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Abstract During the investigation of the development of
insulin-mimetic zinc(II) complexes with a blood glucose-
lowering effect in experimental diabetic animals, we
found a potent bis(maltolato)zinc(II) complex, Zn(ma)2,
exhibiting significant insulin-mimetic effects in a type 2
diabetic animal model. By using this Zn(ma)2 as the
leading compound, we examined the in vitro and in vivo
structure–activity relationships of Zn(ma)2 and its re-
lated complexes. The in vitro insulin-mimetic activity of
these complexes was determined by the inhibition of free
fatty acid release and the enhancement of glucose uptake
in isolated rat adipocytes treated with epinephrine. A
new Zn(II) complex with allixin isolated from garlic,
Zn(alx)2, exhibited the highest insulin-mimetic activity
among the complexes analyzed. The insulin-mimetic
activity of the Zn(II) complexes examined strongly cor-
related (correlation coefficient=0.96) with the partition
coefficient (log P) of the ligand, indicating that the
activity of Zn(ma)2-related complexes depends on the
lipophilicity of the ligand. The blood glucose-lowering

effects of Zn(alx)2 and Zn(ma)2 were then compared,
and both complexes were found to normalize hypergly-
cemia in KK-Ay mice after a 14-day course of daily
intraperitoneal injections. However, Zn(alx)2 improved
glucose tolerance in KK-Ay mice much more than did
Zn(ma)2, indicating that Zn(alx)2 possesses greater in
vivo anti-diabetic activity than Zn(ma)2. In addition,
Zn(alx)2 improved leptin resistance and suppressed the
progress of obesity in type 2 diabetic KK-Ay mice. On
the basis of these observations, we conclude that the
Zn(alx)2 complex is a novel potent candidate for the
treatment of type 2 diabetes mellitus.
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Introduction

The number of patients suffering from diabetes mellitus
(DM) was reported in the year 2002 as being approxi-
mately 173 million people worldwide [1]. DM, which is
expected to be the most significant disease in the 21st
century [2, 3, 4], is generally classified into two main
types, namely insulin-dependent type 1 DM and non-
insulin-dependent type 2 DM; the former is known to be
the result of absolute insulin deficiency, and the latter is
characterized by a relative insulin deficiency due to low
insulin sensitivity in target cells, according to the WHO
definition [5]. Although several types of insulin prepa-
rations have been developed for patients with type 1
DM, and synthetic therapeutics are available for clinical
use in patients with type 2 DM, both types of treatment
have been associated with problems such as physical and
mental pain due to daily insulin injections and certain
severe side effects, respectively [6, 7]. Therefore, the
development of new approaches to the treatment of DM
remain necessary in order to reduce the need for insulin
injections in type 1 patients, as well as to replace the
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currently problematic synthetic therapeutics for type 2
DM patients.

Recently, several therapeutic agents containing gold,
platinum, or zinc have been developed and used clini-
cally for the treatment of a number of diseases, e.g.
auranofin for rheumatism, cisplatin for tumors, and
polaprezinc for stomach ulcers, respectively. Metal ele-
ments such as selenium, manganese, molybdenum,
tungsten, vanadium, and zinc have been proposed as
candidates for treating DM [8, 9, 10, 11, 12, 13, 14].
Because zinc(II) has been found to have relatively high
insulin-mimetic properties and is thought to be less toxic
than other metal elements [15], we chose to focus on
Zn(II) in the development of a potential therapeutic
agent.

In 1980, Coulston and Dandona [16] reported that
zinc(II) chloride stimulated lipogenesis in rat adipocytes
similar to the action of insulin. Zn(II) is known to be an
essential trace element involved in the physiology of
insulin [17, 18, 19, 20], and it is ubiquitously found in
many proteins and metalloenzymes; to date, the insulin-
mimetic effects of Zn(II) have attracted much interest
among researchers in this field. Therefore, several
groups have attempted to determine whether or not
ZnCl2 exhibits in vivo insulin-mimetic activity. Blood
glucose-lowering effects of ZnCl2 in type 1 or 2 diabetic
animals have been observed; however, extremely high
doses and/or the long-term administration of ZnCl2
were used. For example, Shisheva et al. [21] reported
that intraperitoneal (i.p.) injection of a high dose of
100 mg (1.5 mmol) Zn/kg body weight lowered blood
glucose levels in STZ-induced type 1 diabetic mice. Chen
et al. [22] found that the oral administration of ZnCl2
[200 mg (3.1 mmol) Zn/kg body weight] for 8 weeks
reduced fasting plasma glucose levels in type 2 diabetic
ob/ob mice. Accordingly, we developed Zn(II) com-
plexes with coordination modes such as Zn(O4),
Zn(N2O2), and Zn(S2O2), which have been shown to be

more effective than ZnCl2, in terms of both the
absorption from the gastrointestinal system and the
toxicity of Zn(II); moreover, the advantages of these
complexes have been observed at lower doses as well as
with short-term administration [23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34].

Since the insulin-mimetic effects of Zn(II) were dis-
covered, the mechanisms of action of Zn(II) have been
examined by numerous groups. In 1982, James and
Charles [35] reported that the effects of Zn(II) on both
glucose oxidation and lipolysis stimulation were inhib-
ited by extracellular catalase, largely resulting from the
generation of H2O2. In 1989, Ezaki [36] demonstrated
that Zn(II) stimulated both lipogenesis and glucose
transport in adipocytes. In 2002, Roin et al. observed
[37] that the in vivo insulin-mimetic activity of Zn(II)
was mediated through the direct inhibition of endoge-
nous glycogen synthase kinase-3b. On the other hand,
we examined the mechanism of action of insulin-mimetic
Zn(II) complexes in terms of free fatty acid (FFA) re-
lease in isolated rat adipocytes treated with epinephrine
(adrenalin) [38]. By using several inhibitors in the insu-
lin-signaling pathway, Zn(II) complexes have been
shown to exert an effect on multiple intracellular sites;
PI3-kinase (phosphatidyl inositol-3-kinase), GLUT-4
(glucose transporter-4), and PDE (phosphodiesterase)
are known to be functionally related to each other [38],
and this resemblance has resulted in references to this
system as an ‘‘ensemble mechanism’’. Based on previous
observations, it is likely that the incorporation of the
Zn(II) compound into cells through the cell membrane is
essential for development of the insulin-mimetic activity
of these complexes.

Previously, a mixture of maltol and Zn(II) was re-
ported to enhance absorption in erythrocytes more than
did free Zn(II) [39]. We found that bis(maltolato)Zn(II),
Zn(ma)2, with a Zn(O4) coordination mode not only
exhibited greater insulin-mimetic activity than did free

Fig. 1 Structures of Zn(ma)2
and its related complexes
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Zn(II), as estimated by in vitro experiments using iso-
lated rat adipocytes treated with epinephrine [27], but we
also observed that it lowered the hypoglycemia in KK-
Ay mice and GK rats with type 2 DM [26, 29].

On the basis of these results, we investigated the
structure–activity relationships of five Zn(ma)2-related
complexes (Fig. 1) in order to develop better insulin-
mimetic and anti-diabetic Zn(II) complexes than
Zn(ma)2. In this paper, we propose a new potent Zn(II)
complex with an allixin ligand, isolated from garlic as
phytoalexin, which is a bioactive product induced in
garlic by continuous environmental stress [40, 41, 42].

Materials and methods

Materials

Zinc sulfate (ZnSO4.7.0H2O, ZS), maltol (3-hydroxy-2-
methyl-4-pyrone, Hma), and kojic acid (5-hydroxy-2-
hydroxymethyl-4-pyrone, Hka) were purchased from
Wako (Osaka, Japan). Ethyl maltol (2-ethyl-3-hydroxy-
4-pyrone, Hema) was obtained from Tokyo Kasei
(Tokyo, Japan). Allixin (3-hydroxy-5-methoxy-6-
methyl-2-pentyl-4-pyrone, Halx) was a product of
Wakunaga (Hiroshima, Japan). The bis(3-hydroxy-4-
pyronato)Zn(II) complex [Zn(3hp)2] was prepared in our
group according to the reported method [27]. Collage-
nase (type II), bovine serum albumin (BSA; fraction V),
and (±)-epinephrine hydrochloride (adrenalin) were
obtained from Sigma (St. Louis, Mo., USA). D-(+)-
Glucose was purchased from Nacalai Tesque (Kyoto,
Japan). Other reagents were of the highest purity com-
mercially available.

Animals

Male Wistar rats (7–8 weeks old) used for biological
tests of Zn(II) complexes were obtained from Shimizu
(Kyoto, Japan). Male KK-Ay mice (4 weeks old) with
type 2 DM weighing 20–25 g were purchased from
CLEA (Tokyo, Japan). KK-Ay mice used for in vivo
study were 12 weeks old. All animals were maintained
on a 12-h light/dark cycle in our temperature-controlled
central animal facility, and KK-Ay mice were individu-
ally housed in a cage. All animals were allowed free
access to solid food (MF, Oriental Yeast, Tokyo, Japan)
and tap water. All of the animal experiments were ap-
proved by the Experimental Animal Research Com-
mittee of Kyoto Pharmaceutical University (KPU) and
were performed according to the Guidelines for Animal
Experimentation at KPU.

Preparation and characterization of Zn(II) complexes

The Zn(II) complexes were prepared according to an
analogous method for the preparation of Zn(ma)2 [27].

A new bis(allixinato)Zn(II) complex, Zn(alx)2, was pre-
pared by the addition of an aqueous solution of LiO-
HÆH2O (3.0 mmol) to the aqueous mixture of allixin
(3.0 mmol) and ZnSO4Æ7.0H2O (1.5 mmol), followed by
stirring for 10 h at pH 7–8 and room temperature. The
resultant white precipitate was washed with the proper
amount of water and was dried overnight in vacuo. The
structures of the Zn(II) complexes were estimated by
elemental analyses, IR, UV, and mass spectra. Elemen-
tal analyses for carbon and hydrogen were performed by
the Analytical Center at KPU. The IR spectra were
measured as KBr disks at 400–4600 cm�1 on a Shima-
dzu FT-IR 8100A spectrometer (Shimadzu, Kyoto, Ja-
pan). The UV spectra were measured with an Agilent-
8453 spectrometer (Yokogawa, Tokyo, Japan). Low-
resolution mass spectra were obtained at the Analytical
Center of KPU with a JEOL JMS-SX 102AQQ spec-
trometer (JEOL, Tokyo, Japan) in FAB(+) mode using
thioglycerol or 3-nitrobenzyl alcohol as the matrix
material.

Measurement of the partition coefficients (log P)
of maltol and its related compounds

The partition coefficients (log P) of maltol and its related
compounds were determined by the ‘‘handshake’’
method in a chloroform/saline system [39]. After shak-
ing for 1 min at room temperature, the mixture was
centrifuged at 3000 rpm for 30 s. The two resulting
phases were separated. The concentrations of maltol and
its related compounds in each phase were monitored at
the characteristic wavelength of approximately 265–
280 nm due to the pyrone ring. The partition coefficients
were calculated by the equilibrium concentrations of the
maltol and its related compounds in chloroform and
saline.

Evaluation of the in vitro insulin-mimetic activity
of Zn(II) complexes in isolated rat adipocytes treated
with epinephrine

The in vitro insulin-mimetic activity of Zn(II) complex
was determined by both FFA-release inhibitory and
glucose-uptake enhancing abilities in isolated rat
adipocytes treated with epinephrine, according to pre-
viously reported methods [43, 44]. Briefly, epididymal fat
pads, excised from male Wistar rats (7 weeks) anesthe-
tized with ether, were cut into appropriately sized pieces
and were incubated with collagenase in Krebs Ringer
Bicarbonate (KRB) buffer (120 mM NaCl, 1.27 mM
CaCl2, 1.2 mM MgSO4, 4.75 mM KCl, 1.2 mM
KH2PO4, and 24 mM NaHCO3; pH 7.4) containing 2%
BSA at 37 �C with gentle shaking at 100 cycle/min for 1
h. At the end of the incubation period, the prepared cells
were filtered through sterilized cotton gauze and washed
three times with the KRB buffer. The cells (1.5–
2.0·106 cells/mL) were incubated at 37 �C for 30 min
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with Zn(II) complexes at various concentrations (0.1–
1.0 mM) in KRB buffer containing 2% BSA and 2%
DMSO. A 10 lM dose of epinephrine was then added to
the reaction mixtures and the resulting solutions were
incubated at 37 �C for 3 h. The mixtures were centri-
fuged at 3000 rpm for 10 min at 4 �C. As regards the
outer solution of the cells, FFA and glucose levels were
determined using a FFA kit (NEFA C-test; Wako,
Osaka, Japan) and an automatic glucose analyzer (Fuji
Dry Chem; Fuji, Tokyo, Japan), respectively [45]. The
glucose uptake levels were evaluated according to the
decrease in glucose concentration in the medium. The
inhibition of FFA release was evaluated with respect to
the apparent IC50 value, i.e. the 50% inhibitory con-
centration of the Zn(II) complex upon the release of
FFA from isolated rat adipocytes treated with epi-
nephrine during a 3-h incubation period. The enhance-
ment of glucose uptake associated with the Zn(II)
complex was evaluated using the EC50 value, i.e. the
50% enhancing concentration of the Zn(II) complex
upon the maximal glucose uptake level in glucose uptake
during a 3-h incubation. The number of cells was
counted in a hemacytometer after trypan blue staining.

In vivo evaluation of Zn(II) complexes on blood glu-
cose-lowering and anti-diabetic effects in KK-Ay mice

KK-Ay mice with type 2 DM received daily i.p. injec-
tions of Zn(II) complexes for 14 days, and their blood
glucose levels, body weight, food intake, and water
consumption were monitored daily at 2.00 p.m. Blood
samples used for the analysis of blood glucose levels
were obtained from the tail vein of KK-Ay mice, and
blood glucose levels were measured using the glucose
oxidase method (Glucocard; Arkray, Kyoto, Japan).
As regards i.p. injection of each Zn(II) complex sus-
pended in 5% acacia, the doses were 4.5 mg
(68.8 lmol) of the Zn/kg body weight for the first two
days, and then the dose was adjusted to approximately
2–4.5 mg (30.6–68.8 lmol) of Zn/kg body weight
according to the blood glucose level observed for the
next 12 consecutive days. After daily i.p. injections of
the Zn(II) complexes for 14 days, blood samples col-
lected from orbital exsanguinations of the mice under
anesthesia with ether were centrifuged at 5000 rpm for
10 min at 4 �C, and serum samples for the analyses of
urea nitrogen (UN), glutamic pyruvic transaminase
(GPT), glutamic oxaloacetic transaminase (GOT), tri-
glycerides (TG), total cholesterol (TCHO), FFA,
insulin, and leptin levels were separated. The serum
UN, GPT, GOT, TG, and TCHO levels were deter-
mined by a Fuji Dry Chem analyzer. The serum FFA
and insulin levels were measured by a NEFA C-test
and Glazyme insulin-EIA test, respectively. Serum
leptin levels were determined by AN’ALYZA
(TECHNE, Minneapolis, Minn., USA). In addition,
HbA1c levels in the blood obtained from the tail vein
of the mice after the administration of Zn(II)

complexes were determined by using a DCA 2000
system (Bayer, Tokyo, Japan).

Oral glucose tolerance test

After administration of the Zn(II) complexes, an oral
glucose tolerance test (OGTT) was performed. The KK-
Ay mice were fasted for 12 h and glucose at a dose of
1 g/kg body weight was given orally. Blood samples
were obtained from the tail vein at 0, 30, 45, 60, 90, and
120 min after glucose administration. Blood glucose
levels were measured by using a Glucocard.

Statistical analysis

All experimental results are expressed as the mean val-
ues±standard deviations (SD). Statistical analysis was
performed by analysis of variance (ANOVA) at a 1% or
5% significance level of difference.

Results

Preparation and characterization of Zn(II) complexes
with maltol and its related ligands

All Zn(II) complexes with maltol and its related com-
pounds were prepared according to the methods used
for the preparation for Zn(ma)2 [27]. The physico-
chemical parameters of prepared Zn(II) complexes are
summarized in Table 1. In the IR spectra of all maltol-
related ligands, bands due to O–H and C=O stretching
frequencies were found at approximately 3000–3250 and
1650 cm�1, respectively. The O–H stretching frequency
bands disappeared and the C=O stretching frequency
bands shifted in the Zn(II) complexes, and therefore
both coordination of the deprotonated hydroxyl as well
as the carbonyl groups of maltol-related ligands to
Zn(II) were indicated. The MS spectra of Zn(II) com-
plexes showed a molecular weight corresponding to a
structure consisting of a Zn:ligand ratio of 1:2, as sup-
ported by elemental analyses. However, no peaks due to
the molecular weight of the Zn(ka)2 and Zn(3hp)2
complexes were obtained because of the low ionization
properties created in FAB mode. We previously re-
ported that Zn(ma)2 was in octahedral and square-
pyramidal geometries in a unit cell, and also that two
ligands coordinated to Zn(II) in the trans form, as re-
vealed by X-ray crystal structure analysis. These results
suggest that the structures of the Zn(II) complexes were
estimated to have a common Zn(O4) coordination mode
at the binding ratio of Zn(II):ligand=1:2 when Zn(ma)2
was in the trans forms, as shown in Fig. 1.

The partition coefficients (log P) of the ligands
were determined in a chloroform/saline system using
a conventional method, and the resulting log P were
in the following order: Halx (1.65±0.03)>Hema
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(1.24±0.03)>Hma (0.60±0.01)>H3hp (�0.19± 0.01)>
Hka (�1.32±0.10).

In vitro insulin-mimetic activity of Zn(ma)2
and its related complexes

Inhibitory activity of FFA release from isolated rat
adipocytes treated with epinephrine

The inhibitory activities of the Zn(II) complexes were
evaluated by using isolated rat adipocytes treated with
epinephrine according to a previously reported method
[43]. The concentration-dependent inhibitory effects of
Zn(II) complexes on FFA release from isolated rat
adipocytes treated with epinephrine are shown in Fig. S1
(Supplementary material), from which the IC50 values of
the Zn(II) complexes were calculated (Table 2). The
inhibitory activities of Zn(alx)2, Zn(ma)2, Zn(ema)2, and
Zn(3hp)2 were higher than that of ionic ZnSO4, and no
inhibitory activity was exhibited in Zn(ka)2. In particu-
lar, Zn(alx)2 exhibited the highest inhibitory activity
among all of the complexes studied, whereby the order
of inhibitory activity of the complexes was as follows:
Zn(alx)2 (IC50=0.37±0.03 mM)>Zn(ema)2 (0.44±
0.05 mM)>Zn(ma)2 (0.54±0.07 mM)>Zn(3hp)2

(0.57±0.02 mM)>>Zn(ka)2 (no activity). In order to
elucidate the relationship between the obtained in vitro
insulin-mimetic activity and lipophilicity of the ligands
in Zn(II) complexes, their IC50 values on FFA release
were plotted against the partition coefficients (log P) of
the ligands. A good linear correlation was observed, as
shown in Fig. 2 (r=0.96).

Glucose-uptake activity in isolated rat adipocytes treated
with epinephrine

Because Zn(alx)2 exhibited the highest FFA-release
inhibitory activity among the complexes studied, the
glucose-uptake enhancing activity of Zn(alx)2 was
compared with that of the leading complex, Zn(ma)2. As
shown in Fig. 3, both Zn(II) complexes induced con-
centration-dependent increases in glucose uptake. The
glucose-uptake enhancement of Zn(alx)2 (EC50=
0.60±0.02 mM) was found to be higher than that of

Table 2 Related IC50 value for FFA release from rat adipocytes
treated with epinephrinea

Zn(II)
complex

Coordination
mode

IC50 (mM)
(mean±SD)

ZnSO4 Ionic 1.00±0.07
Zn(alx)2 04 0.37±0.03b

Zn(ma)2 04 0.54±0.07b,c

Zn(3hp)2 04 0.57±0.02b,c

Zn(ema)2 04 0.44±0.05b,c

Zn(ka)2 04 Noned

aData are expressed as the mean±SD for three experiments
bSignificance at P<0.01 versus ZnSO4
cSignificance at P< 0.05 versus Zn(alx)2
dNone=no activity

Fig. 2 Relationship between the IC50 values (mM) of Zn(II)
complexes and the partition coefficients of their ligands (log P).
The correlation coefficient of the linear repression was greater than
0.96 for a total of five points in triplicate measurements. Data are
expressed as the mean value±SD for three experiments

Table 1 Physicochemical properties of Zn(ma)2 and its related complexes

Complex
(chemical formula)

Elemental analysis
(calcd./found)

FAB+MS (m/z) IR spectra UV spectra Partition
coefficient
of ligand

C (%) H (%) [M+] [(M+H)+] v(C=O)
(cm�1)

nm (�)b Solvent (logP)

Zn(alx)2 53.63 6.83 n.d.a 515 1575 277 CH3OH 1.65±0.03
(C24H34O8ZnÆ1.2H2O) 53.62 6.81 (16,300)
Zn(ma)2 39.97 4.19 314 315 1615 316 CH3OH 0.60±0.01
(C12H10O6ZnÆ2.5H2O) 39.95 4.40 (11,000)
Zn(3hp)2 41.77 2.10 n.d 1600 312 CH3OH �0.19±0.0
(C10H6O6Zn) 41.81 2.08 (11,500)
Zn(cma)2 44.29 4.78 342 343 1700 318 CH3OH 1.24±0.03
(C14H14O6ZnÆ2.0H2O) 48.27 4.91 (11,000)
Zn(ka)2 41.25 2.94 n.d. 1625 – – �1.32±0.10
(C12H10O8ZnÆ0.1H2O) 41.18 3.15

an.d. = not detected
b� in M�1 cm�1
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Zn(ma)2 (EC50=1.00±0.05 mM). These results suggest
that Zn(alx)2 had the highest in vitro insulin-mimetic
activity among all of the complexes studied, depending
on the lipophilicity of the ligand.

Effects of Zn(II) complexes on blood glucose levels
and glucose tolerance in type 2 DM KK-Ay mice

The blood glucose-lowering effect of Zn(alx)2, which
showed the greatest amount of in vitro insulin-mimetic
activity, was compared with that of Zn(ma)2. As shown
in Fig. 4A, the blood glucose levels of KK-Ay mice
treated with Zn(alx)2 dropped from hyperglycemic levels
(approximately 25 mM) to an almost normal range
(below 8 mM) after 2–3 days of treatment, and these

levels remained within the normal glucose levels during
an administration period of 14 days. After the cessation
of administration of the complex, the blood glucose
levels were maintained at almost normal levels
(approximately 10 mM) for at least 10 days, but re-
turned to a hyperglycemic state at 1 month after the end
of the administration period (Table S1; Supplementary
material). The blood glucose-lowering effects of Zn(alx)2
were almost equal to those of Zn(ma)2; however, the
HbA1c levels of KK-Ay mice treated with Zn(alx)2 were
significantly lower than those of the mice treated with
Zn(ma)2 (Fig. 4B).

In order to examine whether or not Zn(alx)2 im-
proved glucose tolerance in type 2 DM KK-Ay mice, an
OGTT was performed after treatment with the Zn(II)
complexes. As shown in Fig. 5, the blood glucose levels
of the control KK-Ay mice were elevated to a maximal
concentration of 300 mg/dL (16.7 mM) at 30 min after
the administration of glucose, after which the levels
gradually decreased. In contrast, the elevation in the
blood glucose levels of KK-Ay mice treated with
Zn(alx)2 for 14 days were significantly lower than those
of the control KK-Ay mice, demonstrating that the effect
of Zn(alx)2 was much greater than that of Zn(ma)2.
These results indicated that Zn(alx)2 exhibited greater
anti-diabetic activity than Zn(ma)2.

Effects of Zn(alx)2 on body weight and serum
parameters of KK-Ay mice

The increased rate of body weight gain (%) of KK-Ay

mice treated with Zn(alx)2 (�5.0±0.8%) was signifi-
cantly lower than that of the control KK-Ay mice
(9.1±1.8%) (Fig. 6A), demonstrating that Zn(alx)2
suppressed the progression of obesity in type 2 diabetic
KK-Ay mice. Serum UN, GOT, GPT, TG, and TCHO
levels in KK-Ay mice treated with Zn(alx)2 were mea-
sured after a 14-day course of treatment, and were

Fig. 4 Changes in blood glucose
(A) and HbA1c (B) levels in
control KK-Ay mice and KK-Ay

mice treated with Zn(ma)2 or
Zn(alx)2 by daily i.p. injections
for 14 days. Doses were 4.5 mg
(68.8 lmol) Zn/kg of the body
weight for the first two days, and
the doses were adjusted to 2.0–
4.5 mg (30.6–68.8 lmol) Zn/kg
according to daily changes in
blood glucose levels. Data are
expressed as the mean
value±SD for 4–5 mice.
*Significance at P<0.05 versus
the control. **Significance at
P<0.01 versus the control. d

Significance at P<0.01 versus
Zn(ma)2

Fig. 3 Concentration-dependent glucose-uptake enhancement by
Zn(ma)2 (circles) and Zn(alx)2 (triangles) in isolated rat adipocytes
treated with epinephrine in the presence of 5 mM glucose and 2%
DMSO for 3 h. The estimated EC50 values of Zn(ma)2 and Zn(alx)2
were 1.00±0.03 and 0.60±0.02 mM, respectively. **Significance
at P<0.01 versus Zn(ma)2
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compared with the corresponding levels in control ani-
mals (Table S2). Serum UN (23±3 mg/dL), which
indicates the degree of renal disturbance, decreased sig-
nificantly more than did serum UN in control KK-Ay

mice (37±4 mg/dL). GOT and GPT levels, which both
indicate the degree of liver disturbance, did not differ
from those of the control KK-Ay mice. Serum TG
(102±32 mg/dL), which indicates the level of lipid
metabolism, decreased more significantly than the TG
levels in control KK-Ay mice (149±17 mM); however,
serum TCHO levels did not differ significantly between
groups. Other parameters, i.e. serum leptin (2.0±1.1 ng/
mL) and insulin (35±7 pM) levels, were significantly
reduced compared with those of the control KK-Ay mice
(leptin=42±4 ng/mL and insulin=168±53 pM); these
results were indicative of improvement in both insulin
and leptin resistance (Fig. 6B and C). These findings
also demonstrated that the Zn(alx)2 complex had anti-
diabetic potency due to its blood glucose-lowering effect,
its ability to improve lipid metabolism and insulin and
leptin resistance, and its suppression of the progress of
obesity in type 2 DM KK-Ay mice.

Discussion

When epinephrine binds to the b-receptor of adipocytes,
adenylate cyclase is activated to transform ATP into
cyclic adenosine 3¢,5¢-monophosphate (cAMP), which in
turn activates certain protein kinases and lipase. The
activated lipase then hydrolyzes triglycerides to free fatty
acids (FFA), which are then released from the cell [46].
When insulin is added to this system, this hormone binds
to the a-subunit of the insulin receptor and catalyzes
autophosphorylation, which in turn stimulates tyrosine
kinase in the b-subunit of insulin receptor. The insulin
receptor tyrosine kinase then phosphorylates the insulin
receptor substrate (IRS). Following these reactions,
signal information is conveyed to downstream locations
such as PI3-K and PDE, and GLUT-4 is then translo-
cated to the surface of the cell membrane. Consequently,
glucose uptake is enhanced and FFA release is subse-
quently inhibited in isolated rat adipocytes treated with
epinephrine [15, 47, 48].

Zn(II) is known to have effects similar to those of
insulin [8, 16, 35]. Recently, we found that Zn(II) com-
pounds had multiple intracellular active sites (i.e., the
ensemble mechanism) such as PI3-kinase, GLUT-4, and
PDE [38]. In addition, Zn(II) has been reported to
activate PDE, as determined by X-ray structure analyses
and other in vitro experiments [49, 50, 51]. In the present
study, we examined the insulin-mimetic activity of five
Zn(ma)2-related complexes in terms of both the inhibi-
tion of FFA release and the enhancement of glucose
uptake in isolated rat adipocytes treated with epineph-
rine [43, 44], and found that the insulin-mimetic activity
of Zn(II) complexes was strongly correlated with the
partition coefficient (log P) of the ligand, indicating that
the insulin-mimetic activity of the Zn(II) complexes de-
pended on the lipophilicity of the ligand (Fig. 2). These
results suggest the possibility that the insulin-mimetic
active sites of Zn(II) are primarily in the cells, thus
supporting the hypothesis that the lipophilicity of the
ligand in Zn(II) complexes is an important factor for
developing the insulin-mimetic activity of these com-
plexes. On the basis of these results, it was revealed that
Zn(alx)2 exhibited the highest insulin-mimetic activity
among all of the complexes considered here; this rela-

Fig. 6 Rate of increase in body
weight (A), insulin (B), and
leptin (C) levels in control KK-
Ay mice and KK-Ay mice treated
with Zn(alx)2 by daily i.p.
injections for 14 days. Each
column is expressed as the mean
value±SD for 5–6 experiments.
**Significance at P<0.01 versus
the control

Fig. 5 Oral glucose tolerance tests (OGTT) for the control KK-Ay

mice and KK-Ay mice after daily i.p. administration of Zn(ma)2
and Zn(alx)2. OGTT tests were performed on mice that had fasted
for 12 h, and then they were given an oral glucose solution at a
dose of 1 g/kg body weight. Each symbol is expressed as the mean
value±SD (n=4–6). *Significance at P<0.05 versus the control.
**Significance at P<0.01 versus the control. # Significance at
P<0.01 versus Zn(ma)2
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tively high level of activity was due to the high partition
coefficient of the ligand (log P=1.65±0.03). Previously,
we suggested that the stability constant (logb) of Zn(II)
complexes was an important factor for the development
of their insulin-mimetic activity [30]. However, no dif-
ference between the stability constants of Zn(alx)2 and
Zn(ma)2 have thus far been observed (data to be re-
ported), indicating that the insulin-mimetic activity of
Zn(ma)2-related complexes predominantly depends on
the permeability of the complex through the cell mem-
brane.

After conducting the present in vitro assay, we eval-
uated the blood glucose-lowering effects of Zn(alx)2 in
type 2 diabetic KK-Ay mice, a model that closely
resembles DM in humans, by comparing the effects of
Zn(alx)2 with those of Zn(ma)2. Yellow KK-Ay mice
were transferred the Ay allele into the inbred KK strain
by repetitive back-crossing. The introduction of the Ay

allele causes hereditary hyperglycemia, hyperleptinemia,
and massive obesity [52]. Both Zn(alx)2 and Zn(ma)2
complexes dramatically lowered hyperglycemia in KK-
Ay mice by daily i.p. injections at a dose of 4.5 mg
(68.8 lmol) Zn/kg body weight for the first two days,
and the levels were maintained by adjusting the daily
doses to 2–4.5 mg (30.6–68.8 lmol) Zn/kg after the third
day for 12 days (Fig. 4A). Zn(alx)2 had a more signifi-
cant effect than Zn(ma)2 in terms of both lowering the
high levels of HbA1c and improving glucose tolerance in
KK-Ay mice (Fig. 4B). In addition, both Zn(II) com-
plexes reduced hyperinsulinemia in KK-Ay mice. These
results also indicated that the insulin-mimetic and anti-
diabetic effects of Zn(alx)2 were greater than those of
Zn(ma)2, and were thus in good agreement with the re-
sults of the in vitro evaluations. Moreover, the blood
glucose-lowering effect was maintained for at least
10 days after cessation of treatment of Zn(alx)2. We
previously examined the metallokinetics in the blood of
normal rats given Zn(ma)2 [29], and found that the
bioavailability (bioabsorption) of Zn(ma)2 (37.3%) was
higher than that of ZnCl2 (23.6%), and the distribution
volume (Vd) of Zn(ma)2 (112±47 mL/kg) exhibited a
higher tendency than that of ZnCl2 (72±8 mL/kg).
These results indicated that complexation of ZnCl2 in
terms of the increase in lipophilicity related to the in-
creased incorporation of Zn(II) into the cells in whole
tissues. Thus, it is assumed that the zinc levels accumu-
lated in the tissues of KK-Ay mice treated with Zn(alx)2,
which is an analogue of Zn(ma)2 and has a higher
lipophilicity than Zn(ma)2 (Fig. 2), are higher than that
of KK-Ay mice treated with ionic Zn(II) and Zn(ma)2.
Therefore, the prolonged blood glucose-lowering effect
of Zn(alx)2 might be due to the enhancement of the
lipophilicity of Zn(alx)2. On the other hand, Zn(alx)2
suppressed the progress of obesity in KK-Ay mice
(Fig. 6A), where the serum leptin levels of KK-Ay mice
treated with Zn(alx)2 complex were found to be dra-
matically reduced from hyperleptinemic levels to the
normal range for KK-Ay mice (Fig. 6B and C). Leptin,
which is primarily synthesized and secreted from white

adipose tissue, is a hormone protein that regulates body
weight, glucose metabolism, and insulin sensitivity via
the leptin receptor in the brain and peripheral tissues [53,
54, 55, 56, 57, 58, 59, 60]. It is clear that the discovery of
leptin has fuelled considerable research on obesity, be-
cause this hormone is strongly related to the develop-
ment of type 2 DM [61]. In the present study, a
reduction in leptin levels in KK-Ay mice treated with
Zn(alx)2 was observed, indicating the regulation of lep-
tin sensitivity by this complex, which was present in
target organs. It was therefore revealed that Zn(alx)2
regulated excessive food and water consumptions (Ta-
ble S3) through the improvement of leptin resistance in
KK-Ay mice, which in turn suppressed the progress of
obesity. Moreover, the leptin levels of KK-Ay mice
treated with Zn(alx)2 paralleled and was correlated with
the insulin levels (Fig. 6B and C). It has recently been
suggested that both leptin and insulin may mutually
modulate secretion and production [62]. In keeping with
that line of reasoning, we suggest here that Zn(alx)2 may
regulate leptin levels by exerting an influence on insulin
levels. However, there is still a great need for detailed
investigations of the mechanism of action responsible
for the insulin-mimetic activity of Zn(alx)2 in type 2 DM
mice.

In conclusion, we have described here a new Zn(alx)2
complex, which was found to exhibit more potent
insulin-mimetic activity than a Zn(ma)2 complex
according to both in vitro and in vivo examinations. In
addition, no elevations in serum UN, GOT, and GPT
levels were observed, suggesting the low toxicity of the
complex in these mice. The observed features of Zn(alx)2
administration depended on the relatively high lipophi-
licity of the ligand, which is related to the incorporation
of the complex into cells throughout the entire body.
The Zn(alx)2 complex thus shows great potential as a
possible agent to treat type 2 DM.
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