
Classification Mechanism of action 

Sulfonylureas

Phenylalanine derivatives 
Promote insulin secretion in the pancreas 

Biguanides
Depress gluconeogenesis in the liver and improve insulin 

sensitivity in the peripheral tissues 

Thiazolidine derivatives Improve insulin resistance 

Alpha-glucosidase inhibitors 
Suppress the degradation of carbohydrates and delay the 

absorption of monosaccharides from the gastrointestinal tract

Introduction
Type 2 insulin-resistant diabetes mellitus (DM) ac-
counts for 95% of all DM cases. The worldwide fre-
quency is estimated to continue increasing by 6% each
year and has the potential to reach a total of 200-300 mil-
lion cases by 2010 [1, 2]. The main reason for the in-
creasing incidence of DM is the staggering increase in
the rate of obesity－the most important contributor to
DM pathogenesis [3]. It is now clear that intensive con-
trol of hyperglycemia in patients with type 2 DM can at-

tenuate the development of chronic complications such
as retinopathy and nephropathy [4, 5]. At present, ther-
apy for type 2 DM mainly relies on several approaches
intended to reduce hyperglycemia. For example, the ther-
apy may include the use of medicines such as sulfony-
lureas, which increase insulin release from pancreatic is-
lets ; metformin, which reduces hepatic glucose produc-
tion ; thiazolidinediones, which enhance insulin action ;
and alpha-glucosidase inhibitors, which interfere with
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Abstract
We investigated the in vitro and in vivo effects of metal ions on the activity of an alpha-glucosidase (Saccharomyces
sp.). CuSO4, ZnSO4, and VOSO4 significantly inhibited the alpha-glucosidase activity in vitro . Additionally, we exam-
ined their effects on the blood glucose level by performing oral carbohydrate tolerance tests in both normal ddY mice and
streptozotocin-induced diabetic mice. After oral administration of these three metal compounds, the elevation in the blood
glucose levels in mice administered disaccharide (sucrose) was significantly suppressed in comparison with untreated
mice. On the other hand, the elevation in the blood glucose levels in mice administered monosaccharide (glucose) was not
suppressed when such compounds or a vehicle was administered. The results suggested that some metal ions suppress di-
sacharide digestion probably due to the inhibition of the alpha-glucosidase activity in the epithelium of the small intestine.
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glucose absorption in the small intestine (Table 1) [6−9].
These therapies have limited efficacy and tolerability and
have significant mechanism-based side effects. Thus,
novel approaches to treat type 2 DM are urgently re-
quired. Since 1962, the antidiabetic effects of metal ions
have been reported by many researchers [10−19]. Al-
though the inhibition of enzymes by metal ions has been
studied extensively [20, 21], there are few studies on the
relationship between metals and alpha-glucosidase [22−
25]. Therefore, we examined the effect of some metal
ions on an alpha-glucosidase from a Saccharomyces sp. ;
this is a key enzyme in the small intestine.

Methods

Materials
ZnSO4·7H2O (Zn(II)), CuSO4·5H2O (Cu(II)), VOSO4·
nH2O (VO(II)), MnSO4·5H2O, FeSO4·7H2O, CoSO4·
7H2O, NiSO4·6H2O, sucrose, acarbose, and alpha-
glucosidase (from a Saccharomyces sp.) were purchased
from Wako Pure Chemical Industries (Osaka, Japan).
The glucose concentration was determined by a Glucose
CII test Wako kit. The purity of VOSO4·1.6H2O was de-
termined by chelatometry using the Cu-1-(2-pyridyl-azo-
2-naphthol) complex (Dojindo, Kumamoto, Japan).

Inhibitory effects of metal ions on alpha-
glucosidase activity

Solutions of metal ions at various concentrations were
prepared, and their alpha-glucosidase inhibitory effects
were evaluated by a modified Dahlqvist method [26]. In
brief, 0.1 ml of the test compounds in 0.15 M HEPES
buffer (pH 6.8) and 0.1 ml of 5 units/ml alpha-
glucosidase in 0.015 M HEPES buffer were added to 0.1
ml of the substrate (0.1 M sucrose in 0.15 M HEPES
buffer), and then incubated at 37ºC for 60 min. After in-
cubation, the reactions were stopped in a dry bath incu-
bator, and the glucose concentration was determined by a
Glucose CII-test Wako kit. Acarbose, which is one of the
alpha-glucosidase inhibitor, was used as the positive con-
trol. The inhibition of alpha-glucosidase activity was cal-
culated by using the following equation :
Inhibition of alpha-glucosidase activity (%) =

[(Ac−As)/Ac] × 100
where Ac is the glucose concentration in the control so-
lution (alpha-glucosidase and substrate) and As is the
glucose concentration in the test solutions (alpha-
glucosidase, substrate, and test compounds). The IC50
value, the concentration of the test compounds at which

50% of the enzyme activity is inhibited, was determined
graphically from a plot of percent inhibition vs. concen-
tration of the test compounds.

Inhibitory effects of metal ions on the increase
in blood glucose levels in oral
carbohydrate-loaded normal mice

Six-week-old male ddY mice (Shimizu Experimental
Material Co., Kyoto, Japan) were kept under a light
schedule of 8 : 00 a.m.-8 : 00 p.m. at 23±1℃. The mice
were allowed access to drinking water and a laboratory
diet (MF, Oriental Yeast Co., Tokyo, Japan). After over-
night fasting at seven weeks of age, the test compounds
(5 and 15 mg metal/kg body weight) were dissolved in
saline and then orally administered to the mice. After 30
min, a saline solution of glucose (2.0 g/kg body weight)
or sucrose (2.0 g/kg body weight) was orally adminis-
tered. Blood samples were obtained from the lateral tail
vein at various time points for 0-120 min. The blood glu-
cose levels were measured by a glucose oxidase method
(Glucocard, Arkray, Kyoto, Japan).

Inhibitory effects of metal ions on the increase
in blood glucose levels in oral carbohydrate-loaded
streptozotocin (STZ)-induced diabetic mice
STZ dissolved in cold 0.1 M sodium citrate buffer at
pH 5 was used within 3 min of preparation. Six-week-old
male ddY mice, which were starved for 6 h, received in-
traperitoneal injections of STZ (100 mg/kg body weight)
twice a week. Seven days after the second STZ admini-
stration, the non-fasting blood samples were obtained,
and the blood glucose levels of these were measured. In-
dividual mice with a blood glucose level greater than 300
mg/dL were used for the oral carbohydrate tolerance test.
STZ-induced diabetic mice were again starved for 12 h,
and the test compounds were then orally administered at
15 mg metal/kg body weight. After 30 min, a saline solu-
tion of glucose (1.0 g/kg body weight) or sucrose (1.0 g/
kg body weight) was orally administered. The blood glu-
cose levels were measured as described from the blood
samples obtained from the lateral tail vein at various time
points from 0-180 min.
The animal study was approved by the Experimental
Animal Research Committee at Kyoto Pharmaceutical
University (KPU) and was performed according to the
Guidelines for Animal Experimentation of KPU.

Statistical analysis
The results of the in vitro experiments are expressed
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as the mean ± standard deviations (s.d.) for three re-
peated runs. The oral carbohydrate tolerance level of nor-
mal mice and STZ-induced diabetic mice are expressed
as the mean±s.d. for five animals. Statistical analysis was
performed using a Student’s t-test with the significance
level of the difference at 5% (p < 0.05) or 1% (p < 0.01).

Results and Discussion

Inhibitory effects of metal ions on
alpha-glucosidase activity

The inhibitory effects of acarbose (AC : positive con-
trol) and metal ions on alpha-glucosidase activity were
concentration dependent. From the results, the apparent
IC50 values of the test compounds with respect to the
alpha-glucosidase activity were estimated (Fig. 1). In

comparison with AC, Cu(II), Zn(II), and VO(II) showed
strong inhibition of alpha-glucosidase activity. It has
been reported that cysteine is located in the active site of
alpha-glucosidase [27]. The stability constant (log K1) of
the Cu-His complex (28.0) is higher than that of the Cu-
Cys complex (16.0) [28]. Therefore, Cu(II) does not ap-
pear to bind to Cys in alpha-glucosidase. On the other
hand, the log K1 values of the Zn-His and Zn-Cys com-

plexes are 12.0 and 18.2, respectively [28]. The Zn(II)
ion may have a greater effect on Cys of the active site
than on His in this enzyme. Further investigations are re-
quired to understand the mechanism of the interaction
between metals and the enzyme.

Inhibitory effects of metal ions on the blood
glucose levels in carbohydrate-loaded mice
We examined the effects of Cu(II), Zn(II), and VO(II)
on the blood glucose levels in mice. The elevation in the
blood glucose levels in normal ddY mice that were ad-
ministered disaccharide (sucrose) was significantly sup-
pressed after a single oral administration of Cu(II), Zn(II),
and VO(II) in a concentration dependent manner as com-
pared with the control mice that were administered vehi-
cle (Fig. 2). On the other hand, no changes were ob-
served in the blood glucose level in mice administered
monosaccharide (glucose) after Cu(II), Zn(II), VO(II), or
vehicle was administered (Table 2).
The effects of Cu(II), Zn(II), and VO(II) on the postpran-
dial blood glucose level was also examined in the STZ-
induced diabetic mice. The elevation in the blood glu-
cose levels in diabetic mice that were administered su-
crose was significantly suppressed after a single oral ad-
ministration of Cu(II), Zn(II), and VO(II) at 15 mg metal/
kg body weight as compared with the control mice that
were administered vehicle (Fig. 3 a). In the case of glu-
cose administration, the three ions did not show any sig-
nificant effect (Fig. 3 b).
These results suggested that Cu(II), Zn(II), and VO(II)
inhibited the alpha-glucosidase action in the epithelium
of the small intestine and reduced disaccharide digestion.

Conclusion
We observed the in vitro and in vivo inhibitory effects
of insulinomimetic metal ions on alpha-glucosidase ac-

Fig. 1 The estimated IC50 values of acarbose and various
metal ions. #AC : acarbose. Significance : �p <
0.01, *p < 0.05 vs. acarbose

Fig. 2 Effects of CuSO4 (a), ZnSO4 (b), VOSO4 (c), and vehicle (control) on the postprandial blood glucose level in di-
saccharide (sucrose)-loaded normal ddY mice. 0 mg (control : ●), 5 mg (○), and 15 mg (▲) metal /kg body
weight. Significance : �p < 0.01, ‡p < 0.05 vs. control
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tivity. In in vitro enzyme experiments, Cu(II), Zn(II), and
VO(II) strongly inhibited alpha-glucosidase activity, and
their effects were approximately 1000, 200, and 4 times,
respectively, higher than that of acarbose. Further, we
evaluated the change in the blood glucose levels in nor-
mal and STZ-induced diabetic mice. Cu(II), Zn(II), and
VO(II) suppressed the elevation in the blood glucose lev-
els in normal and diabetic mice when they were adminis-
tered disaccharide (sucrose). These results will be useful
when they are clinically applied to DM therapy in the fu-
ture.
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