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Abstract

[N,N0-1,3-Propyl-bis(salicyladimine)]oxovanadium(IV) e an oxovanadium complex has been tested for bioactivity as an insulin-enhancing
agent. Its structure reveals that the vanadium(IV) ion is hexacoordinated and situated in a distorted octahedral environment. The complex was
administered intragastrically to both normal and streptozotocin (STZ)-diabetic rats for two weeks. The results showed that the complex, at a dose
of 10.0 and 20.0 mg V$kg�1, could lower the blood glucose level in STZ-diabetic rats and improve the response to an oral glucose challenge.
This complex did not alter these parameters in normal rats. It was suggested that the complex exerted an antidiabetic effect in STZ-diabetic rats.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Interest in vanadium coordination chemistry over the past
decade has been accelerated because of its biological impor-
tance [1e3]. Diabetes mellitus (DM) which is expected to
be the most significant disease in the 21st century [4e6] is
generally classified into two main types, namely type 1 DM
and type 2 DM [7]. Type 1diabetes is insulin dependant as it
is the result of absolute insulin deficiency, whereas type 2 di-
abetes is characterized by a relative insulin deficiency due to
low insulin sensitivity and is therefore not insulin dependent
for survival. Although several types of insulin preparations
and synthetic therapeutics are available for clinical use in pa-
tients with diabetes, none of the current treatment strategies re-
instate physiological insulin release or address all underlying
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cellular lesions of diabetes. Current therapies also have un-
wanted side effects and contra-indicatious for use [8,9]. There-
fore, the development of new approaches to the treatment of
DM remains necessary.

The insulin-like effect of vanadium salts on cells [10,11]
and diabetic animals [12e18] has been known since 1980s.
However, these compounds are poorly absorbed and required
high doses that were associated with undesirable side effects.
In order to achieve a better absorption and to reduce the doses
of the element, it seemed to be appropriate to administer vana-
dium in the form of an organic matrix. A large class of com-
pounds based on V(IV) chelate complexes [13,19] have been
extensively studied mainly by the Sakurai and Orvig/McNeill
groups, respectively [13,16,20,21]. [N,N0-Bis(salicylidene)-
ethane-1,2-diaminato]oxovanadium(IV), VOSALEN, was pre-
pared by first synthesizing the ligand, and then complexing the
ligand to vanadium, by usual methods [22]. It was found to be
air-stable and sparingly water-soluble. The coordination ge-
ometry was suggested to be octahedral in DMSO, but square
pyramidal in the solid state. VOSALEN was orally effective
d.
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(7.5 mmol kg�1 d�1 for 30 days) for glucose lowering in al-
loxan-induced diabetic rats; however, rats tended to become
hypoglycemic, and withdrawal of treatment brought an imme-
diate return to hyperglycemia [23].

In this paper, we report the results of insulin-mimetic tests
of a VIVO complex, [N,N0-1,3-propyl-bis(salicyladimine)]oxo-
vanadium(IV). The evaluation of the insulin-like action of the
complex was undertaken in streptozotocin (STZ)-induced dia-
betic rats.

2. Results and discussion

2.1. Preparation of complex

Scheme 1 shows the reactions of salicylaldehyde and N,N0-
1,3-diaminopropane with vanadyl sulfate produces a mono-
meric VIV complex.

[N,N0-1,3-Propyl-bis(salicyladimine)]oxovanadium(IV) (VOL)
was very air-stable in the solid state; it can be stored for
months and it exhibits a magnetic moment at room temperature
in the solid state. With an electron configuration of [Ar]3d1,
V(IV) has one unpaired electron for which the spin-only for-
mula predicts a magnetic moment of 1.63 BM. VO(FA) has
an effective magnetic moment (meff) of 1.76 BM at 300 K,
and this is a typical value for a V(IV) complex with S¼ 1/2.
This confirmed that the complex is in the mononuclear vanadyl
state. The ESR spectrum of VOL at room temperature ex-
hibited the characteristic widely spaced eight-lined pattern
due to coupling of the unpaired electron with large moment
of w100% abundant 51V nucleus (I¼ 7/2) (Fig. 1) indicated
that only one mononuclear vanadium(IV) species predominates
in the complex solution examined.

In the visible absorption spectrum of the complex, three
absorption bands at 273, 362 and 745 nm were observed. Ab-
sorption bands at 273 nm can be assigned to p/p* transition
based on the ligand. Generally, vanadyl complexes with lower
symmetry than C4v usually give rise to three ded bands, due to
splitting of the degenerate dxz and dyz [24,25]. Two or three
absorption bands assigned to d-d transitions [dxy/(dxz,dyz),
dxy/dx2�y2, and dxy/dz2 in the order of decreasing
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Scheme 1. Formulas of the vanadium(IV) complex and its preparation.
wavelength] were observed in the visible region [26]. Absorp-
tion bands at 745 nm can be assigned to a dxy/(dxz,dyz) tran-
sition. The increase of the ligand field strength is responsible
for a blue shift of the absorption bands. Therefore, absorption
bands at 362 nm can be assigned to a dxy/dz2 transition
(Fig. 2). The IR absorption band due to V]O stretching fre-
quency was found at 856 cm�1.

2.2. Structural results

The structure of V(IV)O(SALPN)$DMSO (Fig. 3) is simi-
lar to that described in a previous report [27,28]. Intramolecu-
lar bond lengths and angles around the metal ion in VOL
(Table 1) and an ORTEP drawing of the molecule (Fig. 3)
are shown here.

The asymmetric unit of complex (I) consists of a mono-
meric vanadium(IV) complex and one dimethyl sulfoxide
(DMSO) molecule. The VIV atom is hexacoordinate in a dis-
torted octahedral environment. The basal square plane is
constituted by the N,N0-1,3-propyl-bis(salicyladimine) mole-
cule, which acts as a tetradentate ligand through its o-phenyl-
enediamine N atoms and its deprotonated phenol O atoms. The
V atom is located 0.272(2) Å above the mean plane defined by
atoms N1/N2/O1/O2. This distance is different to those ob-
served for VO(acac)2 (0.55 Å) [29] and [VO(acen)] [acen is
N,N-ethylenebis(acetylacetoneiminate); 0.58 Å] [30]. The api-
cal position is occupied by the oxo ligand; the VeOoxo bond
distance of 1.596(6) Å is typical for five-coordinate vanadyl
species. Different to other VO(salen) [N,N0-ethylenebis(salicy-
laldiminato)]oxovanadium(IV)-type compounds [31e33], the
molecule forms discrete units with a DMSO oxygen atom in
the sixth coordination site. One does not observe a sixth ligand
in the VO(salen) structure while aqua and perchlorate mole-
cules bind to [VO(SALEN)]þ. This may be the reason
of VIVO(SALPN)$DMSO in orange and VIVO(SALEN) in
blue-green.

Fig. 1. X-band ESR spectra of VOL in DMSO (at room temperature).
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2.3. Effects of VOL on blood glucose in both normal
and STZ-induced diabetic rats

During the experiment, the STZ-diabetic rats exhibited
a significant increase in the fluid and food consumption, com-
pared with the normal rats. After administration, VOL mark-
edly reduced the intake of fluid in STZ-diabetic rats but not
in normal rats. The food intake was transitory decreased in
the VOL-treated STZ-diabetic rats, compared with the STZ-
diabetic rats. The mean body weight in STZ-diabetic rats
was lower than that in normal rats. After administration of
VOL, the body weight, both in the VOL-treated diabetic
groups and treated normal groups, was decreased in compari-
son with the diabetic and normal control groups, respectively
(Fig. 4).

In present study, the blood glucose level in the treated nor-
mal rats (VOL 10.0 mg V$kg�1 ig for two weeks) was not al-
tered as compared with the untreated normal rats (P> 0.05).
The STZ-diabetic rats exhibited significant hyperglycemia.

Fig. 2. Electronic absorption spectra of VOL in DMSO (at room temperature).

Fig. 3. [N,N0-1,3-Propyl-bis(salicyladimine)]oxovanadium(IV) complex show-

ing the labeling scheme of the non-H atoms and their displacement ellipsoids

at the 30% probability level.
After two weeks administration with the complex
(10.0 mg V$kg�1 and 20.0 mg V$kg�1 ig), the blood glucose
level was decreased in a dose-dependent manner, compared
with the diabetic control group (P< 0.05 and 0.01, respec-
tively). It was suggested that the complex has hypoglycemic
effect on STZ-diabetic rats (Figs. 5 and 6).

2.4. Oral glucose tolerance test (OGTT) [34]

OGTT was performed to investigate the effect of VOL on
glucose tolerance. The glucose tolerance curve in the VOL-
treated normal group was similar to that in the untreated nor-
mal group, suggesting that VOL did not influence the glucose
tolerance in normal rats.

In the diabetic control group, the blood glucose levels
showed a typical diabetic response to a glucose loading, but
VOL administration for two weeks (VOL at 10 and
20 mg V$kg�1 ig) markedly lowered the blood glucose levels
(P< 0.05 or P< 0.01) (Fig. 6). It showed that the complex
could accelerate the glucose clearance and improve glucose
tolerance in STZ-diabetic rats.

3. Conclusions

The VIVO(SALPN)$DMSO complex is a discrete easily
prepared vanadium compound which normalizes glucose and
lipid values without an increase of insulin levels. Our data
showed that VOL did not significantly affect the postprandial
blood glucose of normal animals. In addition, our results
showed that VOL improved the response to an oral glucose
challenge in diabetic rats. A two-weeks administration with
VOL resulted in a decrease of the blood glucose levels in
STZ-diabetic rats. Furthermore, OGTT demonstrated that the
impaired glucose tolerance in STZ-diabetic rats was amelio-
rated by VOL treatment. These findings suggested that VOL
has an antidiabetic potency due to its blood glucose lowering
and the abilities to improve glucose tolerance.

4. Experimental

4.1. Materials

Chemicals and solvents were of reagent grade and were
used without further purification unless otherwise noted.

Table 1

Bond lengths [Å] and angles [�] around the vanadium atom in [N,N0-1,3-pro-

pyl-bis(salicyladimine)]oxovanadium(IV), VOL

V(1)eO(3) 1.596(6) O(3)eV(1)eO(2) 103.7(3)

V(1)eO(2) 1.953(5) O(3)eV(1)eO(1) 101.7(3)

V(1)eO(1) 1.976(5) O(2)eV(1)eO(1) 88.0(2)

V(1)eN(1) 2.100(6) O(3)eV(1)eN(1) 93.6(3)

V(1)eN(2) 2.111(6) O(2)eV(1)eN(1) 162.8(3)

V(1)eO(4) 2.229(7) O(1)eV(1)eN(1) 88.0(2)

O(3)eV(1)eN(2) 91.9(3)

O(2)eV(1)eN(2) 88.1(2)

O(1)eV(1)eN(2) 166.4(3)

N(1)eV(1)eN(2) 92.0(2)
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Fig. 4. Effects of VOL on body weight (A), food (B) and water (C) intake in normal and STZ-induced diabetic rats (n¼ 9e10). The diabetic rats were induced by

a single intraperitoneal injection of STZ 50 mg kg�1. CON: normal control group, 0.9% NaCl solution ig; CONþVOL: treated normal group, VOL 10 mg V$kg�1

ig; DM: diabetic group, 0.9% NaCl solution ig; DMþVOL L, M, H: treated diabetic group, VOL 5, 10, and 20 mg V$kg�1 ig, respectively. Values are mean� SD.
aP< 0.05, bP< 0.01, vs normal control (Student’s t-test).
Vanadyl sulfate hydrate (VOSO4$xH2O, x¼ 3e5) was pur-
chased from Aldrich. Salicylaldehyde and N,N0-1,3-diamino-
propane were purchased from Shanghai Chemicals Reagents
Ltd. Streptozotocin (STZ) was purchased from Sigma. Glu-
cose reagent kit was a product of Shanghai institute of Biolog-
ical Products.

4.2. Physical measurements

Elemental analyses were carried out using a Carlo-Erba
1106 elemental analyzer. IR spectra were recorded on a Nicolet
170SXFT-IR using a KBr disk technique. UVevis spectra
were recorded on a Shimadzu UV-2000 at room temperature.
Electron spin resonance (ESR) spectra were recorded on
a JEOL JES-RE1X spectrometer operated at a modulation am-
plitude width of 0.63 mT and microwave power of 5 mW at
room temperature (298 K). Magnetic susceptibility (meff) at
room temperature was obtained by the Gouy method. The dia-
magnetic corrections were calculated from tables of Pascal’s
constants. The magnetic susceptibility (c) was measured on
a Quantum Design LDJ-9600 susceptometer operating at
a magnetic field of 0.5 T between 80 and 300 K. All data
were fitted to the CurieeWeiss equation. Biological activity ex-
periments were measured on CL-770 Shimadzu Clinic Spec-
trometer, BS Semi-Automation Biochemistry analyzer which
was purchased from Beijing Biochem Analyze Ltd. MP4R
and OM8464 US-IEC freezing centrifugation instrument.

4.3. Synthesis of complex

The ligand L and complex were prepared using the pub-
lished procedure [35,27,28]. The complex was synthesized
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by adding the ligand L (3 mmol) to methanol (10 ml) and
added to an aqueous solution of VOSO4$xH2O (3 mmol),
then to an Et3N (6 mmol) solution, and refluxed for 2 h. The
green precipitate was collected by filtration. Crystals of suit-
able quality for X-ray analysis were obtained by slow evapo-
ration of a dimethyl sulfoxide solution. C19H22N2O4SV,
M¼ 425.39. Anal. Found: C, 53.42; H, 5.57; N, 6.16. Calc.:
C, 53.60; H, 5.17; N, 6.58%. UVevis (DMSO) lmax¼ 273
(3¼ 2036 M�1 cm�1), 362 (3¼ 1633 M�1 cm�1), 767 (3¼ 33
M�1 cm�1) nm. IR (KBr disk): n (cm�1)¼ 856(nv]o), 527
(nveo). ESR (RT, DMSO): 8-line pattern, g0¼ 2.03� 0.001,
A0¼ 102.6� 0.1� 10�4 cm�1. Magnetic moment (solid):
1.63 BM (one unpaired electron).
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Intensity data were collected at 293 K on a Bruker SMART
1000 CCD diffractometer for a rhombic block 0.18� 0.14�
0.08 mm3.

4.4. X-ray diffraction data and crystal structure
determination and refinement

Crystal data, the data collection procedure, structure deter-
mination methods and refinement results for complex 1 are
summarized in Table 2. The hydrogen atoms were included
in the molecular model at stereochemical positions and refined
with the riding model. CCDC-232621 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrie
ving.html [or from Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (inter-
nat.)þ44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

4.5. Glucose-lowering studies

Male SpragueeDawley rats weighing 200e250 g were ob-
tained from Experimental Animal Center, Kunming Medical
Collage (Grade II, Certificate number 2005018). Rats were al-
lowed free access to standard solid food for laboratory animals
and tap water. Diabetes was induced by a single intraperitoneal
injection of STZ 50 mg kg�1 in 0.1 mol L�1 citrate buffer (pH
4.4). Seven days after STZ injection, blood samples for anal-
ysis of blood glucose were obtained from the tail vein of the
rats and the blood glucose level was measured by the glucose

Table 2

Crystal data and structural refinements for the complex

Empirical formula C19H22N2O4SV

Fw 425.39

Temperature/K 293(2)

Wavelength/nm 0.71073

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions (nm, �) a¼ 11.463(5) a¼ 90

b¼ 7.785(3) b¼ 109.551(7)

c¼ 11.668(5) g¼ 90

Volume/nm3 981.2(7)

z 2

Density (calc.)/g cm�3 1.440

m/mm�1 0.639

F(000) 442

Crystal size/mm3 0.18� 0.14� 0.08

q range/� 1.85e25.01

Limiting indices �13�h�13

�9�k�4

�13�l�13

Reflection collected 5020

Independent reflection 2341 [R(int)¼ 0.0557]

Max. and min. Transmission 0.950 and 0.889

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2341/1/254

Goodness-of-fit on F2 1.074

Final R indices [I> 2s(I )] R1¼ 0.0561, wR2¼ 0.1247

R indices (all data) R1¼ 0.0842, wR2¼ 0.1585

Largest diff. peak and hole/e$Å�3 0.358 and �0.469

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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oxidase method. The STZ-rats with the blood glucose level
S11.1 mmol L�1 were considered as diabetic rats. Normal
rats were injected with 0.1 M citrate buffer alone.

The experimental animals were randomly divided into six
groups of ten rats according to the blood glucose level. Normal
and diabetic control groups were treated with 0.9% saline;
treated normal rats received VOL 10 mg V$kg�1 and treated
STZ-diabetic rats were given VOL 5, 10, 20 mg V$kg�1 ig.
The substances above were dissolved in water (solution was
prepared fresh daily) and administered intragastrically once
a day at the volume of 10 ml kg�1 for two weeks. During ex-
perimental period, the blood glucose level and body weight
were monitored weekly; food and water intakes were checked
daily.

4.6. Oral glucose tolerance test [34]

Normal and STZ-diabetic rats were prepared and divided
into six groups as described in Section 4.5. After the drugs
were administered intragastrically in both normal and STZ-
induced diabetic rats for two weeks, an oral glucose tolerance
test (OGTT) was undertaken. The experimental rats were
fasted for 14 h and given an oral glucose challenge at a dose
of 2.0 g/kg body weight [34]. Blood glucose levels were mea-
sured at 0, 15, 30, 60, 120 min after glucose loading.

4.7. Statistics

Values were presented as means� standard deviations. Dif-
ferences between drugs and control were analyzed by Stu-
dent’s t-test.
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