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Abstract. Three zinc(ll) complexes of picolinic acid and its derivatives with a Z2())

coordination mode were prepared and evaluated for their insulinomimetic activities by in vitro and in
vivo studies. By introducing an electron-donating methyl group into the picolinate ligand (pic), bis(6-
or 3-methylpicolinato)zinc(ll) complexes [Zn(6-mpa)r Zn(3-mpa), respectively] were prepared.

The Zn(6-mpa) complex was crystallized as a water adduct [Zn(6-pp$) O)]-H, O, in which two
carboxylate oxygens and two pyridine nitrogens of 6-mpa and a water oxygen coordinate to a zinc(ll)
with a trigonal bipyramidal geometry. By in vitro evaluation of the inhibition of free fatty acid (FFA)
release from isolated rat adipocytes in the presence of epinephrine, the insulinomimetic activities of
Zn(pic),, Zn(6-mpa), and Zn(3-mpa) (IC57=0.64+0.13, 0.31+0.05, and 0.40+0.07 mM,

respectively) were found to be higher than those of V8057=1.00 mM) and ZnS@

(IC50=1.58+0.05 mM) in terms of 1§ value, the 50% inhibition concentrations for the FFA release
from the adipocytes. Then, Zn(6-mpajvhich exhibited the highest in vitro insulinomimetic activity
among three complexes examined, was given at a dose of 3.0 mg (45.9 umol) Zn/kg body weight to
KK-AY mice with type 2 diabetes mellitus by daily intraperitoneal injections for 14 days and it was
found that the hereditary high blood glucose levels were lowered during the administration of the



complex. The improvement of diabetes mellitus was confirmed with the oral glucose tolerance test.

Keywords. Zinc(ll) complex - Picolinic acid derivatives - Insulinomimetic activity - KR-Anice -
Blood glucose normalizing effect

Abbreviations. BUN: blood urea nitrogeRFA: free fatty acid$&GOT: glutamic oxaloacetic
transaminas&PT: glutamic pyruvic transaminas&RB: Krebs-Ringer bicarbonat&TZ streptozotocin
TCHQO total cholesterol

Introduction

Some metal ions mimic the action of insulin in both in vitro and in vivo sysi@iad3 [4][5]. Among

them, zinc(ll) was found in 1980 to stimulate rat adipocytes lipogenesis similar to the action of insulin
6. Then several research groups confirmed the insulinomimetic in vivo activity of ziffp[)fd.

Zinc(ll), a known essential trace element in animals and humans, with a relatively low toxicity profile
[1Q, has been shown to have a pronounced blood glucose normalizing[Effe8tisheva et alffl]

have reported that Znglstimulated glucose uptake in rat adipocytes and reduced blood glucose

concentrations as much as 50% when given orally to STZ rats (210 mg Zn/kg body wt). Furthermore,
Chen et al[T4 have reported that the blood glucose level was normalized by the administration of
20 mM ZnCl, to ob/obmice. Based on these results, it was concluded that zinc(ll) has an

insulinomimetic activity in vitro and in vivdifl [17.

However, insulinomimetic zinc(ll) complexes with higher lipophilic characteristics than zinc(ll) have
not yet been reported so far. During the investigations to find insulinomimetic metal complexes, we
found that bis(maltolato)- and bis(2-hydroxypyridid@xido)zinc(ll) complexes [Zn(maj) and

Zn(hpo),, respectively] with a Zn(@) coordination mode have higher insulinomimetic activity than

free zinc(ll) as estimated by in vitro experimefif§[ On the basis of these observations, we have
aimed to develop more active zinc(Il) complexes than Zngreadd Zn(hpo). Previously, picolinic

acid as a chelating agent was reported to promote the absorption of zinc(ll) into the body from the
small intestine@]. Therefore, we have chosen picolinic acid and its derivatives as ligands to zinc(ll)
and synthesized new complexes with a ZsION) coordination mode.

This paper reports the structure-activity relationship by in vitro experiments in terms of the effect of
the methyl group on the picolinic acid and the blood glucose lowering effects in¥Kikiée which

were given bis(6-methylpicolinato)zinc(ll), Zn(6-mpa)with had the highest in vitro activity among
the complexes examined.

Materials and methods

Materials and physical measurements

Zinc sulfate and acacia were purchased from Wako (Osaka, Japan). Picolinic acid and derivatives were
obtained from Tokyo Kasei (Tokyo, Japap)(+)-Glucose was obtained from Nacalai Tesque (Kyoto,
Japan). (x)-Epinephrine hydrochloride, collagenase, and bovine serum albumin (BSA) were purchased
from Sigma (St. Louis, Mo., USA). The purity of Zng@H, O was determined by chelatometry

using the Cu-Pan [Cu-1-(2-pyridylazo-2-naphthol] complex (Dojindo, Kumamoto, Japan). All other
reagents were of analytical or reagent grade and were used without purification. Elemental analyses of
the complexes were carried out on a Perkin-Elmer 240C Elemental Analyzer. FT-IR spectra were
recorded with KBr pellets on a Jasco FT/IR-420 spectrophotometer.



Preparation of zinc(ll) complexes

Bis(picolinato)zinc(ll), Zn(pic) 1, and bis(6-methylpicolinato)zinc(ll), Zn(6-mpga2, were prepared
according to the methods previously descrifi&i[Id. Bis(3-methylpicolinato)zinc(ll), Zn(3-mpa)

3, was prepared by addition of an aqueous solution of ZnBA@ O (0.14 g , 0.5 mmol) to an aqueous
solution of 3-methylpicolinic acid (0.14 g, 1.0 mmol) and LiOKH®(0.04 g, 1.0 mmol), followed by

stirring for 6 h at room temperature. The white precipitate obtained was washed with small amounts of
water, methanol, and diethyl ether; yield: 0.14 g (63%). Comp8uwvak characterized by its
physicochemical properties. The physical parameteBsaoé as follows: anal. found: C, 46.83; N,

7.80; H, 3.91%; calcd for GH1o,N>,042Zn-1.2H,0: C, 46.80; N, 7.80; H, 4.04%. Mp >300 °C (dec.).

IR (KBr disk): 1666 cmt for 1/ c—o.

X-ray data collection and structure determination

Colorless single crystals dfand2 were obtained by recrystallization from a concentrated aqueous
solution and methanol solution, respectively, and used for X-ray structure analysis. The data
collections were performed with monochromated Mt Kadiation forl and2 on a Rigaku AFC7R
diffractometer. All the calculations, including data reduction, were performed using a teXsan
crystallographic software package (Molecular Structure Corporation). The structaréblo® and

2:2H, O were solved by direct methods (SIR92) and refined by the full-matrix least-squares procedure.

The details of the crystallographic experiment and computation for the present complexes are listed in
the Supplementary material.

Measurement of the partition coefficients

The patrtition coefficients of the zinc(ll) complexes were determined by a conventional method in an
n-octanol/saline system using a UV spectrometer (Hitachi U-3500L). The concentrations of the
complexes in each phase were monitored at the characteristic wavelength of 270 nm due to the
pyridine ring. The partition coefficients of the complexes were calculated by the equilibrium
concentrations of the complexesmioctanol and saline after shaking for 2 h at 37 °C.

Interaction of zinc(Il) complexes with isolated rat adipocytes treated
with epinephrine

Isolated male rat adipocytes (%)10° cells/mL) prepared as describfd|[1§[19 2Q were

preincubated at 37 °C for 30 min with various concentrationd {103 M) of the zinc(ll) complexes

in KRB buffer (120 mM NacCl, 1.27 mM Cagl 1.2 mM MgSQ,, 4.75 mM KCI, 1.2 mM KH POy,

24 mM NaHCGQ; pH 7.4) containing 2% BSA but without glucose. A“LM epinephrine solution

was then added to the reaction mixtures and the resulting solutions were incubated at 37 °C for
180 min. The reactions were stopped by soaking in ice water and the mixtures were centrifuged at
3000 rpm for 10 min. For the outer solution of the cells, free fatty acid (FFA) levels were determined
with an FFA kit (Wako, Osaka, Japan).



In vivo evaluation of 2 on the lowering of blood glucose levels in
KK-A ¥ mice

In the present study, we used KK-Anice as a congeneric strain, in which thé @lele at the agouti

locus (initially from C57B/6J-A) had been transferred to the inbred KK strain by repetitive back
crossing. The introduction of theYAallele causes overt diabetes and massive obesity hereditarily. The
KK-AY mice (8 weeks old; CREA Japan, Tokyo) with type 2 diabetes mellitus, which were housed in
an air-conditioned room at a temperature of 23+1 °C and 60+10% humidity with lights on from

8:00 a.m. to 8:00 p.m., received daily intraperitoneal (i.p.) injections (five mice in a grap) of
dissolved in a 5% acacia vehicle at about 10 a.m. after the determination of their blood glucose levels,
for 2 weeks. Acacia was used to increase the solubility of the complex in saline. The blood sample for
the analysis of the glucose level was obtained from the tail vein of each mouse and measured with a
Glucocard (Arkray, Kyoto, Japan). The body weights of the KKrdice, which were allowed free

access to solid food (CREA Japan; zinc content was 6.25 mg/100 g) and tap water, were measured
daily during the administration & Intakes of solid food and drinking water in each mouse were
checked daily throughout the experiments. A dose of 25.1 ik@body weight corresponds to

3.0 mg (45.9 umol) Zn/kg body weight. The blood samples for the analyses of blood urea nitrogen
(BUN), glutamic oxaloacetic transaminase (GOT), glutamic pyruvic transaminase (GPT), and total
cholesterol (TCHO) were withdrawn from the cavernous sinus with a capillary under anesthesia with
ether. The serum concentrations of BUN, GOT, GPT, and TCHO were determined by Fuji Dry Chem
(Fuji Medical, Tokyo, Japan).

The animal study was approved by the Experimental Animal Research Committee at Kyoto
Pharmaceutical University (KPU) and was performed according to the Guideline for Animal
Experimentation of KPU.

Determination of HbA1C

Hemoglobin A - was measured by an immunoassay method (DCA2000 System, Bayer-Sankyo,
Tokyo, Japan).

Oral glucose tolerance test

After the administration of compleXfor 14 days, the 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 a tail vein at 0, 30, 60, 90,
and 120 min after the glucose administration, and the blood glucose levels were measured with the
Glucocard.

Results and discussion

The zinc(Il) complexrans[Zn(pic),(H,0),]-2H, O 1 was prepared according to the method

previously describedB[1§). A colorless single crystal df suitable for X-ray structure analysis was
obtained from an agueous solution. Although X-ray crystal dathliave been reported, we used our
own data because of their improved quality. The coordination geometry around the ziric@lBsn
confirmed to be an octahedral structure, as reported by Yunuskhodzha@t ahdther zinc(I1)
complex,2, was prepared and a colorless single crystal suitable for X-ray structure analysis was
obtained from a methanol solution. The coordination geometry around the zin@(i)aim evaluated

to be a distorted trigonal bipyramidal structure (Fjg. 1). The zinc(ll) lies in an equatorial plane (01, O1

! , and O3) with two apical atoms (N1 and'\)l



Fig. 1.

The patrtition coefficients were determined by a conventional methodriroeatanol/saline system.
The partition coefficients df, 2, and3 are shown in Tab[d 1, in which introduction of a methyl group
is indicated to enhance the lipophilicity.

Table 1. The partition coefficients of the zinc(Il) complexe<, and3

Complex Partition coefficient

1 0.018+0.01
2 0.075+0.02
3 0.070+0.0%

aData are expressed as the mean+SD for three experiments
bSignificance aP<0.01 versud

The in vitro insulinomimetic activities of the three complexes were evaluated by the inhibition of the
FFA release from isolated rat adipocytes in the presence of epineln‘él‘[e in vitro evaluation
method used has been proven to be very effective and convenient in finding vanadyl complexes with

antidiabetic activity{Tg,[19[2(]. The apparent insulinomimetic activity of the complexes was
estimated by the 1§ value, which expresses the 50% inhibitory concentration of each complex. As

shown in Fig[IZ, dose-dependent inhibitory effects of FFA release were observed, ang tredu€s
were calculated. Zinc(ll) complexes at a concentration of al > 18% M inhibited FFA release

from the epinephrine-stimulated rat adipocytes stronger than VQ@B@nSQ,. From these results,
the apparent Igy values were estimated to be 1.00, 1.58+0.05, 0.64+0.13, 0.31+0.05, and



0.40+0.07 mM for VOSQ, ZnSQy, 1, 2, and3, respectively (Table]2). The introduction of a methyl
group at the 6- or 3-position of the picolinic acid enhanced insulinomimetic activity more than that of
1, indicating that the lipophilicity of a complex is very important in enhancing the activity of the
complex, as observed also in the activity of vanadyl compl@slp addition, ligand such as pic

and 6-mpa alone gave no inhibitory effects on the FFA release. Shishevii #trap@rted that a

[N,N,N’ ,N’ -tetrakis(2-pyridylmethyl)ethylenediamine]zinc(ll) complex with a ZpjMoordination

mode does not have any insulinomimetic activity. We also confirmed this by an in vitro experiment,
namely a (triethylenetetraamine)zinc(ll) complewith a Zn(N,) coordination mode exhibited no
insulinomimetic activity (Fig.]2 and Tadl¢ 2). Thus, the complexes with a ZDEN coordination

mode have been found to have stronger insulinomimetic activities than free vanadyl [VO(Il)], free
zinc(ll), or zinc(ll) complexes with a Zn({ coordination mode.
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Table 2. Estimated IGg values for the free fatty acid release from rat adipocytes

Complex IC50 (MM)?
VOSO, 1.00
ZnSO, 1.58+0.05
1 0.640.13
2 0.31+0.0%
3 0.40+0.0F
4 None
Picolinic acid None
6-Methylpicolinic acid None

aData are expressed as the meanzSD for three experiments

bSignificance aP<0.05 versus VOSQ

¢Significance aP<0.01 versus VOSQ



Based on the in vitro insulinomimetic activities of the zinc(ll) complexes, we examined the in vivo
insulinomimetic activity in terms of the blood glucose normalization effect by daily i.p. injecti@s of
which exhibited the highest activity in the in vitro evaluation. At first, we tried to use the
streptozotocin-induced diabetic rats (STZ rats). However, the safety margin of the dose of zinc(ll) was
very narrow because the absorption of zinc(ll) in STZ rats is higher than in norm@flfats [

Therefore, it was very difficult to determine the dose of the zinc(Il) complexes. For this reason, we
used KK-AY mice with a hereditary type 2 diabetes mellitus, in which the dosage was not so difficult
to determine.

The blood glucose levels and the body weight changes of Kitake given2 are shown in Figﬂ 3.
When2 was injected at a dose of 3.0 mg (45.9 umol) Zn/kg of body weight for the first 2 days, the
blood glucose levels were lowered to about 13.9 mM (250 mg/dL), and it was maintained for the
following 2 weeks by daily administration of the same dose [(Fig. 3, left). During the treatr2efot of
2 weeks, the body weight of the KK¥Amice was unchanged for the first 6 days but then increased
slightly from 37.6+1.4 to 40.1+1.4 g (F[d. 3, right).
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The BUN, GOT, GPT, and TCHO levels of the KK-Anice given 5% acacia vehicle alone (untreated
KK-AY mice) and KK-A mice treated witl2 for 2 weeks are summarized in Tgdle 3. The BUN
level, which indicates the degree of renal disturbance, did not change compared with those of the
untreated KK-A' mice. The GOT and GPT levels, which show the degree of hepatic disturbance,
were also identical to those of the untreated KK+Aice. The TCHO levels were lowered by the
treatment with2, suggesting that the cholesterol metabolism was improved by the administration of
the complex. From these results, it was suggeste@ tiegt a low toxicity in hepatic and renal
functions, and improves cholesterol metabolism.

Table 3.Serum parameters of KK¥Amice receiving daily i.p. injections @f

Treatment BUN (mg/dL) GOT (U/l) GPT (U/L) TCHO (mg/dl)
KK-AY mice |32.9+¥2.4 61+15 30+9 176148

KK-AY mice+2|27.3+9.4 59+14 3617 |127+10°

aData are expressed as the mean+SD for five mice of the untreated Khie& and KK-A& mice
receiving daily i.p. injection o2 for 2 weeks. Experimental conditions are as for[Hig. 3

bSignificance aP<0.01 versus KK-A mice

Furthermore, we examined the changes of b/ the untreated KK-A mice and KK-A mice
treated with2 (Table[4). Recently, the measurement of HbAas been used as an index of glycemic
control in diabetic patient®2f,23. In the untreated KK-X mice, the HbA ¢ level increased from
7.6+£0.5% at 8 weeks to 8.3+0.3% at 10 weeks. However, the Ellvels of KK-AY mice treated

with 2 gave a tendency to slightly decrease from 6.8+0.4% at 8 weeks to 6.3+0.6% at 10 weeks. These
results indicated that the diabetic state of KK-iice treated witl2 was improved from that of the
untreated KK-A mice in terms of glucose and HpA levels. Previously, it was reported that the

administration of zinc(ll) complexes for type 1 diabetes patients increased the: bl 24);



however, the HbAc level of the mice with type 2 diabetes mellitus and treated with corgples
decreased.

Table 4.HbA ¢ levels of KK-AY mice receiving daily i.p. injections @f

Treatment DayHbA ;¢ level?

0 |7.6+0.%°
KK-AY mice

14 |8.3+0.2

0 6.8+0.4
KK-AY mice+2

14 |6.3+x0.6

aData are expressed as the meanzSD for four mice of untreatedKiid® and KK-A mice
received daily i.p. injection df for 2 weeks. Experimental conditions are as for[Rig. 3

bSignificance aP<0.05 versus HbAc level at 0 day

Because the blood glucose levels of KK-fice treated witl2 for 2 weeks were lowered to below

250 mg/dL (13.9 mM), the animals received the oral glucose tolerance test. As showflin Fig. 4, the
blood glucose levels of the untreated KK-Anice were elevated to the maximum [270 mg/dL

(15.0 mM)] at 30 min after the glucose administration, and then it gradually decreased. In contrast, the
blood glucose levels of KK-A mice treated witl2 were also slightly elevated for the first 30 min, but
they were obviously lowered when compared with those of the untreated’Kidi¢e. These results
revealed that the treatment2itigated the diabetes in KKY¥Amice by improving glucose tolerance.

-10-
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Previously, we reported that the vanadyl analogue bis(6-methylpicolinato)oxovanadium(I1V)
[VO(6-mpa),] of Zn(6-mpa) exhibits a high insulinomimetic in vivo activity for not only type 1
diabetic STZ rat§1[g but also type 2 diabetic KK-Amice Pg. Although the in vitro IGq values of
Zn(6-mpa) and VO(6-mpg) were in the same range, 0.31+0.05 mM and 0.49+0.08 mM,
respectively, the in vivo insulinomimetic activity in KK¥Amice given i.p. injections of Zn(6-mpa)

at a dose of 3.0 mg (45.9 umol) Zn/kg body weight was found to be higher and more stable than that
given VO(6-mpa) at a similar dose of 2.5 mg (49 pmol) V/kg body weilgs.[

In conclusion, we propose here a new zinc(ll) complex, Zn(6-mpéjh a Zn(N, O, ) coordination

mode as a potent insulinomimetic agent against type 2 diabetes mellitus. The present study suggests
that the introduction of a methyl group into the picolinate ligand is a useful method to develop more
active insulinomimetic complexes than the leading Zngpamplex, as evaluated by in vitro and in

vivo experiments. The detailed mechanism of the blood glucose lowering effect and a toxicological
study for the clinical use of the complex are now under way.
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