
centration of 30 μM significantly increased the membrane potential from -69 ± 2 mV to
-54 ± 4 mV in β-cells (Fig 6B). Glibenclamide (1 μM) also depolarized the membrane from
-74 ± 4 mV to -36 ± 8 mV (Fig 6). Since KATP channels are crucial in determining the mem-
brane potential of pancreatic β-cells, we examined the effect of DSC108 on KATP channels in
COS-1 cells transfected with the human β-cell KATP channel subunits Kir6.2 and SUR1. Fig 5B
shows the representative quasi-steady-state membrane current traces elicited by ramp pulses.
DSC108 inhibited the diazoxide-inducedK+ currents in a concentration-dependentmanner
(IC50, 2.3 μM) as well as those of glibenclamide and gliclazide (Fig 5C). Both DSC108 and glib-
enclamide inhibited the diazoxide-induced outward current.

Fig 3. Insulin secretory properties of DSC108. (A) Effect of C8 and DSC108 on insulin secretion from MIN6-K8 cells. Cells

were stimulated by each concentration of compound in the presence of 11.2 mM glucose for 30 min. Data are fold-increase in

insulin secretion relative to vehicle. Values are expressed as mean ± SEM (n = 3 for each compound). *P < 0.05, **P < 0.01

(Student unpaired t test). (B) Effect of DSC108 at 10 μM on the dynamics of insulin secretion from mouse perfused pancreata

in the presence of 2.8 mM glucose. Values are expressed as mean ± SEM (n = 3).

doi:10.1371/journal.pone.0164785.g003

Fig 4. Effect of DSC108 on intracellular Ca2+ dynamics in MIN6-K8 cells. Change in intracellular Ca2+ concentration

induced by DSC108 in the presence of 2.8 mM glucose in MIN6-K8 cells. Data are expressed as change in the ratio of

340nm/380nm fluorescence. Values are expressed as mean ± SEM (n = 4 for each condition).

doi:10.1371/journal.pone.0164785.g004
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These results strongly suggest that DSC108 inhibits the KATP channels in pancreatic β-cells
by binding to SUR1.

Glucose-lowering effect of DSC108 in vivo

As DSC108 stimulates insulin secretion from MIN6-K8 cells and perfusedmouse pancreata,
we examined whether DSC108 has a glucose-lowering effect in vivo.

To analyze the pharmacokinetic property of DSC108-Na, we first measured its plasma con-
centrations in the mice by LC-MS. DSC108-Na was orally administered at a dose of 30 mg/kg;
its plasma concentration was significantly increased to 72.4 μM at 30 min, followed by a rapid
decrease (Fig 7A). In contrast, the plasma concentration of gliclazide, a sulfonylurea used in
clinical practice, retained a higher concentration even after 2 hours (Fig 7A). We also found
that DSC108-Na (30 mg/kg) significantly increased the plasma insulin level at 20 min after oral
administration (Fig 7B). The glucose-lowering effect of DSC108-Na was then evaluated by oral
glucose tolerance test in wild-typemice. Glucose (1.5 g/kg) was administered orally 20 min
after treatment with DSC108-Na or vehicle (CMC, carboxymethyl cellulose). DSC108-Na
dose-dependently suppressed the rises in glucose levels, compared to that in vehicle-treated

Fig 5. Effects of DSC108 and DSC108-Na on β-cell KATP channels. (A) Inhibition of [3H]glibenclamide binding to human

SUR1 by DSC108-Na. [3H]glibenclamide binding to human SUR1 is displaced by unlabeled DSC108-Na. Values are

presented as mean ± SEM (n = 4). (B) Actual current traces recorded from COS-1 cells transfected with human SUR1 and

human Kir6.2. The quasi-steady-state membrane current was recorded in the voltage-clamp mode using the ramp-pulse

protocol (Inset), and plotted against membrane potential. Both DSC108 (3 μM) and glibenclamide (0.003 μM) inhibited the

diazoxide (300 μM)-induced outward current. (C) Concentration-response curves for the inhibitory effects of DSC108,

gliclazide, and glibenclamide on diazoxide (300 μM)-induced potassium current at 0 mV. The IC50 values for the inhibitory

effects of DSC108, gliclazide, and glibenclamide on the diazoxide-induced current are 2.3 μM, 0.86 μM and 0.003 μM,

respectively. Each point represents mean ± SEM of 1–6 cells.

doi:10.1371/journal.pone.0164785.g005
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mice. In addition, DSC108-Na did not induce hypoglycemia at any time point (Fig 7C).
Because aqueous solubility is thought to be an important factor determining its bioavailability,
we examined the difference in glucose-lowering effect betweenDSC108 and DSC108-Na.
DSC108-Na, which possesses higher aqueous solubility than DSC108, tended to have a stron-
ger glucose-lowering effect than DSC108 (S4 Fig) despite their exertion of similar insulinotro-
pic effects in vitro (S3 Fig).

Improvement of glucose intolerance in an animal model of type 2

diabetes by DSC108

To determine whether DSC108 has anti-diabetic action, we examined the effect of DSC108-Na
on blood glucose levels in the GK rats. The GK rat is a model of non-obese type 2 diabetes with
defective insulin secretion associated with impaired glucose metabolism in pancreatic β-cells
[23]. We found that oral administration of DSC108-Na (100 mg/kg) significantly increased the
plasma insulin level at 20 min after oral administration (Fig 8A). Indeed, in GK rats, blood glu-
cose levels after oral glucose loading were significantly lower in DSC108-pretreated rats than in
vehicle-pretreated rats (Fig 8B), indicating that DSC108 has an anti-hyperglycemic effect in
type 2 diabetes by stimulating insulin secretion. These results suggest that DSC108 has a poten-
tial anti-diabetic effect.

Fig 6. Effects of DSC108 and glibenclamide on the membrane potential of pancreatic β-cells. Membrane potential

recording of isolated β-cells was performed by the patch-clamp method in the current clamp mode. (A) Representative

membrane potential changes after treatment with 30 μM DSC108 or 1 μM glibenclamide. (B) Summarized data of membrane

potential changes after treatment with 30 μM DSC108 (n = 7) or 1 μM glibenclamide (n = 4). Values are expressed as

mean ± SEM. **P < 0.01 vs. pretreatment (Student paired t test).

doi:10.1371/journal.pone.0164785.g006
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Discussion

To identify candidate compounds for stimulation of insulin secretion, we used fingerprint-
based similarity search by in silico screening. Although high-throughput screening is still the
standard method for hit identification, in silico screening is an alternative approach to search
for candidate compounds. It is especially useful to evade many cost- and time-consuming pro-
cesses of drug discovery [24]. In this study, the chemical fingerprints of sulfonylureas were gen-
erated with the fingerprints of Typed Graph Triangles Frequency Overlap Planarity
(TGTFOP) [25]. By using TGTFOP, followed by exclusion of sulfonylurea-containing com-
pounds by visual inspection, in combination with insulin secretion assay, we attempted to

Fig 7. Effects of DSC108-Na in vivo. (A) Plasma concentrations of DSC108-Na and gliclazide. 30 mg/kg of each

compound was orally administered to wild type mice (n = 3 for each group) and blood samples were collected every 30 min

for 2 hours from the tail vein. Concentration of the compound was analyzed by LC-MS. (B) Insulinotropic effect of

DSC108-Na in vivo. 30 mg/kg of DSC108-Na was orally administered to wild type mice and plasma insulin concentrations

were measured. Data are expressed as mean ± SEM (n = 4 for each group). **P < 0.01 (Student unpaired t test). (C)

Glucose-lowering effect of DSC108-Na in OGTT. Changes in blood glucose levels after oral glucose load following

administration of DSC108-Na (left). Vehicle or each concentration of DSC108-Na was administered orally at -20 min and

glucose (1.5g/kg) was administered orally at 0 min. AUC of glucose is represented in bar graphs (right). Data are expressed

as mean ± SEM (n = 4 for each group). Arrow and arrowhead indicate the administration of compound and glucose,

respectively. *P < 0.05, **P < 0.01 vs. vehicle group (Dunnet’s method).

doi:10.1371/journal.pone.0164785.g007
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identify novel compounds with an insulinotropic effect. As a result, we discovered a novel
diphenylthiosemicarbazide, designated DSC108, which stimulates insulin secretion both in
vitro and vivo. DSC108 has no structures common to other insulin secretagogues reported to
date.

Intracellular Ca2+ measurement, competitive binding inhibition between glibenclamide and
DSC108 on SUR1, and electrophysiological study revealed that the β-cell KATP channel is the
primary target of DSC108. Thus, similarly to sulfonylureas and glinides, DSC108 is considered
to stimulate insulin secretion by direct inhibition of the KATP channels in pancreatic β-cells.

Fig 8. Improvement of glucose tolerance in GK rats by DSC108-Na. (A) Insulinotropic effect of DSC108-Na in vivo. 30

mg/kg of DSC108-Na was orally administered to GK rats and plasma insulin concentrations were measured. Data are

expressed as mean ± SEM (n = 6 for each group). *P < 0.05 (paired t test). (B) Changes in blood glucose levels after oral

glucose load following administration of DSC108-Na in GK rats (left). Vehicle or 100 mg/kg of DSC108-Na was orally

administered to rats at -20 min, and glucose was orally loaded at 0 min. AUC of glucose is represented in bar graphs (right).

Data are expressed as mean ± SEM (n = 6 for each group). Arrow and arrowhead indicate the administration of compound

and glucose, respectively. *P < 0.05 (paired t test).

doi:10.1371/journal.pone.0164785.g008
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It has been shown recently that in addition to inhibition of the KATP channels, sulfonylureas
activate the cAMP-sensor protein Epac2A, an exchange protein activated by cyclic-AMP 2 [11,
12, 26]. We therefore investigated whether DSC108 could activate Epac2A by fluorescence res-
onance energy transfer (FRET) experiment [11]. DSC108 did not induce FRET change at
10 μM in Epac2A sensor-transfected MIN6-K8 cells (S5 Fig), indicating that DSC108 stimu-
lates insulin secretion in an Epac2A-independent manner.

We also found that DSC108 improves glucose tolerance in the GK rat, a model of type 2 diabe-
tes with impaired insulin secretion [27]. It has been shown that, although ATP production by glu-
cose metabolism is impaired in β-cells of GK rats, the activity of the KATP channels in the β-cells
remains intact [28]. According to our present data in vivo, DSC108 appears to improve glucose
tolerance in GK rats by stimulating insulin secretion through inhibition of the KATP channels.

Hypoglycemia is a non-neglectable side-effect of sulfonylureas, and is primarily caused by
its prolonged efficacy [29, 30]. The half-life of sulfonylureas administered in vivo are relatively
long in general (3–10 hours), whereas that of DSC108 is less than 30 min (Fig 7A), which is
considerably shorter than that of sulfonylureas. The pharmacokinetic property of DSC108
resembles that of glinides, which are known as short-acting insulin secretagogues that target
the β-cell KATP channels [22, 31]. Higher post-prandial glucose levels are a risk factor for the
cardiovascular complications of diabetes. Considering that DSC108 improves glucose tolerance
in animal models of type 2 diabetes, DSC108 may have a beneficial effect by suppressing the
development of this complication. The other characteristic feature of DSC108 is its high aque-
ous solubility; the aqueous solubility of the sulfonylureas and glinides is generally low [32]. It is
thought that the poor aqueous solubility of these drugs leads to slower drug absorption and
results in low bioavailability [33]. Solubility of orally administered drugs is an important factor
for appropriate pharmacological response [34]. Therefore, improvement of drug solubility
remains one of the most important goals in the drug development process, especially for oral-
drug delivery systems [35]. DSC108, especially in its sodium salt form, shows a very high aque-
ous solubility compared to those of sulfonylureas and glinides, which might contribute to
higher bioavailability.

It is known that activating mutations of the KATP channel cause neonatal diabetes in human
[36–38]. Many of these patients can be switched from insulin to sulfonylurea for glycemic con-
trol. However, developmental delay, epilepsy, and neonatal diabetes (DEND) syndrome, which
is a severe form of neonatal diabetes with disorder of the nervous system, are relatively less
responsive to sulfonylurea [37]. It will be interesting to learn if DSC108 can pass through the
blood brain barrier and block KATP channels in the brain to improve these neural symptoms.

Although further studies are needed both in vitro and in vivo, DSC108 might well serve as a
lead compound in development of a new type of anti-diabetic drug with beneficial properties
distinct from those of existing insulin secretagogues. In addition, the approach in the present
study affords a useful option for identification of novel insulin secretagogues for treatment of
type 2 diabetes.

Supporting Information

S1 Fig. Effects of site-directed carboxylation of C8-derivatives on insulin secretion. (A)
Structures of carboxylated C8-derivatives. Carboxylation to various sites on cyclohexane were
introduced to C41, one of the C8-derivatives. (B) Effects of carboxylated derivatives on insulin
secretion.MIN6-K8 cells were stimulated by 100 μM of each compound. Data are shown as
fold-increase in insulin secretion relative to vehicle. Data are expressed as mean ± SEM (n = 3
for each compound)
(TIF)
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S2 Fig. Synthesis of DSC108 and DSC108-Na.
(TIF)

S3 Fig. Effects of DSC108 and DSC108-Na on insulin secretion in MIN6-K8 cells. Insulin
secretion from MIN6-K8 cells stimulated by 3 or 10 μM of each compound in the presence of
11.2 mM glucose. Data are shown as fold-increase in insulin secretion relative to vehicle. Data
are expressed as mean ± SEM (n = 3 for each compound). NS, not significant (Student
unpaired t test).
(TIF)

S4 Fig. Effects of DSC108 and DSC108-Na in vivo. Blood glucose levels after oral glucose
load following administration of DSC108 and DSC108-Na were monitored. Vehicle or 30 mg/
kg of DSC108 or DSC108-Na were administered orally at -20 min and glucose (1.5g/kg) was
administered orally at 0 min. Data are expressed as mean ± SEM (n = 4 for each group). Arrow
and arrowhead indicate the administration of compound and glucose, respectively. ��P< 0.01
vs. vehicle group (Dunnet’s method)
(TIF)

S5 Fig. Effect of DSC108 on Epac2A activation in MIN6-K8 cells. Effect of DSC108 on
Epac2A activation in MIN6-K8 cells was assessed by FRET experiment as reported previously
[11]. MIN6-K8 cells were transfected with mouse wild-type Epac2A FRET sensor. FRET emis-
sion ratio from the cells stimulated by 10 μM of DSC108 or 10 μM 8-pCPT (8-pCPT-2’-O-Me-
cAMP, an Epac-selective cAMP analog) was monitored as previously described [12].
(TIF)

S1 Table. Characteristicsof 38 compounds for the first screening. Structures, values of
TGTFOP calculated by in silico similarity search, and activities obtained by the first screening
(Fig 1A) are shown.
(TIF)
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