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Abstract Diabetes has been cited as the most challenging health problem in the twenty-first
century. Accordingly, it is urgent to develop a new type of efficient and low-toxic antidiabetic
medication. Since vanadium compounds have insulin-mimetic and potential hypoglycemic
activities for type 1 and type 2 diabetes, a new trend has been developed using vanadium and
organic ligands to form a new compound in order to increase the intestinal absorption and
reduce the toxicity of vanadium compound. In the current investigation, a new organic
vanadium compounds, vanadyl rosiglitazone, was synthesized and determined by infrared
spectra. Vanadyl rosiglitazone and three other organic vanadium compounds were adminis-
tered to the diabetic mice through oral administration for 5 weeks. The results of mouse model
test indicated that vanadyl rosiglitazone could regulate the blood glucose level and relieve the
symptoms of polydipsia, polyphagia, polyuria, and weight loss without side effects and was
more effective than the other three organic vanadium compounds including vanadyl trehalose,
vanadyl metformin, and vanadyl quercetin. The study indicated that vanadyl rosiglitazone
presents insulin-mimetic activities, and it will be a good potential candidate for the develop-
ment of a new type of oral drug for type 2 diabetes.
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Introduction

Diabetes is a chronic systemic metabolic disease which results from the interaction of genetic
and environmental factors [1]. A continuous high blood glucose caused by the defect of insulin
secretion and insulin resistance is the main characterization of this disease [2, 3]. Thus, a series
metabolism disorders of fat, protein, and carbohydrate would occur, and probably result in
serious complications and sequelae, such as arteriosclerosis, capillary lesion, nephropathy,
cardiopathy, and cataract [4, 5]. As we all know, diabetes could be mainly classified to four
kinds, including type 1 diabetes, type 2 diabetes, gestational diabetes, and other diabetes.
Recently, a clinical data showed that 2∼3 % women would catch diabetes during the gestation
period, and nearly 35 % pregnant women might appear symptoms of gestational diabetes,
these women would possibly develop to type 2 diabetes [6]. Particularly, more than 90 % of all
diabetic people were type 2 diabetes [7]. Type 2 diabetes has become a major risk factor to
people’s health. Moreover, the rapid economic growth and changes in lifestyle contribute to
the development of this disease. It is reported that the financial losses caused by diabetes and
related complications will add up to $557.7 billion in China from 2005 to 2015 [8]. Various
treatments have been available for type 2 diabetes patients; however, traditional antidiabetic
drugs could not fundamentally cure the disease due to its complex disease process; conse-
quently, the sufferers have to take a lifelong treatment. In order to ease the pain of the patients
and improve the quality of their lives, it is significant to develop a new kind of drug with
higher efficacy and less side effects.

Vanadium is a transition metal, and it has a number of oxidation states between −1 and +5.
As a micronutrients, vanadium was mainly provided by the daily diet including soybean oil,
olive oil, peanut oil, mushrooms, shellfish, spinach, gelatin, and skim milk powder, and the
requirement of vanadium for human body is about 100 μg day−1 [9]. Vanadium could be
distributed in various organs and tissues after absorption, such as liver, kidney, heart, muscle,
and skeleton [10]. Although excessive accumulation of vanadium may induce a disorder of the
cardiovascular system, degeneration of the renal tubules, congestion in the liver, and intestinal
inflammation, moderate vanadium exhibit beneficial impact. Specifically, it has been reported
that vanadium derivatives showed biological and pharmacological properties. In particular,
vanadium compounds have been demonstrated to be effective to treat asthma, dermatosis, and
cardiovascular disease. They also showed a positive effect on decreasing the glucose level [11].

Sodium vanadate, an inorganic vanadium compound, has been demonstrated to be a potent
stimulator of glucose transport and promote oxygenolysis in adipocyte, also inhibit the
hydrolysis of adipose [12]. It was also reported to lower the plasma glucose [13]. These
results showed an insulin-like activity of vanadium. In addition, vanadyl sulfate hydrate could
also prevent cardiopathy, cataract, and other complications that associated with diabetes.
However, there are limitations for inorganic vanadium compounds to be applied to clinical
therapy because of their toxic effects.

It has been reported that organic vanadium compounds presented a better lipophilicity and
absorbability [14]. Thus, it has become a highlight to synthesize various organic vanadium
compounds. Bis (3-hydroxy-2-methyl-4-pyronato) oxovanadium (IV) (BMOV) is one of the
organic vanadium complexes that have been well studied. Its therapeutic effect was twice
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higher than vanadyl sulfate, and the plasma glucose could be restored to normal level at the
first day of administration [15, 16]. On the other hand, vanadyl acetylacetonate showed a
higher insulin-like activity compared with inorganic vanadium salts and BMOV, without
significant toxic effects [17].

As organic vanadium compounds presented enormous advantages, we attempted to develop
a new kind of organic vanadium compounds. In the current investigation, we synthesized
vanadyl rosiglitazone, an organic vanadium compound, and compared its hypoglycemic effect
with three other organic vanadium complexes including vanadyl trehalose, vanadyl metformin,
and vanadyl quercetin.

Methods

Materials

All chemical reagents are at analytical grade. Vanadyl sulfate was obtained from Alfa Aesar
(Tianjin); trehalose, metformin, rosiglitazone, and quercetin were acquired from Ximake
Biotech (Tianjin); ethanol and methanol were got from Tianjin chemical reagent factory; citric
acid and streptozotocin were purchased from Sigma (USA).

Animals

Three-week-old male Kunming (KM) mice (weighing 16.50–20.30 g) were provided by the
Laboratory Animal Center of the Academy of Military Medical Sciences of China (animal
license number SCXK-2007-005). Mice were housed in a room with a 12:12-h artificial light
cycle, a temperature of 20 °C±2 °C, and a humidity of 50±5 %. The mice in normal control
group were fed a standard diet. The rest of the mice were fed a high-fat and high-sucrose diet
(food composition 18 % lard, 20 % sucrose, 3 % whole milk powder, 4 % yolk, 55 % basic
feed). All procedures were conducted in accordance with the guidelines of the Chinese Council
on Animal Care as well as the University of Nankai Animal Care Committee.

The Synthesis of Vanadyl Rosiglitazone

Rosiglitazone (0.15 g) was dissolved in 60 mL ethanol and then heated in water bath in a flask
equipped with a reflux unit. A liquor of vanadyl sulfate (1.29 mmol, 50 mL) was mixed into
the flask. Finally, dark green solid was formed. Separate the solid after cooling down and wash
it three times with water and ethanol, respectively. The vanadyl rosiglitazone powder was
acquired after dried in a vacuum desiccator.

The Synthesis of Vanadyl Trehalose

The synthesis of vanadyl trehalose was carried out in the light of the method by Barrio et al.
[18]. The solution of vanadyl sulfate (2 mmol, 20 mL) was dropped to an aqueous solution of
trehalose (4 mmol, 10 mL). The pH of the solution was adjusted to 13 by an addition of NaOH
(2 M). The brown miscible liquid was sealed for 12–24 h at room temperature. Upon the
addition of absolute ethanol, a microcrystalline powder was formed. Filter and wash the solid
with absolute ethanol. Dry and store the hygroscopic sodium salt in a desiccator.
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The Synthesis of Vanadyl Metformin

The synthesis of vanadyl metformin was achieved based on the method of Woo et al. [19].
Vanadyl sulfate trihydrate (0.115 M, 30 mL) was added dropwise to the solution of metformin
(1.23 M, 7.5 mL) under a stream of argon. The mixture turned from gray to brown when
NaOH (2 M) was added and adjusted pH value to 11. Green sediment was filtered out after
stirring and washed with water and ether, then dried and stored the powder in an oven.

The Synthesis of Vanadyl Quercetin

The synthesis of vanadyl quercetin was conducted according to the method of Ferrer et al. [20].
An aqueous solution of vanadyl sulfate (1.72mmol, 30mL)wasmixed to a solution of quercetin
(0.2 g quercetin dissolved in 50 mLmethanol). After refluxing for 3 h, a green solid precipitated.
The product was filtered out and washed with methanol, lastly dried overnight in an oven.

Structure Analysis

IR spectra was recorded in KBr pellets with a Fourier transform infrared (JASCO FTIR-4100)
spectrophotometer.

Construction of Type 2 Diabetic Mice Model

The study was performed after the mice were allowed to acclimate for 1 week. Eight mice
were selected randomly as the normal control group and fed with a standard diet. The rest of
the mice were fed with a high-fat and high-sugar diet for 4 weeks. After 4 weeks, all of the
mice except for the normal control group were injected with STZ (100 mg kg−1 body weight,
BW) intraperitoneally after fasting for 12 h, while the normal control mice were given equal
volume of citrate buffer. Fasting blood glucose (FBG) was measured after 1 month, the mice of
FBG >11.1 mmol L−1 were considered as type 2 diabetic mice [7, 21, 22].

Group and Drug Delivery

The type 2 diabetic mice were divided into the following six groups: the vanadyl rosiglitazone
group (n=8), the vanadyl trehalose group (n=8), the vanadyl metformin group (n=8), the
vanadyl quercetin group (n=8), the positive control group (n=8, treated with rosiglitazone),
and the negative control group (n=8, treated with saline). All drug candidates were adminis-
tered by oral gavage in a volume of 0.1 mL/10 g BW at a dose of 80 mg kg−1 BW.

Measurement of Body Weight, Food Consumption, and Drink Level

General clinical appearance and mortality of all groups were observed daily. Food and water
consumption and body weight of all groups were also examined weekly.

Examination of Blood Glucose

The FBG levels were measured via tail vein blood by using a glucometer (ONETOUCH
UltraEasy) weekly.
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Statistical Analysis

The results were presented as means± standard deviation (X±SD). Statistical analysis was
performed with the one-way analysis of variance (ANOVA) test of SPSS 17.0 for Windows
and Duncan’s new multiple range test. Differences were considered to be statistically signif-
icant when p<0.05 and p<0.01.

Results

Synthesis and Infrared Spectroscopic Analysis of Vanadyl Rosiglitazone

The vanadyl rosiglitazone, an atrovirens powder, was synthesized as described above.
Infrared (IR) spectra of rosiglitazone and vanadyl rosiglitazone are shown in Fig. 1a, b.

There were significant differences between rosiglitazone and vanadyl rosiglitazone in the
spectra. The absorption peak of N-H of rosiglitazone located at 3416 cm−1. The location
of 2937, 1330, and 1311 cm−1 represented the stretching vibration and bending vibration
of methyl and methylene in rosiglitazone. The carbonyl group of acylamide in
rosiglitazone was located at 1694 cm−1. The location of thioester of rosiglitazone was
at 1738 cm−1. In rosiglitazone, the characteristic absorption peaks of aromatic ring
skeleton were 1611 and 1510 cm−1. In addition, the peak at 1246 cm−1 represented the
aryl ether in rosiglitazone. On the other hand, the absorption peak at 3503 cm−1 in
vanadyl rosiglitazone described the vibration absorption of oxygen hydrogen bond,
which demonstrated the generation of oxhydryl in the complex. The disappearance of
the peak at 3416 cm−1 in vanadyl rosiglitazone identified the participation in the complex
reaction of N-H. The bands at 1414, 1465, 1511, and 1615 cm−1 were indicative of the
aromatic ring skeleton, and the band at 1246 cm−1 represented aryl ether in vanadyl
rosiglitazone. The locations of these groups were nearly the same as that in rosiglitazone,
illustrating that aromatic ring skeleton and aryl ether were absent from the complexion
with vanadyl sulfate. A vibration absorption peak of V=O presented at 978 cm−1,
indicating the involvement of vanadyl in the complex. Thus, a new compound, vanadyl
rosiglitazone, was formed. Some of the main chemical bonds corresponded with the
wave number are summarized in Fig. 1c, d.

Synthesis of Vanadyl Trehalose, Vanadyl Metformin, and Vanadyl Quercetin

The vanadyl trehalose, vanadyl metformin, and vanadyl quercetin were synthesized as de-
scribed above. In addition, their infrared spectroscopic had been studied [18–20].

Changes of Physiological Indexes After the Construction of Mice Model

Body Weight

Before the construction, the body weight of mice with high-fat and high-sugar diet
(averagely 35.23 ± 0.28 g) was much higher than the normal control group (averagely
30.55 ± 0.37 g). There was a reversal in the trend of weight on the first week after the
injection of STZ. The average weight of diabetic mice was 38.15 ± 0.17 g, while the
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normal control group showed 42.52 ± 0.33 g (Fig. 2a). There was an obvious decline
of the body weight in the diabetic group.

Food Ingestion and Drink Level

The drink level of the normal control group maintained a relative stable state, ranging from
7.60±0.21 to 6.90±0.47 mL. However, significant changes could be observed in the diabetic
mice (p<0.01), ranging from 7.03±0.25 to 10.14±1.47 mL (Fig. 2b).

The food ingestion showed a similar trend as the drink level. In the normal control group,
the mean consumption ranged from 12.05±0.19 to 12.60±0.46 g, while the high-fat diet
group ranged from 13.90 ±0.45 to 16.80±0.16 g (Fig. 2c).

Change of Plasma Glucose

Average plasma glucose level of mice was about 16.40±5.08 mmol L−1 in the high-fat diet
group mice, significantly higher than the regular diet group which remained at 5.04
±0.12 mmol L−1 (Fig. 2d).

Physical Condition of Mice

Mice of normal control group kept growing on the body weight with a normal degree of the
drink level and urination. On the contrary, the diabetic mice exhibited polydipsia, polyphagia,
polyuria, and weight loss.

Fig. 1 IR spectra of rosiglitazone and vanadyl rosiglitazone. a Rosiglitazone; b vanadyl rosiglitazone; c main
chemical bonds of rosiglitazone corresponded with the wave number; d main chemical bonds of vanadyl
rosiglitazone corresponded with the wave number
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Physiological Index Changes After Treatment of Organic Vanadium Compounds

Effect on Body Weight of Diabetic Mice

The body weight of normal control group showed a modest rise. Neither vanadyl rosiglitazone
nor the other three organic vanadium compounds displayed sufficient improvement on the
body weight when compared with the normal control (p<0.01). There was no significant
difference between vanadyl rosiglitazone and positive control group; on the other hand, the
body weight of the other three organic vanadium compounds groups was markedly lower than
the positive control group (P<0.01). However, all the four organic vanadium treatment groups
had an increase on the body weight in comparison with the negative group, especially the
vanadyl rosiglitazone group (P<0.01) (Fig. 3a).

Effects of Organic Vanadium Compounds on Food Ingestion and Drink Level

Though still higher than the normal control group, the drink level was availably
declined after the 5-week gavage of vanadyl rosiglitazone and the other three organic
vanadium compounds in comparison with the negative control group (p < 0.01).
Apparently, vanadyl rosiglitazone was the one which was the most effective as there
were no significant differences comparing with positive control (p < 0.01) (Fig. 3b).
Otherwise, the drink level of normal control group was smooth and steady. On the

Fig. 2 Measurements of body weight, drink level, food consumption, and blood glucose before and after the
construction of diabetic mice model. a Body weight; b drink level; c food consumption; d blood glucose (1,
normal control before model construction; 2–10, different individuals after model construction). Data are the
means ± standard deviation (n = 8). *p < 0.05, compared with before construction; **p < 0.01, compared with
before construction
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other hand, when compared with the negative control, the food consumption level had
been decreased after the treatment of vanadyl rosiglitazone and the other three organic
vanadium compounds (p < 0.01). Moreover, the food intake of vanadyl rosiglitazone
group was similar to the positive control at the end of the fifth week (p < 0.01).
Furthermore, no significant differences were found between the vanadyl rosiglitazone
and normal control group (p< 0.01). Nevertheless, the normal control group showed
an increasing trend (Fig. 3c).

Effects of Organic Vanadium Compounds on Blood Glucose

The blood glucose level of negative control was much higher than the normal control group
(p<0.01).

Though there are fluctuations on the trend of the blood glucose, vanadyl rosiglitazone
exerted a remarkable influence and reduced the blood glucose significantly lower than
the positive control at the end of the treatment (p< 0.01). Besides, the other three organic
vanadium compounds showed a similar effect as the positive control. Moreover, the
blood glucose level of vanadyl rosiglitazone group was the closest to the normal control
in comparison with the other organic vanadium compounds (P < 0.01) (Fig. 3d). In
addition, the blood glucose level did not rebound within a week after the drug with-
drawal (data not shown).

Fig. 3 Effects of organic vanadium compounds on physiological indexes after the 5-week treatment. a Body
weight; b drink level; c food consumption; d blood glucose. The numbers at X-axis represent the different
treatments: 1, normal control; 2, negative control; 3, positive control; 4, vanadyl rosiglitazone; 5, vanadyl
trehalose; 6, vanadyl metformin; and 7, vanadyl quercetin (the same as the order of the columns from left to
right). Data are the means ± standard deviation (n = 8). Results were analyzed by one-way ANOVA and Duncan’s
new multiple range test. The numbers in Tn column represent the corresponding treatments to the X-axis. The
different lowercase letters express the significant difference at p < 0.05 level, and the different majuscules express
significant difference at p < 0.01 level
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Effects of Organic Vanadium on the Physical Condition of Mice

There was an improvement on the physical condition after the gavage with vanadyl
rosiglitazone and the other three organic vanadium compounds, especially the vanadyl
rosiglitazone. Moreover, there was no treatment-related mortality. All animals were killed by
cervical decapitation under anesthesia at the end of the observation period, and there were no
injuries observed in all organs after examined carefully for macroscopic abnormalities.

Discussion

It has been reported that the protective effects of vanadium on the pancreas islet B cells
contribute to the insulin-mimetic activity of vanadium complexes [23]. Vanadium facilitates a
series processes including glucose transport and metabolism, lipid synthesis, and protein
synthesis in different cell types [24–28]. Besides, vanadate could conduce to the stimulation
to the glucose uptake, glycogen synthase, glycolysis, and glucose oxidation in skeletal muscle
[29–33]. The use of organic ligands could increase the lipophilicity of vanadium, improving its
poor absorption in the gastrointestinal tract, and thereby decreasing the dose of vanadium
required to produce its corresponding effects [14].

Diabetes is characterized by obvious polydipsia, polyphagia, polyuria, and weight loss. In the
present study, we synthesized and detected the structure attribute of vanadyl rosiglitazone through
organic and coordination chemistrymethod (Fig. 1). Vanadyl rosiglitazone and three other organic
vanadium compoundswere delivered to themousemodel through oral administration for 5weeks.
All diabetic mice except the negative control group had shown a relief of the symptoms through
the 5-week treatment. Vanadyl rosiglitazone presented more effective on reducing the food and
water consumption and suppressing the weight loss than the other three organic vanadium
compounds used in this study (Fig. 3a–c). Correspondingly, the glucose-lowering ability of
vanadyl rosiglitazone was not only better than the other three organic vanadium compounds
but also a bit more effective than the positive control (Fig. 3d). All these data indicated that
vanadyl rosiglitazone displayed insulin-mimetic effects and had an antidiabetic potential.

During the treatment, the mice kept a tendency of getting well. No side effects like diarrhea,
nose bleeding, and dehydration, which usually caused by inorganic vanadium compounds, had
been found in the treatments. Moreover, the blood glucose maintained on a stable level after a
drug withdrawal (data not shown). This may due to the better lipophilicity and absorbability of
organic vanadium compounds. The experimental evidence indicated that the vanadyl
rosiglitazone could be a good potential candidate for therapeutic applications in the treatment
of diabetes owing to its characteristics of insulin-mimetic and no side effects. However, further
study is required to elucidate the mechanism of vanadyl rosiglitazone action.

Conclusion

In summary, we have synthesized vanadyl rosiglitazone, an organic vanadium compound,
which presents insulin-mimetic activities. Vanadyl rosiglitazone could regulate the blood
glucose level and relieve the symptoms of polydipsia, polyphagia, polyuria, and weight loss
without obvious side effects at the same time. This may have provided an experimental basis
for the development of a new type of oral drug for type 2 diabetes.
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