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Zinc (Zn) is a trace element with anti-diabetes mellitus (anti-DM) effects. Zn complexes exhibit stron-
ger insulin-like activity than Zn ions. Bis(hinokitiolato)zinc complex ([Zn(hkt),]) was recently reported to
be a potent anti-DM candidate. We examined the effects of [Zn(hkt),] on insulin resistance and pancreatic
islet cells through in vivo long-term ingestion studies. In an in vivo study, we performed 4-month long-term
[Zn(hkt),] administration experiments in KK-AY mice as a type 2 DM animal model. Ingestion of [Zn(hkt),]
resulted in lower blood glucose levels compared with the non-treated KK-A' mice (control group). Addition-
ally, [Zn(hkt),] treatment decreased plasma insulin concentration compared with that of the non-treated
KK-AY group. [Zn(hkt),] treatment resulted in a significant suppression of islet cell enlargement and a signifi-
cantly decreased number of insulin-positive cells compared with the non-treated KK-AY control group. The
[Zn(hkt),] treatment group showed the increasing tendency in the amount of Zn levels in peripheral organs;
liver, muscle, adipose, and pancreas, compared with the non-treated KK-A" control group. However, the Zn
level in the pancreas of the [Zn(hkt),] treatment group did not show the significant increase compared with
the non-treated KK-A" control group. This accumulation of Zn in pancreas suggested that [Zn(hkt),] mainly
effects on the peripheral tissue, and [Zn(hkt),] has the less effect on the pancreas directly. Thus, we conclud-

ed that [Zn(hkt),] exerted the main effect on peripheral organs by ameliorating insulin resistance.

Key words

Zinc (Zn) is an essential trace element. In adults, total Zn
content is estimated to be 2 grams. Total Zn content is main-
tained at a constant level in the body and plays an important
role in various biological functions.' Several reports support
the notion that Zn possesses anti-diabetes mellitus (anti-DM)
effects.*” In 1992, ZnCl, was reported to exhibit insulin-like
activity and improve symptoms of hyperglycemia in animal
models of DM.Y DM is a metabolic disease characterized by
chronic hyperglycemia, and the number of new DM cases is
increasing every year.” In more serious cases, patients with
DM are at risk of developing DM complications which reduce
the quality of life as disease progresses. Therefore, it is essen-
tial to not only suppress the progression of DM, but also pre-
vent the onset of the disease itself. Moreover, current therapies
do not cure DM, and novel agents are required. DM is mainly
divided into two groups; type 1 DM and type 2 DM. Type 1
DM is the one of the autoimmune disease in pancreas, and
there is a fault in the pancreas, especially insulin production.
Type 2 DM occurs from the insufficient of insulin secretion
or the hypersecretion of insulin, resulting from the insulin
resistance. Both type 1 and type 2 DM result in the pancreas
dysfunction. Ideally, a new type of anti-DM drug is critically
needed to protect pancreatic islet cells and to prevent progres-
sive islet cell loss in both type 1 and type 2 DM.

A novel finding was reported in 2000 that Zn complexes
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exhibit stronger insulin-like activity than Zn ions; since then,
we have reported that various types of Zn complexes exert
anti-DM effects.'”'¥ We aimed to identify Zn complexes
with high anti-DM effects at low doses. Bis(hinokitiolato)Zn
complex ([Zn(hkt),]) contains hinokitiol, a compound derived
from natural products. We previously reported that [Zn(hkt),]
exhibits anti-DM blood glucose lowering effects in KK-AY
type 2 DM mouse model by intraperitoneal (i.p.) injection.'?
Using cultured 3T3-L1 adipocytes, we recently demonstrated
that [Zn(hkt),] activates the insulin signaling pathway by
inducing Akt phosphorylation in an insulin-independent
manner.'>'® These results suggested that [Zn(hkt),]-inducing
activation of the insulin signaling pathway has the potential
to ameliorate insulin resistance in peripheral organs such as
adipose tissue and muscles.

Pancreatic duodenal homeobox-1 (PDX-1) is a transcription
factor consisting of 283 amino acids that it is predominantly
expressed in S cells of adult pancreatic islets. Following glu-
cose influx into S cells, PDX-1 translocates into the nucleus
and induces transcription of various genes, including insulin
and glucose transporter type 2 (GLUT2)."” PDX-1 activity
is associated with insulin gene expression and secretion as
well as and the enlargement of f cells caused by insulin resis-
tance.'®!” Lower PDX-1 activity decreases insulin synthesis.””
Thus, it is important to study PDX-1 to fully understanding
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insulin secretory capacity and f cell homeostasis.

Previously, we reported that Zn complexes with various
coordination modes have the anti-DM effect by i.p. injection
or oral administration with KK-A” mice. These results showed
that Zn complexes have the higher bioavailability and more
potent activity than Zn*" ion.**?'2 In this study, we inves-
tigated the effects of [Zn(hkt),] on Akt phosphorylation using
the RIN-5F cell line in in vitro, which is a secondary clone
of the rat islet tumor cell line RIN-m and the in vivo anti-
DM effects of [Zn(hkt),] using the KK-A’ mice via the oral
route. We conducted a long-term feeding study in mice fed a
high-fat diet (HFD) containing [Zn(hkt),] for 4 months using
pioglitazone, which is the one of the thiazolidine derivatives,
as a positive control which we have used before in the previ-
ous study.”® Although we previously described the anti-DM
effects of Zn complexes, we did not investigate the effects of
their long-term intake on various organs. Thus, in the current
study, we examined the effects of the [Zn(hkt),] compound on
pancreatic islets, the principal tissue responsible for insulin
secretion.

MATERIALS AND METHODS

Materials Pioglitazone (PIO) was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Hinokitiol and
all other chemical reagents were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). RIN-5F cells were
purchased from DS Pharma Biomedical Co., Ltd. (Osaka,
Japan). Fetal bovine serum (FBS) was purchased from
Equitech-Bio, Inc. (Kerrville, TX, U.S.A.). RPMI-1640, Dul-
becco’s modified Eagle’s medium (DMEM), and bovine serum
albumin (BSA, protein standard) were obtained from Sigma-
Aldrich (St. Louis, MO, U.S.A.). Antibiotics/antimycotics were
obtained from Nakalai Tesque, Inc. (Kyoto, Japan). Specific
antibodies against phospho-Akt (Ser473), Akt, and horserad-
ish peroxidase (HRP)-conjgated anti-rabbit immunoglobulin G
(IgG) were obtained from Cell Signaling Technologies (Dan-
vers, MA, U.S.A.). Anti-mouse/rat PDX-1/IPF1 antibody was
purchased from R&D Systems (AF2517, Minneapolis, MN,
U.S.A)). HRP-conjugated anti-goat IgG was obtained from
Bethyl Laboratories (A50-200P, Montgomery, TX, U.S.A.).
Immobilon™ Western Chemiluminescent HRP substrate was
obtained from Millipore (Billerica, MA, U.S.A.).

Preparation and Characterization of [Zn(hkt),] The
[Zn(hkt),] complex was prepared in deionized water/ethanol
by mixing Zn(CH;COO), and hinokitiol at a 1:2 molar ratio,
and the solution was stirred for 12h at room temperature. The
resulting pale yellow precipitate was collected by vacuum
filtration, washed several times with pure ethanol and dried
overnight in vacuo."” These prepared complexes were charac-
terized by elemental analysis, IR absorption (Shimadzu FT-IR
8100 A on KBr pellet, Shimadzu Co., Kyoto, Japan), and low-
resolution mass spectrometry (JEOL JMS-SX 102AQQ, JEOL
Ltd., Tokyo, Japan). Elemental analyses were performed at the
Analytical Center of Kyoto Pharmaceutical University (KPU).
Low-resolution mass spectra were measured in electron ion-
ization (EI)(+) mode at the Analytical Center of KPU. Ele-
mental analysis (Found/Calcd); C 59.40/59.14%, H 5.91/5.86%.
Infrared spectra (complex/ligand); vo_,=1591/1609 cm™ .
EI(+) MS m/z; 390 [M]".

Cell Culture RIN-5F cells are rat insulinoma cell line,
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derived from rat pancreatic f cells, and secret insulin. RIN-
SF cells were cultured in 60-mm Petri dishes under 5% CO,
at 37°C in RPMI-1640 supplemented with 10% FBS and an-
tibiotics/antimycotics. Media were changed every two days.
Experiments were performed when cells were approximately
80—-90% confluent.

Immunoblotting Analysis An immunoblotting analysis
against phospho-Akt and total Akt was performed follow-
ing previously described methods.”> The 80-90% confluent
RIN-5F cells were starved in serum-free RPMI-1640 for 4h
at 37°C and stimulated with insulin, ZnSO,, or [Zn(hkt),] for
10min using low glucose (11 mm) RPMI-1640 or high glucose
(25mmM) DMEM. After incubation, the cells were washed
twice with ice-cold PBS, and scraped in cell lysis buffer
(10mm Tris—HCI, pH 7.5, 0.875% Brij-97, 0.125% nonidet P-40
(NP-40), 150mm NaCl, 2.5mm ethylenediaminetetraacetic
acid (EDTA), 10mwm NaF, 0.1 mm Na,;VO,, 200 um phenylmeth-
ylsulfonyl fluoride (PMSF), and 5 ug/mL leupeptin) at 4°C for
30min. The lysates were centrifuged at 15000Xg at 4°C for
20min. The supernatant was used to detect Akt phosphory-
lation by a Western blot analysis. The protein concentration
was measured by a BCA assay (Thermo Scientific, Logan,
UT, U.S.A)), using BSA as the standard. The whole lysates
(5ug) were separated using a 10% sodium dodecyl sulfate
(SDS) polyacrylamide gel. The resolved proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes. The
blotted membranes were incubated in 5% non-fat dry milk
in Tris-buffered saline (TBS) containing 0.1% (v/v) Tween-20
(TBS/T) in order to block the nonspecific absorption of anti-
bodies. The membranes were reacted with primary antibodies
in 5% non-fat dry milk-TBS/T at 4°C for overnight, followed
by washing and incubation with the secondary antibody
(HRP-conjugated anti-rabbit IgG). Specific immunoreactions
were visualized using the Immobilon™ Western Chemilumi-
nescent HPR substrate and by exposure to Hyperfilm™ ECL
(GE Healthcare Bio-Science, Piscataway, NJ, U.S.A.).

Animals Male KK-AY mice (4 weeks old) with type 2 DM
weighing 25-30g and control C57BL/6J mice (4 weeks old)
were purchased from CLEA Japan, Inc. (Tokyo, Japan). Ani-
mals were maintained on a 12h light/dark cycle in our central
animal facility, and KK-AY mice were housed individually in
one cage. All animals were allowed free access to original
food (Table 1) and tap water. All animal experiments were
approved by the Experimental Animal Research Committee
of KPU and were performed according to the Guidelines for
Animal Experimentation of KPU.

Dietary Formulations with Pioglitazone (PIO) and
[Zn(hkt),] All animals had free access to water and semi-
synthetic HFDs that were high in sugar, and therefore hyper-
caloric (composition of the basal diet [%]: sucrose, 30%; lard
fat, 18.2%; casein, 18.2%; Kobe Women’s University special
diets, Kobe, Japan). Diets were prepared for all groups using
AIN-93N provided with a mixture of a standard diet (Oriental
East Co., Ltd., Tokyo, Japan) as shown in Table 1. For the
preparation of the diet consisting 30mg PIO/kg body weight
(BW) for the PIO group, the dose of PIO was determined
by the previous studies.?*?® We maintained the ratio of PIO
in the HFD as 0.02%, the intake of PIO concentration were
varied because of the changes of food intake and BW in PIO
group. For the preparation of the diet consisting of 30mg Zn
for the [Zn(hkt),] group, the Zn sample ratio was adjusted to
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Table 1. Composition of the Experimental Diet
[Zn(hkt),]
Normal and CNT PIO

10mg Zn 20mg Zn 30mg Zn
Casein 18.2 18.2 18.2 18.2 18.2
Sucrose 30.0 30.0 30.0 30.0 30.0
Lard 18.2 18.2 18.2 18.2 18.2
Vitamin mix. AIN 93N 0.9 0.9 0.9 0.9 0.9
Mineral mix. AIN 93N 3.2 32 3.2 3.2 32
Cellulose 4.5 4.5 4.5 4.5 4.5
L-Cystine 0.2 0.2 0.2 0.2 0.2
Choline bitartrate 0.2 0.2 0.2 0.2 0.2
t-Butylhydroquinone 0.0007 0.0007 0.0007 0.0007 0.0007
Cornstarch 15.5 15.5 15.5 15.4 15.3
Sample 0.00 0.02 0.04 0.08 0.19
Water 9.1 9.1 9.1 9.1 9.1
Total (%) 100 100 100 100 100

maintain Zn intake levels (30mg Zn/kg BW/d) in consider-
ation of the changes in BW and food intake.

Animal Experiments All animals used for the in vivo
study were 6 weeks old. C57BL/6J mice were used as non-
diabetic control mice (Normal). Male KK-AY mice were di-
vided into three groups, fed either a basal HFD (CNT), a basal
HFD with added PIO, or a basal HFD supplemented with
[Zn(hkt),]. The doses of PIO were 15-35mg PIO/kg BW. The
doses of [Zn(hkt),] were 10mg Zn/kg BW for 0-29d, 20mg
Zn/kg BW for 30-80d, and 30mg Zn/kg BW for 8§1-120d.

C57BL/6J mice were allowed free access to a solid HFD
and tap water for 4 months (Normal). KK-A’ mice with type
2 DM were allowed free access to a solid HFD for CNT, and
HFD with PIO or [Zn(hkt),], and tap water for 4 months.
Blood glucose levels were measured once per week and BW,
food intake, and water consumption were monitored every 3
days. Blood samples for analysis of blood glucose concentra-
tion were obtained from the tail vein of the C57BL/6J normal
mice and the KK-AY mice, and measurements were obtained
using the glucose oxidase method (Glucocard, Arkray, Kyoto,
Japan).

Upon completion of PIO or [Zn(hkt),] administration,
blood was collected from orbital exsanguinations of mice
under anesthesia with ether, centrifuged for 10min at 650Xg
in 4°C. Serum samples for analyses of blood urea nitrogen
(BUN), glutamic pyruvic transaminase/alanine aminotransfer-
ase (GPT/ALT), glutamic oxaloacetic transaminase/aspartate
aminotransferase (GOT/AST), triglyceride (TG), total choles-
terol (TCHO), high density lipoprotein (HDL), insulin, and
adiponectin were separated. Serum levels of BUN, GPT/ALT,
GOT/AST, TG, TCHO, and HDL were measured using a Fuji
Dry Chem system (FUJIFILM Medical Co., Ltd., Tokyo,
Japan), and those of insulin and adiponectin were determined
using a Morinaga Mouse Insulin Kit (Morinaga Institute of
Biological Science, Inc., Yokohama, Japan) and adiponectin
Quantikine enzyme-linked immunosorbent assay (ELISA)
kit (R&D systems, Minneapolis, MN, U.S.A.), respectively.
HbAIc levels in the blood following PIO or [Zn(hkt),] admin-
istration were determined using a DCA 2000 system (Bayer
Medical Co., Leverkusen, Germany). The values of HOMA-R
as the index of insulin resistance were calculated as: (fasting
blood insulin concentrationXfasting blood glucose)/405.

Oral Glucose Tolerance Test (OGTT) After administra-
tion of PIO or [Zn(hkt),] for 4 months, oral glucose tolerance
tests were performed. KK-A” mice were fasted for 12h and
glucose (1g/kg BW) was given orally. Blood samples were
obtained from the tail vein at 0, 0.25, 0.5, 1.0, 1.5, and 2.0h
after glucose administration. Blood glucose concentrations
were measured using a Glucocard system (Arkray Inc., Kyoto,
Japan) with the glucose oxidase method.

Tissue Fixation and Processing At 4 months of age,
pancreas tissue from C57BL/6J and KK-AY mice was removed,
fixed in 10% buffered formalin, sectioned at a thickness of
3 um, and stained with hematoxylin and eosin (H&E). Double
immunostaining for insulin and glucagon was performed
using an indirect immunoenzyme method with a cocktail
containing an anti-insulin rabbit polyclonal antibody (Santa
Cruz Biotechnology, Dallas, TX, U.S.A.) and an anti-glucagon
mouse monoclonal antibody (Novus Biologicals, Littleton,
CO, U.S.A)). Immunoreactivities of insulin and glucagon were
visualized with diaminobenzidine (DAB; brown color) and
Fuchsin+ (red color) solutions (Dako, Glostrup, Denmark),
respectively. Immunostaining for PDX-1 was performed using
the universal immunoenzyme polymer method (Nichirei Bio-
science, Tokyo, Japan) with an anti-PDX-1 goat polyclonal
antibody (R&D Systems, Minneapolis, MN, U.S.A.), and the
signal was developed with a DAB solution (Dako). HE-stained
sections and immunostaining sections were recorded by a
light microscope (BX-51; Olympus, Tokyo, Japan) at 200X
magnification. The size of islets was measured using NIS-
Elements for D document (Olympus, Tokyo, Japan).

Determination of Zn Concentration in Organs of
CS57BL/6J and KK-AY Mice Treated with PIO or [Zn(hkt),]
After the administration period, mice were sacrificed and the
liver, kidneys, muscle tissue, adipose tissue, and pancreas were
collected. After washing the organs, approximately 30mg of
tissue was obtained, heated to 180°C, and supplemented with
2mL of 60% HNO,, 2mL of 60% HCIO,, and 2mL of 30%
H,0,. This procedure was repeated until all organic material
was removed. After cooling the samples to room temperature,
residues were re-suspended in 9mL of 5% HNO;. Zn concen-
trations were determined using inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent 7700x/Mass Hunter;
Agilent Technologies, Inc., Santa Clara, CA, U.S.A.).
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Statistics Data are expressed as the mean=*standard de-
viation (S.D.). The significance of differences among groups
was determined using one-way ANOVA and Dunnett multiple
comparison tests. Differences were considered significant at
p<0.05 or p<<0.01.

RESULTS

Changes of Akt Phosphorylation in Response to the Glu-
cose Concentration in Medium We examined the effects of
[Zn(hkt),] on induction of Akt phosphorylation with respect
to the glucose concentrations. RIN-5F cells were stimulated
with 20 um [Zn(hkt),] for 10min. ZnSO, did not induced Akt
phosphorylation, but [Zn(hkt),] induced Akt phosphorylation
significantly in a low-glucose concentration medium (11 mm
glucose) (Fig. 1A). When the cells were treated with 20um
[Zn(hkt),] for 10min in a high-glucose concentration medium
(25mwm glucose), ZnSO,, did not show any change. In this case,
[Zn(hkt),] tended to increase Akt phosphorylation, but not
significantly (Fig. 1B).

Administration of PIO and [Zn(hkt),] in KK-AY Mice
We did not investigate the effects of long-term Zn complex
intake on various organs, and then the effects of [Zn(hkt),]
were examined in vivo using the KK-A” type 2 DM mouse
model. During the feeding period, a gradual increase in BW
was observed in the Normal group. A striking increase in BW
was observed in the PIO group; increased BW is a reported
side effect of PIO treatment, consistent with this finding.
Compared with the Normal group, BW was higher in the CNT
and Zn groups but did not differ between the latter two groups
(Fig. 2A). In terms of blood glucose concentration, significant
normoglycemic effects were observed in the PIO group com-
pared with the CNT group, immediately after the initiation of
the dosing period (p<<0.01); the blood glucose concentration
was maintained at approximately the same level as in the Nor-
mal group (Fig. 2B). However, in the Zn group, blood glucose
concentration did not decrease significantly but was main-
tained at a lower level compared to that of the CNT group.
In particular, the gap in blood glucose concentration between
the CNT group and the Zn group became wider after day 93.
The significant decrease in blood glucose concentration in
the Zn group was observed at days 42, 93, and 111 (p<<0.05
or p<0.01) (Fig. 2B). The Normal group showed the small
amount of food intake compared with the CNT, PIO, and Zn
groups in terms of food intake; there were no differences
among the latter three groups (Fig. 2C). The Normal and PIO
groups had approximately the same water intake, which was
slightly lower than that in the other two groups (Fig. 2D).

Measurement of Serum Biochemical Parameters After
the administration period, we evaluated lipid metabolism,
kidney function, and liver function (Table 2). No differences
were observed among groups in terms of BUN, an index of
kidney function. In terms of liver function, GPT/ALT and
GOT/AST were increased in the CNT group, indicating im-
paired liver function. The PIO and Zn groups showed a trend
of decreasing and improvement in terms of GPT/ALT. We also
examined lipid metabolism markers such as TG, TCHO, and
HDL. There was no significant variation in TG among any of
the four groups. However, in terms of TCHO and HDL, the
PIO group showed the significant decrement and improve-
ments (p<<0.01 for TCHO, p<<0.05 for HDL); the Zn group
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Fig. 1. Effects of [Zn(hkt),] on Akt Phosphorylation with (a) Low
Glucose (11mm, 200mg/dL) Medium and (b) High Glucose (25mm,
450mg/dL) Medium

Serum starved RIN-5F cells were treated with 100nMm insulin or 20um Zn
samples for 10min in (A) low glucose (11 mm, 200mg/dL) RPMI-1640 and (B) high
glucose (25mm, 450mg/dL) DMEM. The cell lysates were separated with 10%
SDS-PAGE and immunoblotted with phospho-Akt (pAkt) and Akt antibodies. Data
are expressed as the mean=S.D. for three independent experiments. * Significance
at p<<0.05 vs. CNT. **Significance at p<<0.01 vs. CNT.

showed a trend of decreasing HDL. These findings suggested
that [Zn(hkt),] intake promoted restoration of liver function.
Levels of HbAlc—an index of long-term blood glucose vari-
ability—significantly decreased in the PIO group (p<<0.01),
consistent with the blood glucose data obtained during the
feeding period. No significant change in the HbAlc level was
observed in the Zn group compared with the CNT group.
Improvement of Glucose Tolerance and Insulin Resis-
tance in KK-AY Mice Given PIO or [Zn(hkt),] After the
administration period, we performed OGTT—a method for
measuring insulin resistance—and measured plasma con-
centrations of insulin and adiponectin. Blood glucose level
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Table 2. Serum Parameters of Normal C57BL/6J Mice (Normal), Control KK-AY Mice (CNT), and KK-AY Mice Treated with PIO or [Zn(hkt),] (Zn)
BUN TG TCHO HDL GPT/ALT  GOT/AST HbAlc Insulin Adiponectin
HOMA-R —————
(mg/dL) (U/L) (%) (ng/mL) (ug/mL)
Normal  21.2*1.7 10820 135+£35% 101£28 16£6%* 43 5%* ND 0.7£0.3%*%  8.6%4.8% 15.126.2%*
CNT 21.5%1.0 15129 18442 132£31 95+40 1007 8.1+0.8 5.0+1.7 39.5%22.0 3.5*1.0
PIO 20.2+4.7 138%36 121£24%* 96+£9* 61£20* 68£10%*  4.5+0.3*%  1.0£0.2%* 5.6%£3.3% 23.3+2.4%*
Zn 18.6+x4.9 16547 17539 10828 S53£]13%* 92+22 7.1+14 31x1.0% 20.1£11.5% 4619

*Significance at p<0.05 vs. CNT. **Significance at p<<0.01 vs. CNT.

decreased in the Zn group at 0.25, 0.5, and 1.0h compared
with the CNT group (p<<0.05 or p<<0.01) (Fig. 3A). For the
change in area under the curve (AAUC), the Zn group showed
a significant decrease compared with the CNT group (»p<<0.05)
(Fig. 3B). Significant decreases in plasma insulin concentra-
tion compared with that in the CNT group were observed in
the other groups (p<<0.01) (Table 2). The values of HOMA-R,
the index of the insulin resistance, also showed decrement
tendency like the results in plasma insulin concentration. The
CNT group showed hypoadiponectinemia, but the adiponectin
concentrations in the Zn group were not significantly different
from those in the CNT group (Table 2). However, the serum
adiponectin concentration in the PIO group was restored to a
similar concentration as that in the Normal group. There was
a trend of decreased insulin resistance in the Zn group. The
observed effects of [Zn(hkt),] differed from the adiponectin-
mediated effects of PIO.

Histopathological Changes in the Pancreas Associated
with PIO and [Zn(hkt),] The finding of improved plasma
insulin concentration led us to perform a histopathological
examination of the pancreas. Striking enlargement of pancre-
atic islets was observed in the CNT group (Fig. 4A). However,
in the PIO and Zn groups, a significant inhibition of such
enlargement was observed (p<<0.01) (Fig. 4B). Thereafter, we
quantified the numbers of insulin-positive and glucagon-posi-
tive cells within pancreatic islets using double immunostain-
ing (Fig. 5A). The insulin-positive cell count within pancreatic
islets was significantly decreased in the PIO group (p<<0.01)
and in the Zn group (p<<0.05) compared with that of the CNT
group (Fig. 5B).

In addition, we quantitatively evaluated PDX-1-positive
cells (Fig. 6A). The PDX-1-positive cell count in pancreatic
islets showed a similar trend as that of the insulin-positive cell
count. The CNT group displayed an increased cell count com-
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Fig. 3. OGTT for Normal C57BL/6J Mice (@), Control KK-A* Mice
(O), and KK-AY Mice after Daily Oral Ingestion of PIO (J) or [Zn(hkt),]
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After being fasted for 12h, mice were given an oral glucose solution at a dose
of 1g/kg body weight (A). Area under the blood glucose concentration—time curve
(AUC) of normal C57BL/6]J mice, control KK-AY mice, and KK-AY mice after daily
oral ingestion of PIO or [Zn(hkt),] (B). *Significance at p<<0.05 vs. control KK-AY
mice (CNT). **Significance at p<<0.01 vs. control KK-A* mice (CNT).

pared with that of the Normal group. The PIO and Zn groups
displayed a trend of decreased cell count compared with that
of the CNT group but there were no significant differences
(Fig. 6B).

Organ Distribution of Zn in C57BL/6J and KK-AY
Mice Given PIO or [Zn(hkt),] The amount of Zn in the
liver, kidneys, muscle tissue, adipose tissue, and pancreas of
C57BL/6J and KK-A' mice was determined after the treat-
ment period using the ICP-MS method. As shown in Table 3,
the CNT group showed a significant decrease in hepatic Zn
concentration compared with the Normal group (p<<0.05). The
renal Zn concentration in the Zn group significantly decreased
compared with that in the CNT group (p<<0.05). Moreover,
Zn levels in the Zn group were notably increased in the liver,
moderately in muscle and adipose tissue, and slightly in the
pancreas compared with the CNT group. In particular, the Zn
level in the liver of the Zn group showed a distinct increment
compared to that in the CNT group. However, Zn levels in
the pancreas and kidney of the PIO group were not different,
while the Zn levels in the liver, muscle, and adipose tissue of
the PIO group tended to increase. These results suggested that
the therapeutic effects of PIO could be related to the restora-
tion of Zn levels in insulin resistance-associated organs.

DISCUSSION

We investigated the effects of [Zn(hkt),] on DM-associated
biochemical and physiological parameters using in vitro and
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in vivo approaches. As we showed that [Zn(hkt),] induced
Akt phosphorylation in 3T3-L1 adipocytes,'>'® we examined
[Zn(hkt),] for inducing Akt phosphorylation in RIN-5F cells.
We revealed that RIN-5F showed the different cell reactivity
in Akt phosphorylation under different two types of medium;
low-glucose (11 mm, 200mg/dL) RPMI-1640, or high-glucose
(25mm, 450mg/dL) DMEM (Figs. 1A, B). Next, we evalu-
ated mRNA expression of PDX-1 and insulin in high-glucose
(25mM) DMEM considering hyperglycemic state. When cells
were treated for 2h in high-glucose (25mm) DMEM, insulin
and [Zn(hkt),] significantly increased the PDX-1 and insulin
mRNA expressions (Supplementary Fig. S1). These in vitro
data suggested that 1) the cells shows the different reactiv-
ity depending on the extracellular glucose concentrations,
and that 2) [Zn(hkt),] may protect pancreas when [Zn(hkt),]
is distributed to pancreas. Then, we examined the in vivo
study using diabetic KK-AY mice. In the previous study, we
had revealed the effects of short-term [Zn(hkt),] administra-
tion on KK-AY mice.!” On the other hand, we did not obtain
any data of the long-term [Zn(hkt),] intake influences on
various organs. We assessed the in vivo effects of long-term
[Zn(hkt),] administration on DM improvement. Neither strik-
ing normoglycemic effects nor increased adiponectin secre-
tion was observed after 4 months of [Zn(hkt),] administration
(Fig. 2B, Table 2). The administration routes of [Zn(hkt),]
were different between the previous and the present study.
In the previous study of short-term [Zn(hkt),] administration,
the KK-A* mice were given the [Zn(hkt),] by i.p. administra-
tion."¥ [Zn(hkt),] could be distributed to the blood and organs
in high concentration by the i.p. administration. Considering
the gastrointestinal absorption, the ingestion of [Zn(hkt),] in
HFD could not make [Zn(hkt),] to be distributed to the blood
and organs as high concentration as the i.p. administration of
[Zn(hkt),]. However, plasma insulin concentration and oral
glucose tolerance significantly improved (Table 2, Fig. 3).
These findings suggested that the anti-hyperglycemic effects
of [Zn(hkt),] were distinct from those of PIO. Thiazolidine
derivatives have been reported to possess adipocyte differen-
tiation-inducing activity, and they directly bind to PPARy to
regulate transcription.”” Serum adiponectin concentration is
positively controlled by thiazolidine derivatives.*® In the pres-
ent study, long-term PIO intake resulted in increased plasma
adiponectin and decreased plasma insulin concentrations, im-
proving insulin resistance (Table 2). [Zn(hkt),] intake showed
the possibility for ameliorating the insulin resistance in the
results of plasma insulin concentration in this study. Previous
studies using Zn complexes showed the amelioration of the
insulin resistance.*>” We also found that PIO increased BW,
which was probably caused by edema, one of the side effects
of PIO intake.*” Notably, this BW gain was not observed with
[Zn(hkt),] treatment. Thus, lower BW gain is a potential ad-
vantage of [Zn(hkt),] usage over PIO usage.

In our histopathological evaluation, [Zn(hkt),] intake sig-
nificantly suppressed the enlargement of pancreatic islets and
decreased the number of insulin-positive cells (Figs. 4, 5).
Similar results were obtained for PDX-1 positive cells, but
the difference was not significant (Fig. 6). In addition, PIO
reduced the insulin-positive cell count in islets, as well as
plasma insulin levels via indirect effects. PIO displays strong
effects in peripheral organs such as adipose tissue.’” For ex-
ample, PIO induces the secretion of adiponectin, which ame-
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H&E staining (scale bar=100um) (A) and pancreatic islet area (B) in normal
C57BL/6J mice (Normal), control KK-AY mice (CNT), KK-A’ mice daily treated
with PIO or [Zn(hkt),] (Zn). The numbers of analyzed images are as follows: for
the Normal group n=35, the CNT group n=42, the PIO group n=33, and the Zn
group n=>52. **Significance at p<<0.01 vs. control KK-AY mice (CNT).
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Fig. 5. Immunostaining of Insulin in Normal C57BL/6J Mice (Normal),
Control KK-A" Mice (CNT), KK-A” Mice Treated Daily with PIO or with
[Zn(hkt),] (Zn)

Double immunostaining for insulin (brown color) and glucagon (red color)
(scale bar=100um) (A) and insulin positive cell counts (B) in normal C57BL/6J
mice (Normal), control KK-A’ mice (CNT), KK-A" mice daily treated with PIO
or [Zn(hkt),] (Zn). The numbers of insulin-positive cells were counted using the
hematoxylin-stained nuclear as the cell index. The numbers of analyzed images are
as follows: for the Normal group n=59, the CNT group n=90, the PIO group n=48,
and the Zn group n=100. *Significance at p<<0.05 vs. control KK-A” mice (CNT).
**Significance at p<<0.01 vs. control KK-A” mice (CNT).
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Control KK-A* Mice (CNT), KK-A” Mice Treated Daily with PIO or
[Zn(hkt),] (Zn)

Immunostaining for PDX-1 (scale bar=100xm) (A) and PDX-1 positive cell
counts (B) in normal C57BL/6J mice (Normal), control KK-AY mice (CNT), KK-AY
mice daily treated with PIO or [Zn(hkt),] (Zn). The numbers of analyzed images
are as follows: for the Normal group n=31, the CNT group n=33, the PIO group
n=36, and the Zn group n=59. *Significance at p<<0.05 vs. control KK-A¥ mice
(CNT).

Table 3. Organ Distribution of Zn Concentration (ug/g Dry Weight)
in Normal C57BL/6J Mice (Normal), Control KK-AY Mice (CNT), and
KK-AY Mice Treated with PIO or [Zn(hkt),] (Zn)

Liver Kidney Muscle Fat Pancreas
(ug/g organ)
Normal 62+ 14%* 67+4 30+7 1.9%0.7 44+6
CNT 20+6 71+3 41x10 56123 375
PIO 39+8 62+8 57+13 8.4%6.0 36+8
Zn 49+21 56+10* 52+18 74+x3.7 44+8

*Significance at p<<0.05 vs. CNT.

liorates insulin resistance and normalizes blood glucose levels.

We recently reported that [Zn(hkt),] treatment modified
3T3-L1 adipocytes via the activation of Akt phosphoryla-
tion.">'® However, from our results in this study, the in vivo
effect of [Zn(hkt),] on HFD-fed type 2 DM mice was not suf-
ficient to ameliorate the daily blood glucose levels compared
to PIO intake. [Zn(hkt),] exerted its effects on adipocytes by
inducing insulin signaling pathway activation and glucose
uptake. However, in the present study, the dose of [Zn(hkt),],
10-30mg Zn/kg BW, was a relatively small amount to de-
crease blood glucose levels.

The Zn level in the liver of the Zn group tended to increase
compared to that of the CNT group (Table 3). AdipoR1 and
AdipoR2 are adiponectin receptors expressed in many organs;
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AdipoR1 is expressed in skeletal muscle, and AdipoR2 in
the liver.*® Tanabe et al. reported that a Zn ion is bound in
a coordinated form (three His residues and one Asp residue)
within the seven-transmembrane domains of the AdipoR1 and
AdipoR2 structures.*® They also reported that these receptors
require Zn to exert those functions as the adiponectin recep-
tors, and that Zn is involved in the structure stabilization of
the receptors by using the AdipoR1, AdipoR2 and the mutants
for each receptor. Thus, the activities of those receptors could
decrease when Zn levels in the liver decrease. In this study,
the Zn group had increased Zn content in the liver, suggest-
ing that the [Zn(hkt),] intake could ameliorate the sensitivities
of AdipoR receptors and potentially enhance the effects of
adiponectin. Our previous studies reported that oral Zn com-
plex administration significantly increased the Zn levels in the
blood and organs compared to Zn?" ions such as ZnCl,, or
ZnS0,.>*"*" We also reported that the Zn complexes labeled
by radioisotope *Zn were distributed to the organs and they
exhibited the significantly higher Zn levels in the organs than
Zn ion. Then, it is suggested that the increment of Zn levels
in the organs of the [Zn(hkt),] group was fundamentally due
to the [Zn(hkt),] ingestion. The Zn level in the pancreas of
the Zn group did not show the significant increase compared
with the CNT group. This accumulation of Zn in pancreas
suggested that [Zn(hkt),] mainly effects on the peripheral
tissue, and [Zn(hkt),] has the less effect on the pancreas di-
rectly. The Zn accumulations in the Zn group were observed
on the increase in liver, muscle, and fat tissues compared to
the CNT group. The previous studies revealed that [Zn(hkt),]
induced Akt phosphorylation in adipocytes and also inhibited
PTPIB and PTEN, which are the negative regulators of insu-
lin signaling.">'® From these results, the possible mechanism
of [Zn(hkt),] is the induction of Akt phosphorylation in the
insulin target tissues; liver, muscle, and adipose, and this in-
duction brings the amelioration of the insulin resistance and
the pancreas protection.

Additional studies are required to determine the optimal
dose and administration methods for [Zn(hkt),] to decrease
blood glucose concentrations. Detailed analyses are also nec-
essary to clarify the [Zn(hkt),] mechanisms associated with
the amelioration of insulin resistance in Zn-targeted organs.

In conclusion, we considered that the observed anti-hyper-
glycemic effects of [Zn(hkt),] intake occurred via an improve-
ment of peripheral insulin resistance, as [Zn(hkt),] amelio-
rated insulin resistance. The anti-hyperglycemic effects of
[Zn(hkt),] and the degree of amelioration in insulin resistance
were different from those observed with PIO treatment, which
induced adiponectin secretion. [Zn(hkt),] exhibited islet-pro-
tective effects in an indirect manner on the basis of ameliorat-
ing insulin resistance in the periphery. It could be possible to
obtain the stronger hypoglycemic effect combined with the
effect on the peripheral tissue, if new Zn complexes could be
identified that display a greater uptake in the pancreas.

Acknowledgments The authors are grateful to the
members of the Analytical Center of KPU for the elemental
analysis and mass spectra measurements. This study was fi-
nancially supported in part by a Grant from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT)
of Japan. Supported Program for the Strategic Research Foun-
dation at Private Universities, 2012-2016 (S1201008). This

Biol. Pharm. Bull.

325

work was also supported by the JSPS KAKENHI; Grant num-
bers 25460048 (to YY) and 26460636 (to HY).

Conflict of Interest The authors declare no conflict of

interest.

Supplementary Materials The online version of this ar-
ticle contains supplementary materials.

REFERENCES

1)__Chimienti F. Zinc, pancreatic_islet cell function and diabetes: new
insights into an old story. Nutr. Res. Rev. 26, 1-11 (2013).

2)_Krizkova S. Rvvolova M, Hrabeta J. Adam V. Stiborova M. BEck-
schlager T. Kizek R. Metallothioneins and zinc in cancer diagnosis
and therapy. Drug Metab. Rev., 44. 287-301 (2012).

3) Sun JY, Jing MY, Weng XY, Fu LJ, Xu ZR, Zi NT, Wang JF.
Effects of dietary zinc levels on the activities of enzvmes, weights
of organs. and_the concentrations of zinc_and copper in_growing
rats. Biol. Trace Elem. Res. 107, 153166 (2005).

4) Kadowaki S. Munekane M, Kitamura Y, Hiromura M. Kamino S,

Yoshikawa Y, Saji H. Enomoto S. Development of new zinc dithio-

semicarbazone complex for_use as oral antidiabetic_agent, Biol
Trace Elem. Res.. 154, 111-119 (2013).

)__Fujimoto S. Yasui H. Yoshikawa Y. Development of a novel anti-
diabetic zinc_complex with an _organoselenium ligand at the lowest
dosage in KK-AY mice, J. Inorg. Biochem,, 121, 1015 (2013).

6) Moniz T, Amorim MJ. Ferreira R, Nunes A, Silva A. Queirdés C

Leite A, Gameiro P, Sarmento B, Remido F, Yoshikawa Y, Sakurai

H,_Rangel M. Investigation of the insulin-like properties of zinc(I1l)

complexes of 3-hvdroxy-4-pyridinones: Identification of a_com-

pound with glucose lowering effect in STZ-induced tvpe I diabetic

animals. J. Inorg. Biochem., 105, 16751682 (2011).

7)_Yoshikawa Y, Adachi Y, Yasui H. Hattori M. Sakurai H. Oral

administration of bis(aspirinato)zinc(Il) complex ameliorates hyper-

glycemia_and _metabolic_syndrome-like disorders in_spontaneously
diabetic KK-AY mice: structure—activity relationship on zinc_salicy-
late complexes. Chem.Pharm, Bull, 59. 972-977 (2011).

8) Shisheva A, Gefel D. Shechter Y. Insulinlike effects of zinc ion in
vitro and in vivo: preferential effects on desensitized adipocytes and
induction of normoglycemia in streptozocin-induced rats. Diabetes,
41, 982088 (1992).

9) Nicholson G. Hall GM. Diabetes mellitus: new drugs for a new epi-
demic, Br. J._Anaesth, 107, 6573 (2011).

10) Mivyazaki R, Yasui H. Yoshikawa Y. a-Glucosidase inhibition by
new_schiff base complexes of Zn(Il). Open J. Inorg. Chem.. 6
114-124 !2016!.

)__Yoshikawa Y, Yasui H. Zinc complexes developed as metallophar-
maceutics for treating diabetes mellitus based on_the bio-medicinal
inorganic chemistry, Curr. Top. Med. Chem. 12, 210218 (2012).

12) Sakurai H. Yoshikawa Y, Yasui H._Current state for the develop-

ment_of metallopharmaceutics and anti-diabetic_metal complexes.
Chem. Soc. Rev., 37, 2383-2392 (2008).

13) Yoshikawa Y, Ueda B, Kawabe K. Miyake H. Sakurai H. Kojima Y:
New insulin-mimetic zinc(Il) complexes: bis-maltolato zinc(Il) and

bis-2-hydroxypyridine-N-oxido zinc(Il) with Zn(O,) coordination
mode. Chem. Lett., 29, 874—875 (2000).

14) _Yamane M. Adachi Y, Yoshikawa Y, Sakurai H. A new anti-diabetic
Zn(ID-hinokitiol (A-Thujaplicin) complex with Zn(O,) coordination
mode. Chem. Lett.. 34. 1694—1695 (2005).

15) Naito Y, Yoshikawa Y, Yasui H. Cellular_mechanism of zinc-
hinokitiol complexes in diabetes mellitus. Bull. Chem. Soc._Jpn.. 84
298-305 (2011).

16) Naito Y, Yoshikawa Y, Masuda K. Yasui H. Bis(hinokitiolato) zinc
complex ([Zn(hkt),]) activates Akt/protein _kinase B _independent

N

1

—_



http://dx.doi.org/10.1017/S0954422412000212
http://dx.doi.org/10.1017/S0954422412000212
http://dx.doi.org/10.3109/03602532.2012.725414
http://dx.doi.org/10.3109/03602532.2012.725414
http://dx.doi.org/10.3109/03602532.2012.725414
http://dx.doi.org/10.1385/BTER:107:2:153
http://dx.doi.org/10.1385/BTER:107:2:153
http://dx.doi.org/10.1385/BTER:107:2:153
http://dx.doi.org/10.1385/BTER:107:2:153
http://dx.doi.org/10.1007/s12011-013-9704-x
http://dx.doi.org/10.1007/s12011-013-9704-x
http://dx.doi.org/10.1007/s12011-013-9704-x
http://dx.doi.org/10.1007/s12011-013-9704-x
http://dx.doi.org/10.1016/j.jinorgbio.2012.12.008
http://dx.doi.org/10.1016/j.jinorgbio.2012.12.008
http://dx.doi.org/10.1016/j.jinorgbio.2012.12.008
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1016/j.jinorgbio.2011.09.005
http://dx.doi.org/10.1248/cpb.59.972
http://dx.doi.org/10.1248/cpb.59.972
http://dx.doi.org/10.1248/cpb.59.972
http://dx.doi.org/10.1248/cpb.59.972
http://dx.doi.org/10.1248/cpb.59.972
http://dx.doi.org/10.2337/diab.41.8.982
http://dx.doi.org/10.2337/diab.41.8.982
http://dx.doi.org/10.2337/diab.41.8.982
http://dx.doi.org/10.2337/diab.41.8.982
http://dx.doi.org/10.1093/bja/aer120
http://dx.doi.org/10.1093/bja/aer120
http://dx.doi.org/10.4236/ojic.2016.62007
http://dx.doi.org/10.4236/ojic.2016.62007
http://dx.doi.org/10.4236/ojic.2016.62007
http://dx.doi.org/10.2174/156802612799078874
http://dx.doi.org/10.2174/156802612799078874
http://dx.doi.org/10.2174/156802612799078874
http://dx.doi.org/10.1039/b710347f
http://dx.doi.org/10.1039/b710347f
http://dx.doi.org/10.1039/b710347f
http://dx.doi.org/10.1246/cl.2000.874
http://dx.doi.org/10.1246/cl.2000.874
http://dx.doi.org/10.1246/cl.2000.874
http://dx.doi.org/10.1246/cl.2000.874
http://dx.doi.org/10.1246/cl.2005.1694
http://dx.doi.org/10.1246/cl.2005.1694
http://dx.doi.org/10.1246/cl.2005.1694
http://dx.doi.org/10.1246/bcsj.20100262
http://dx.doi.org/10.1246/bcsj.20100262
http://dx.doi.org/10.1246/bcsj.20100262
http://dx.doi.org/10.1007/s00775-016-1364-9
http://dx.doi.org/10.1007/s00775-016-1364-9

326

of insulin_signal transduction. J. Biol. Inorg. Chem., 21, 537548

(2016):
17) __Watanabe H. Saito H. Nishimura H. Ueda J. Evers BM. Activa-

tion_of phosphatidylinositol-3 kinase regulates pancreatic_duodenal
homeobox-1_in duct cells during pancreatic regeneration. Pancreas,
36, 153159 (2008).

18) Hui H. Perfetti R, Pancreas duodenum homeobox-1 regulates pan-
creas development during embryogenesis and islet cell function in
adulthood. Eur._J. Endocrinol., 146, 129141 (2002).

19) Li M. Miyvagawa J. Moriwaki M, Yuan M. Yang Q. Kozawa J,
Yamamoto K. Imagawa A, Iwahashi H. Tochino Y, Yamagata K,
Matsuzawa Y, Analysis _of expression profiles of islet-associated

transcription and growth factors during g-cell neogenesis from duct

cells in partially duct-ligated mice. Pancreas, 27, 345355 (2003):
20) Robertson RP. Chronic oxidative stress as a central mechanism for

glucose toxicity in_pancreatic_islet beta cells in_diabetes. J._Biol.

Biol. Pharm. Bull.

Vol. 40, No. 3 (2017)

W, Ogata H. Tokuyama K, Takamoto I, Minevama T, Ishikawa M
Moroi M, Sugi K. Yamauchi T, Ueki K. Tobe K, Noda T, Nagai R,
Kadowaki T. Pioglitazone ameliorates insulin resistance and diabe-
tes by both _adiponectin-dependent and -independent pathways. J:
Biol. Chem.. 281. 8748—8755 (2000).

28) Hirukawa H, Kaneto H, Shimoda M, Kimura T, Okauchi S. Obata
A, Kohara K. Hamamoto S. Tawaramoto K. Hashiramoto M. Kaku
K. Combination of DPP-4 inhibitor and PPARy agonist exerts pro-
tective effects on pancreatic f-cells in diabetic db/db mice through
the augmentation of IRS-2 expression. Mol._Cell. Endocrinol., 413,

49-60 (2015).
29) Johnson TE, Vogel R, Rutledge SJ. Rodan G, Schmidt A, Thiazoli-
dinedione effects on glucocorticoid receptor-mediated gene tran-
scription_and_differentiation in_osteoblastic_cells. Endocrinology,
140, 3245-3254 (1999).

30) Maeda N. Takahashi M. Funahashi T. Kihara S. Nishizawa H

Chem., 279, 42351-42354 (2004).

21) Karmaker S, Saha TK, Yoshikawa Y, Sakurai H. A zinc(Il)/poly(y-
glutamic acid) complex as an oral therapeutic_for the treatment of
type-2 diabetic KKAY mice,_Macromol, Biosci, 9. 279286 (2009).

22) Yoshikawa Y, Ueda E. Kojima Y, Sakurai H. The action mechanism
of zinc(Il) complexes with insulinomimetic_activity in rat_adipo-
cytes. Life Sci., 75, 741751 (2004).

23) Yoshikawa Y, Muravama A, Adachi Y, Sakurai H. Yasui H. Chal-
lenge of studies on the development of new Zn complexes (Zn(opt),)

Kishida K, Nagaretani H, Matsuda M. Komuro R, Ouchi N, Kuri-
yama H, Hotta K. Nakamura T, Shimomura I, Matsuzawa Y. PPAR-
gamma ligands increase_expression_and plasma concentrations of
adiponectin, an_adipose-derived protein. Diabetes, 50. 20942099
(2001).

)_Rizos CV. Elisaf MS. Mikhailidis DP, Liberopoulos EN. How safe
is_the use of thiazolidinediones in clinical practice? Expert Opin.
Drug Saf. 8, 15-32 (2009).

32) Mivyazaki Y, Mahankali A, Wajcberg E. Bajaj M. Mandarino LJ,

3

—_

to treat diabetes mellitus. Metallomics, 3, 686692 (2011).

24) Adachi Y. Yoshida J. Kodera Y, Kiss T. Jakusch T. Envedy EA
Yoshikawa Y, Sakurai H. Oral administration of a zinc complex im-

proves type 2 diabetes and metabolic syndromes. Biochem. Biophys.

DeFronzo RA. Effect of pioglitazone on circulating adipocytokine
levels and insulin_sensitivity in_type 2 diabetic_patients, J._Clin,
Endocrinol. Metab., 89, 4312—-4319 (2004).

33) _Yamauchi T, Kamon J. Ito Y, Tsuchida A, Yokomizo T, Kita S, Sug-

Res. Commun.. 351, 165-170 (2006).
25) Basuki W. Hiromura M. Adachi Y, Tavama K, Hattori M. Sakuraj
H._Enhancement of insulin_signaling pathway in_adipocytes by

oxovanadium(IV) complexes. Biochem. Biophys. Res. Commun.,
349, 1163-1170 (2006).

26) Ishida H. Takizawa M. Ozawa S. Nakamichi Y, Yamaguchi S

ivama T, Mivyagishi M, Hara K, Tsunoda M. Murakami K, Ohteki
T,_Uchida S. Takekawa S. Waki H. Tsuno NH. Shibata Y, Terauchi
Y, _Froguel P, Tobe K. Kovyasu S. Taira K. Kitamura T, Shimizu T,
Nagai R, Kadowaki T. Cloning of adiponectin receptors that medi-
ate antidiabetic metabolic effects. Nature, 423, 762769 (2003).

34) Tanabe H. Fujii Y, Okada-Iwabu M. Iwabu M. Nakamura Y, Hosaka

Katsuta H. Tanaka T. Maruyama M. Katahira H. Yoshimoto K
Itagaki E. Nagamatsu S. Pioglitazone improves insulin_secretory
capacity and prevents the loss of -cell mass in obese diabetic db/db
mice: possible protection of A cells from oxidative stress. Metabo-
lism, 53, 488494 (2004).

27) Kubota N, Terauchi Y, Kubota T, Kumagai H, Itoh S, Satoh H. Yano

T,_Motoyama K, Tkeda M Wakiyama M, Terada T. Ohsawa N. Hato
M, Ogasawara S, Hino T, Murata T, Iwata S, Hirata K, Kawano Y,
Yamamoto M. Kimura-Someya T, Shirouzu M, Yamauchi T, Kado-
waki T. Yokoyama S. Crystal structures of the human adiponectin
receptors. Nature, 520, 312-316 (2015).



http://dx.doi.org/10.1007/s00775-016-1364-9
http://dx.doi.org/10.1007/s00775-016-1364-9
http://dx.doi.org/10.1097/MPA.0b013e318157753e
http://dx.doi.org/10.1097/MPA.0b013e318157753e
http://dx.doi.org/10.1097/MPA.0b013e318157753e
http://dx.doi.org/10.1097/MPA.0b013e318157753e
http://dx.doi.org/10.1530/eje.0.1460129
http://dx.doi.org/10.1530/eje.0.1460129
http://dx.doi.org/10.1530/eje.0.1460129
http://dx.doi.org/10.1097/00006676-200311000-00013
http://dx.doi.org/10.1097/00006676-200311000-00013
http://dx.doi.org/10.1097/00006676-200311000-00013
http://dx.doi.org/10.1097/00006676-200311000-00013
http://dx.doi.org/10.1097/00006676-200311000-00013
http://dx.doi.org/10.1074/jbc.R400019200
http://dx.doi.org/10.1074/jbc.R400019200
http://dx.doi.org/10.1074/jbc.R400019200
http://dx.doi.org/10.1002/mabi.200800190
http://dx.doi.org/10.1002/mabi.200800190
http://dx.doi.org/10.1002/mabi.200800190
http://dx.doi.org/10.1016/j.lfs.2004.02.006
http://dx.doi.org/10.1016/j.lfs.2004.02.006
http://dx.doi.org/10.1016/j.lfs.2004.02.006
http://dx.doi.org/10.1039/c1mt00014d
http://dx.doi.org/10.1039/c1mt00014d
http://dx.doi.org/10.1039/c1mt00014d
http://dx.doi.org/10.1016/j.bbrc.2006.10.014
http://dx.doi.org/10.1016/j.bbrc.2006.10.014
http://dx.doi.org/10.1016/j.bbrc.2006.10.014
http://dx.doi.org/10.1016/j.bbrc.2006.10.014
http://dx.doi.org/10.1016/j.bbrc.2006.08.162
http://dx.doi.org/10.1016/j.bbrc.2006.08.162
http://dx.doi.org/10.1016/j.bbrc.2006.08.162
http://dx.doi.org/10.1016/j.bbrc.2006.08.162
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1016/j.metabol.2003.11.021
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1074/jbc.M505649200
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1016/j.mce.2015.06.010
http://dx.doi.org/10.1210/endo.140.7.6797
http://dx.doi.org/10.1210/endo.140.7.6797
http://dx.doi.org/10.1210/endo.140.7.6797
http://dx.doi.org/10.1210/endo.140.7.6797
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.2337/diabetes.50.9.2094
http://dx.doi.org/10.1517/14740330802597821
http://dx.doi.org/10.1517/14740330802597821
http://dx.doi.org/10.1517/14740330802597821
http://dx.doi.org/10.1210/jc.2004-0190
http://dx.doi.org/10.1210/jc.2004-0190
http://dx.doi.org/10.1210/jc.2004-0190
http://dx.doi.org/10.1210/jc.2004-0190
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature01705
http://dx.doi.org/10.1038/nature14301
http://dx.doi.org/10.1038/nature14301
http://dx.doi.org/10.1038/nature14301
http://dx.doi.org/10.1038/nature14301
http://dx.doi.org/10.1038/nature14301
http://dx.doi.org/10.1038/nature14301

