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Effects on the bones of vanadyl acetylacetonate by oral administration: 
a comparison study in diabetic rats

Abstract Oral delivery, rather than parenteral administra-
tion, would be benefi cial for treating diabetic mellitus owing 
to the need for a long-term regimen. The objectives of this 
study were to evaluate oral delivery tolerance and the 
effects on the bone of accumulated vanadium following 
the long-term administration of vanadyl acetylacetonate 
(VAC). Normal and diabetic rats were intragastrically 
administered VAC at a dose of 3 mg vanadium/kg body 
weight once daily for 35 consecutive days. VAC did not 
cause any obvious signs of diarrhea, any changes in kidney 
or liver, or deaths in any group. The phosphate levels in the 
bone were slightly increased, and the calcium levels in the 
bone were not obviously changed as compared with those 
of the rat group not receiving VAC. After administration 
of VAC, the decreased ultimate strength, trabecular thick-
ness, mineral apposition rate, and plasma osteocalcin in 
diabetic rats were either improved or normalized, but 
reduced bone mineral density (BMD) in diabetic rats was 
not improved. None of the parameters evaluated in normal 
rats were altered. The results indicate that the oral VAC is 
tolerated and benefi ts the diabetic osteopathy of rats, but 
seems not to infl uence the bone of normal rats. They also 
suggest that VAC improves diabetes-related bone disor-
ders, primarily by improving the diabetic state.

Key words vanadyl acetylacetonate · diabetes · bone 
markers · bone biomechanics · bone histomorphometry

Introduction

Vanadyl acetylacetonate (VAC) is an organic type of vana-
dium compound which has exhibited insulin-mimetic effects 
in type 1 and type 2 diabetic animals [1–3] and human sub-
jects [4–6], and prevented some diabetes-induced complica-
tions in animals [7,8]. Other pharmacological activities of 
VAC include the inhibition of gluconeogenesis [9], a 
decrease in glutamate dehydrogenase activity [10], and anti-
lipolysis [11].

Oral delivery, rather than parenteral administration, 
would be benefi cial for treating diabetic mellitus owing to 
the need for a long-term regimen. Accordingly, we need to 
know what happens when VAC is administered orally, in 
particular for long-term administration. Vanadium mainly 
exists in +4 and +5 compounds in the biological body. Vana-
date (+5) and vanadyl (+4) have shown poor absorption 
from the gastrointestinal (GI) tract and GI side-effects. 
Therefore, various organic vanadium compounds, i.e., 
bis(maltolato)oxovanadium (BMOV), vanadyl sulfate (VS), 
vanadyl 3-ethylacetylacetonate (VET), and VAC, have 
been synthesized or re-evaluated in order to improve 
absorption and safety [12]. VAC with an organic ligand is 
more effective for lowering plasma glucose levels in diabetic 
animals compared with other vanadium compounds, includ-
ing BMOV, VS, and VET [13]. In these studies, however, 
these vanadium complexes were given with drinking water, 
and the actual dose and duration of administration remained 
unclear.

Furthermore, the long-term administration of a vana-
dium compound to rats resulted in a signifi cant vanadium 
accumulation in the bone. The accumulated concentration 
of vanadium in the bone was reported to be approximately 
6–10 times higher than that in the liver [14,15], and the 
elimination half-life of vanadium was up to 723 h (30 days) 
[16–18], indicating that this element eliminates from bone 
very slowly. Therefore, this accumulation may be poten-
tially toxic to the bone.

Our previous pharmacokinetic studies [19] showed that 
VAC was widely distributed in various tissues and accumu-
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lated most in rat femur tissue. The average elimination 
half-life values of vanadium in femur tissue were up to 657.3 
± 77.9 h (27.4 ± 3.2 days), which were similar to those of the 
other vanadium compounds mentioned above. Neverthe-
less, unlike other vanadium compounds, VAC seemed to 
be better tolerated, and no obvious toxic signs, such as diar-
rhea, were observed over several days. However, the toler-
ance for longer-term oral administration of VAC and its 
effects on the accumulation on the bone are still unknown. 
These may be the important issues which need to be solved 
before any potential clinical therapy for diabetes can be 
considered.

Diabetic osteopathy, as one of the diabetes-induced 
complications, leads to diminished bone formation [20], 
retardation of bone healing [21], and osteoporosis [22]. 
Bone mineral density (BMD) [23] and biomechanical 
integrity [24] are referential predictors of fracture, and 
patients with type 1 diabetes incur a higher incidence of 
fractures than healthy individuals. Therefore, BMD and 
histomorphometry were used to evaluate the potential of 
the drug to prevent the osteopenia associated with type 1 
diabetes [25,26]. The structural integrity of the femur or 
tibia was also examined in order to evaluate the bio-
mechanical consequences of diabetes [24]. The results from 
an in vitro model using osteoblast-like cells showed that 
vanadium exerted biphasic effects: a low concentration of 
vanadium stimulated osteoblast proliferation and differen-
tiation, but a high concentration inhibited these effects 
[27–29]. Nevertheless, in vivo evaluation data on bone in 
the presence of vanadium are still unavailable.

The objectives of this study were to observe the toler-
ance, such as loss of body weight or diarrhea, and the effects 
of VAC on bone formation/resorption parameters, density, 
biomechanics, and histomorphology following oral admin-
istration of VAC once daily for 35 consecutive days in 
normal and diabetic rats.

Materials and methods

Animals and reagents

Ten-week-old male Sprague–Dawley rats, weighing 210–
240 g, were obtained from the Experimental Animal Center 
of Peking University and maintained in a light/dark cycle. 
All animals were allowed free access to standard rat chow 
and water. The temperature and relative humidity were 
maintained at 20°C and 50%, respectively. The rats were 
acclimatized for 7 days prior to the induction of diabetes. 
All the animal experiments adhered to the principles of care 
and use of laboratory animals, and were approved by the 
Institutional Animal Care and Use Committee of Peking 
University.

VAC was prepared and purifi ed according to a previous 
report [30]. Alloxan was purchased from (Sigma-Aldrich, 
St. Louis, MO, USA). All other chemicals used were of 
analytical grade and were commercially available.

Experimental design

Induction of diabetes

Normal Sprague–Dawley rats were fasted for 12 h before 
the induction of diabetes. Type 1-like diabetes was induced 
by the intraperitoneal (i.p.) injection of freshly prepared 
alloxan (150 mg/kg) in physiological saline for 2 consecutive 
days (once daily). Blood samples for an analysis of plasma 
glucose were collected 48 h after injection of the alloxan 
solution, and plasma glucose levels were assayed using 
plasma glucose kits (Zhongsheng Biotech, Beijing, China). 
Rats with a plasma glucose level ≥13 mmol/l were used as 
diabetic rats, and diabetic rats with hyperglycemia 
(≥13 mmol/l) for 7 consecutive days were included in the 
experiments.

Administration

Twenty normal rats were divided equally into two groups: 
Group Norm and Group Norm-VAC. The rats in Group 
Norm were given physiological saline as the normal control, 
and the rats in Group Norm-VAC were given VAC at a 
dose of 3 mg vanadium (V)/kg as a treated normal control. 
Similarly, 20 diabetic rats were divided equally into two 
groups: Group Diab and Group Diab-VAC. The diabetic 
rats in Group Diab were given physiological saline as the 
diabetic control, and the diabetic rats in Group Diab-VAC 
were given VAC at a dose of 3 mg V/kg. From day 10 after 
the alloxan injection, VAC or physiological saline was given 
to rats intragastrically once daily for 35 consecutive days. 
Tetracycline (Sigma) dissolved in physiological saline was 
administered i.p. to all rats at a dose of 20 mg/kg 14, 13, 4, 
and 3 days before they were killed on day 35. The mean age 
of the rats at the end of the study was 17.5 weeks. During 
the experimental period, body weight and diarrhea were 
monitored.

Sampling and measurement

In all groups, blood samples were collected via the tail vein 
on the day before dosing, and on days 7, 14, 21, 28, and 35 
after the dose administration, and then immediately put 
into heparinized capillary tubes. The blood was centrifuged 
at 3000×g for 10 min, and the plasma was collected. Plasma 
glucose levels were measured weekly using the glucose–
oxidase method. Plasma samples on days 0, 14, and 35 were 
measured for an evaluation of indicators including calcium 
(Ca), phosphate (P), tartrate-resistant acid phosphatase 
(TRACP), alkaline phosphatase (ALP), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), cre-
atinine (CRE), cholesterol (CHOL), triglyceride (TRIG), 
and osteocalcin (OC). The accuracy and precision of the 
evaluation of Ca, P, ALT, AST, CRE, CHOL, and TRIG 
met the specifi cations of biochemical kits purchased from 
Zhongsheng Biotech. Plasma TRACP was determined by a 
colorimetric method with p-nitrophenyl phosphate as sub-
strate [31], and the relative standard deviations (RSDs) of 
the intra-assay and inter-assay were 2.7% and 8.1%, respec-
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tively. Plasma ALP was assayed by colorimetry with p-
nitrophenyl phosphate as substrate [32], and the RSDs of 
the intra-assay and inter-assay were 1.9% and 3.5%, respec-
tively. Plasma OC was measured using a radioimmunoassay 
kit with rat OC as standard [33] obtained from the China 
Atomic Energy Research Institute (Beijing, China), and the 
RSDs of the intra-assay and inter-assay were 7.2% and 
8.9%, respectively.

Blood samples on day 35 were used for the analysis of 
hematological indices, including erythrocyte count, leuko-
cyte count, platelet count, hemoglobin, and hematocrit. On 
day 35 after treatment, all animals were killed and some 
tissues, including kidney, liver, pancreas, adipose tissue, 
tibia, and femur, were harvested. The calcium and phos-
phate levels in the femurs were measured using biochemical 
kits supplied by Zhongsheng Biotech on a Hitachi 7170A 
automatic analyzer (Instrument Hitachi, Tokyo, Japan).

Histopathological observations

On day 35, the kidneys, liver, pancreas, adipose tissue, and 
tibia were immediately collected from all the dead rats and 
fi xed with 10% buffered neutral formalin, with the excep-
tion of the pancreata. They were then placed in Bouin’s 
solution, embedded in paraffi n, and cut into 5-µm slices. 
The slices were stained with hematoxylin and eosin for his-
tological observations. In addition, the tibias were decalci-
fi ed with 5% nitric acid before being embedded in 
paraffi n.

Dual-energy X-ray absorptiometry

The excised femurs were placed on polystyrene trays to 
mimic soft tissues, and were examined by dual-energy X-ray 
absorptiometry using a Norland bone densitometer (XR-36 
Mark II, Norland, Fort Atkinson, WI, USA). Measure-
ments of BMD and bone mineral content (BMC) were 
performed using specialized software for small animals, and 
identical scan parameters (pixel size 1.0 × 1.0 mm, scan 
speed 60 mm/s) were used for all measurements. BMD and 
BMC were automatically calculated and expressed as mg/
cm2 and mg, respectively. The relative standard deviation 
for BMD and BMC measurements was 0.58% and 0.79%, 
respectively.

Biomechanical testing

The biomechanical properties of the fresh femurs were 
determined with a three-point bending test using a bone 
strength measuring apparatus (Model WD-1, Changchun 
Testing Machine, Changchun, China), as previously 
described [34]. Briefl y, the bones were uniformly positioned 
on the loading stage. The distance between the two points 
on the loading apparatus was 25 mm. A breaking force was 
applied perpendicularly to the femoral diaphysis at a con-
stant deformation rate of 2 mm/min. A load–deformation 
curve was recorded for each specimen via a computerized 
monitor linked to the tester. The ultimate strength (maximal 
load before the bone breaks, expressed in N), stiffness 

(maximal slope of the linear part of the curve, expressed in 
N/mm), and energy absorbed by the bone tissue (area under 
the load–deformation curve before the bone breaks, 
expressed in mJ) were obtained automatically.

The necks of the femurs were fractured in the same 
apparatus as described above. The distal ends of the femurs 
were fi xed by clamps, and the femoral necks were tested 
with a vertical load applied to the top of the femoral heads. 
The test speed was 2 mm/min. Identical parameters (namely, 
ultimate strength, stiffness, and energy absorption) were 
recorded.

Bone histomorphometry

The right proximal tibial metaphysis was dissected away 
from the soft tissue, and fi xed in 10% buffered neutral for-
malin for 48 h at 4°C. The bones were washed using water, 
dehydrated using gradual ethyl alcohol, embedded in a 
methylmethacrylate-based medium at room temperature 
for 6 days, and subsequently dried at 35°C until completely 
stiff. Sections 5-µm thick were obtained in the frontal plane 
using a microtome (Reichert-Jung Polycut S, Cambridge 
Instruments, NuBloch, Germany) and were stained with 
toluidine blue. Sections 10-µm thick were cut and mounted 
(but not stained) for tetracyclin fl uorescence evaluation. 
Five sections per bone were evaluated for histomorphome-
try with a Q550-CW image analyzer (Leica, Heidelberg, 
Germany), as previously reported [34,35]. Standard terms 
were used according to standardized nomenclature [36]. 
Bone parameters included trabecular thickness (Tb.Th) 
(µm), osteoid thickness (O.Th) (µm), trabecular separation 
(Tb.Sp) (µm), and mineral apposition rate (MAR) (µm/
day). The MAR was calculated by dividing the distance 
between two fl uorescent bands (observed under ultraviolet 
light) by the number of days between the two labels.

Statistical analysis

Data were expressed as mean±standard deviation (SD). 
The analysis of variance (ANOVA) was used to determine 
signifi cance among groups, after which post-hoc tests with 
the Bonferroni correction were used for comparisons 
between individual groups. A value of P < 0.05 was consid-
ered to be signifi cant.

Results

Plasma glucose, body weight, and diarrhea

The average plasma glucose concentration in diabetic rats 
not treated with VAC maintained a higher level, ranging 
from 19.3 ± 3.8 to 23.7 ± 2.3 mmol/l. However, the average 
plasma glucose levels in diabetic rats treated with VAC 
declined from 21.8 ± 3.1 on the initial day to 7.2 ± 2.5 mmol/l 
on day 7. After that, the plasma glucose values varied in the 
normal physiological range from 6.0 ± 1.2 to 7.3 ± 1.1 mmol/
l. The average plasma glucose concentration in normal rats 
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receiving VAC was from 5.42 ± 1.19 to 7.44 ± 0.64 mmol/l, 
and was not signifi cantly different from that in rats receiving 
saline, which ranged from 5.40 ± 0.41 to 7.24 ± 1.45 mmol/l, 
showing that VAC did not affect the plasma glucose levels 
in normal rats, as shown in Fig. 1.

Body weight was not signifi cantly different between 
normal rats receiving VAC and normal rats not receiving 
VAC (Group Norm-VAC vs. Group Norm), but body 
weight in both normal rat groups (Group Norm and Group 
Norm-VAC) was considerably higher (P < 0.05) than that 
in diabetic rat groups (Group Diab and Group Diab-VAC) 
at the same time point. On day 35 after dosing, body weight 
in diabetic rats treated with VAC was markedly higher 
(P < 0.05) than that in diabetic rats not treated with VAC 
(Group Diab-VAC vs. Group Diab), as shown in Table 1. 
During the period of treatment, no obvious signs of diar-
rhea and no deaths were found in any group.

Plasma biochemical indicators

The plasma biochemical indicators are summarized in Table 
1. On days 14 and 35, no evident differences in the levels of 
Ca, P, ALP, and TRACP were found between rats treated 
with VAC and the corresponding controls treated with 
physiological saline (Group Norm-VAC vs. Group Norm, 
Group Diab-VAC vs. Group Diab). The levels of ALP and 
TRACP in diabetic rats (Group Diab and Diab-VAC) were 
signifi cantly higher (P < 0.05) than those in normal rats 
(Group Norm and Norm-VAC) at the same time point. 
Plasma OC concentrations in diabetic rats not receiving 
VAC (Group Diab) were markedly decreased (P < 0.05) 
compared with those in normal rats not receiving VAC 
(Group Norm). After diabetic rats were treated with VAC 
on days 14 and 35, the plasma OC levels of the diabetic rats 
(Group Diab-VAC) increased, and tended toward the 
values observed in normal rats.
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The levels of CHOL and TRIG in diabetic rats treated 
with VAC (Group Diab-VAC) were markedly reduced (P 
< 0.05) compared with those in diabetic rats not treated with 
VAC (Group Diab), and eventually reverted to the range 
observed in normal rats (Group Norm). The plasma ALT 
and CRE levels in diabetic rats receiving VAC (Group 
Diab-VAC) were clearly lower (P < 0.05) than those in 
diabetic control rats (Group Diab), and were close to those 
in normal rats (Group Norm and Norm-VAC). The plasma 
AST levels in diabetic rats either treated with VAC or 
untreated were not signifi cantly different (Group Diab-
VAC vs. Diab). Furthermore, VAC treatment did not obvi-
ously change the plasma ALT, AST, and CRE levels in 
normal rats (Group Norm-VAC vs. Group Norm).

Blood indices

Hematological analysis showed a signifi cant decrease (P < 
0.05) in the erythrocyte count in rats receiving VAC (Group 
Norm-VAC and Group Diab-VAC) compared with corre-
sponding control rats (Group Norm and Group Diab), and 
this was accompanied by an obvious increase in the leuko-
cyte count. Furthermore, the leukocyte counts in diabetic 
controls (Group Diab) were distinctly lower (P < 0.01) than 
those in normal controls (Group Norm). No pronounced 
differences were observed in the platelet count, hemoglo-
bin, and hematocrit between Groups Norm and Norm-
VAC or between Group Diab and Diab-VAC, as shown in 
Table 2.

Histopathological observations

Histopathological analysis showed that no obvious differ-
ences could be observed in the kidneys, livers, pancreata, 
adipose tissue, and tibias from normal rats either untreated 
(Group Norm) or treated with VAC (Group Norm-VAC). 
However, in the kidneys, pancreata, and tibias from 
untreated diabetic rats, some morphological abnormalities 
were found, which mainly included atrophy on the surface 
of the renal capsules, multifocal glomerulus, renal tubule 
analosis, atrophy of pancreatic islands, a signifi cantly 
reduced number of bone trabecula, and narrowing trabec-
ula. In all the micrographs of the pathological slices taken, 
no obvious morphological abnormalities were observed in 
the livers or the adipose tissue.

Calcium and phosphate in bone

The femoral P levels in normal and diabetic rats treated 
with VAC were slightly increased compared with those in 
rats not treated with VAC (Group Norm-VAC vs. Group 
Norm, Group Diab-VAC vs. Group Diab), and the femoral 
Ca levels in normal and diabetic rats treated with VAC 
were not obviously changed compared with those in rats not 
treated with VAC (Group Norm-VAC vs. Group Norm, 
Group Diab-VAC vs. Group Diab), as indicated in Table 2. 
The Ca/P ratios were 2.17 ± 0.47 for Group Norm, 1.99 ± 
0.29 for Group Norm-VAC, 2.07 ± 0.32 for Group Diab, and 
1.89 ± 0.35 for Group Diab-VAC.

Table 2. Hematological indices in total blood, calcium (Ca), and phosphate (P) levels in femurs, bone mineral density (BMD), and biomechani-
cal and histomorphometric values in the rats on day 35 following intragastric administration of physiological saline or vanadyl acetylacetonate 
(VAC) once daily for 35 consecutive days. Data are expressed as mean ± standard deviation (n = 10)

 Group Norm Group Norm-VAC Group Diab Group Diab-VAC

Hematological indices
 Erythrocyte count (×1012/l)  7.37 ± 0.33  6.62 ± 0.22*  7.66 ± 0.27  7.04 ± 0.22**
 Leukocyte count (×109/l)  8.67 ± 0.16  9.52 ± 0.27*  7.34 ± 0.27  8.37 ± 0.28**
 Platelet count (×1012/l)  1.402 ± 0.162  1.438 ± 0.159  1.136 ± 0.161  1.186 ± 0.110
 Hemoglobin (g/l)  162.5 ± 6.6  158.8 ± 11.1  163.0 ± 7.5  156.5 ± 13.1
 Hematocrit  0.452 ± 0.019  0.453 ± 0.027  0.461 ± 0.034  0.459 ± 0.028
Ca (mg/g)  55.54 ± 15.53  54.95 ± 12.18  49.75 ± 14.16  49.82 ± 14.64
P (mg/g)  26.01 ± 3.79  28.14 ± 3.51  23.56 ± 4.39  26.64 ± 4.51
BMD (mg/cm2)  129.4 ± 6.9  126.6 ± 3.7  117.6 ± 5.6  120.4 ± 4.8
BMC (mg)  128.2 ± 17.0  125.6 ± 13.9  113.9 ± 17.7  119.1 ± 19.1
Femoral diaphysis
 Ultimate strength (N)  76.7 ± 9.3  76.0 ± 9.6  56.5 ± 7.8 67.1 ± 10.0**
 Stiffness (N/mm)  130.1 ± 18.1  126.6 ± 28.3  115.9 ± 27.5  114.7 ± 23.9
 Energy absorption (mJ)  36.0 ± 8.1  34.4 ± 7.3  30.3 ± 6.2  30.6 ± 6.6
Femoral neck
 Ultimate strength (N)  88.1 ± 18.1  88.1 ± 8.2  60.5 ± 9.3  69.7 ± 7.4**
 Stiffness (N/mm)  97.2 ± 22.1  95.5 ± 18.0  82.1 ± 15.7  86.7 ± 11.5
 Energy absorption (mJ)  82.5 ± 26.7  81.9 ± 28.5  69.3 ± 17.2  70.2 ± 20.2
Histomorphometry
 Tb. Th (µm)  5.834 ± 0.827  6.082 ± 1.214  4.919 ± 0.543  5.637 ± 0.636**
 O. Th (µm)  0.446 ± 0.050  0.414 ± 0.045  0.479 ± 0.049  0.444 ± 0.028
 Tb. Sp (µm) 12.897 ± 1.583 12.943 ± 1.827 14.734 ± 2.117 14.911 ± 2.362
 MAR (µm/day)  0.697 ± 0.181  0.684 ± 0.133  0.450 ± 0.158  0.647 ± 0.081**

* P < 0.05 vs. Group Norm; ** P < 0.05 vs. Group Diab
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Dual-energy X-ray absorptiometry

No signifi cant differences were observed in BMD values 
between normal rats receiving VAC and normal rats not 
receiving VAC (Group Norm-VAC vs. Group Norm). The 
BMD values in diabetic rats not treated with VAC were 
signifi cantly decreased (P < 0.05) compared with those in 
normal rats not treated with VAC (Group Diab vs. Group 
Norm). Reduced BMD in diabetic rats was not improved 
by VAC treatment (Group Diab-VAC vs. Group Diab), as 
shown in Table 2. The results for BMC were similar to those 
for BMD (Table 2).

Biomechanical testing

There were no signifi cant differences in any of the biome-
chanical parameters in normal rats either receiving or not 
receiving VAC. The ultimate strengths in the femoral 
diaphyses and the femoral necks in diabetic rats not treated 
with VAC were signifi cantly decreased (approximately 
26% for femoral diaphysis and 31% for femoral neck, on 
average 29%, P < 0.05) compared with those in normal rats 
not treated with VAC (Group Diab vs. Group Norm). After 
the 35-day treatment with VAC, the ultimate strengths in 
diabetic rats receiving VAC were signifi cantly increased (P 
< 0.05) compared with those in diabetic rats not receiving 
VAC (Group Diab-VAC vs. Group Diab). However, no 
differences were observed in the stiffness and the energy 
absorption in diabetic rats either treated or not treated with 
VAC. In addition, the stiffness and the energy absorption 
in diabetic rats either receiving or not receiving VAC were 
slightly decreased compared with those in normal rats not 
receiving VAC (Group Diab-VAC vs. Group Norm, Group 
Diab vs. Group Norm), as shown in Table 2.

Bone histomorphometry

No signifi cant differences in any bone histomorphometric 
parameters were observed in normal rats either receiving 
or not receiving VAC. Tb.Th and MAR values in the dia-
betic rats not treated with VAC were signifi cantly lower (P 
< 0.05) than those in normal control rats (Group Diab vs. 
Group Norm), and both parameters in diabetic rats treated 
with VAC were markedly increased (Group Diab-VAC vs. 
Group Diab), while the O.Th and Tb.Sp values in all groups, 
namely, Group Norm, Group Norm-VAC, Group Diab, 
and Group Diab-VAC, were not signifi cantly different, as 
shown in Table 2.

Discussion

The effectiveness of VAC for lowering plasma glucose 
levels in diabetic animals was proven [13], and that of 
vanadyl sulfate (VS) and sodium metavanadate (SMV) was 
demonstrated in diabetic animals and a limited number of 
patients [2,5,6]. Further investigation into an organic form 

of vanadium VAC is needed because VAC has been shown 
to have improved oral absorption and fewer side effects, 
such as diarrhea, than inorganic vanadium (e.g., VS, SMV). 
Our previous investigations showed that VAC could be 
absorbed well following oral administration [19]. As men-
tioned in the introduction section, the tolerance for longer-
term oral administration of VAC and the effects of its 
accumulation on the bone may be the important issues for 
any potential clinical therapy for diabetes.

The vanadium may be absorbed into the bone or involved 
in the biomineralization process of the bone like Ca and P 
elements. It has been postulated that bone was an active 
vanadium accumulator, and the high skeletal retention was 
considered to be due to its rapid exchange with bone phos-
phate [37]. In the present study, however, P levels in the 
femurs of normal and diabetic rats treated with VAC were 
not signifi cantly lower than those of the corresponding 
control rats not treated with VAC. Furthermore, plasma P 
levels in treated rats were not obviously increased when 
compared with those in untreated rats. These results suggest 
that the accumulated vanadium in bone may be incorpo-
rated into the bone instead of the “exchange,” as described 
above. Otherwise, the P levels in the plasma would increase 
and those in the bone should drop. In fact, a slight increase 
in P content and a decrease in the Ca/P ratio were observed 
in the bones of rats treated with VAC, suggesting that vana-
dium accumulated in bone did not displace P, but may 
directly participate in the bone biomineralization process. 
The slight increase in P content may be explained by the 
assumption that the binding affi nity of PO4

3− to V4+ is higher 
than that to Ca2+, thus leading to a slight increase in P in the 
bone. The vanadium may attract more P from the blood or 
other tissues. In fact, the slight reduction in P levels in 
plasma seemed to support this theory.

Type 1 diabetes is associated with a modest reduction in 
the BMD, bone strength, and bone formation [8,23,38]. The 
BMD at the site of the femurs in the diabetic rats treated 
with VAC was not signifi cantly different from that in the 
untreated diabetic rats, but was markedly lower than 
that in the normal rats either treated or untreated, suggest-
ing that vanadium did not affect the BMD values. Facchini 
et al. [39] also reported that bis(ethylmaltolato)oxovanadi
um (BEOV) did not alter the BMD between normal rats 
with or without BEOV and diabetic rats with or without 
BEOV, and the BMD values in diabetic rats after treat-
ment with BEOV were still signifi cantly lower than those 
in normal rats. The reduced BMD values in diabetic 
rats were simply the result of the diabetes. Therefore, 
vanadium did not seem to improve the loss of bone mass 
signifi cantly, as BMD was one of the indicators for bone 
mass.

Many studies have shown that the BMD alone may not 
be suffi cient to evaluate the strength of bone, and that the 
biomechanical properties of bone and trabecular structure 
may also be important factors that determine bone strength 
and individual risk of fractures [40–42]. Therefore, we 
further evaluated the bone strength of the femur by biome-
chanical testing, and that of the trabecular structure by 
histomorphometry.
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The signifi cant reductions in the ultimate strength of 
diabetic bones were derived from the diabetes, and the 
present results are similar to those in previous publications 
reporting that the ultimate bone strength of diabetic rats 
was reduced by 20%–67% compared with that of normal 
controls [38,43]. The ultimate bone strength in diabetic rats 
treated with VAC was signifi cantly increased compared 
with that in untreated diabetic rats, indicating that VAC 
treatment may benefi t the ultimate strength of bone in dia-
betic rats, as shown in insulin therapy [25,44]. With regard 
to the effects of VAC on the stiffness and energy absorption 
of bone, the results of the present study indicate that VAC 
seemed to have no obvious affect on the stiffness or the 
energy absorption when comparing diabetic rats receiving 
VAC to diabetic control rats, or comparing normal rats 
receiving VAC to normal control rats. Furthermore, the 
stiffness and energy absorption values between diabetic and 
normal control rats were not obviously different, and the 
results were very similar to those of a previous report [45] 
that no apparent changes in the stiffness of femurs were 
observed in spontaneously diabetic rats. However, it was 
reported that both stiffness and energy absorption values 
[24] in diabetic rats were signifi cantly decreased compared 
with these values in normal rats. The differences between 
our results and the results reported previously may be due 
to variations in methodologies or the strain/breed of rats 
used in each study.

Extensive evidence has demonstrated that untreated or 
poorly treated diabetes is associated with low bone forma-
tion in both humans and experimental animals. In our fi nd-
ings, these results were confi rmed, and the lowered values 
of Tb.Th and MAR in diabetic rats were converted to 
normal ranges after the rats were treated with VAC, indi-
cating that VAC therapy would be benefi cial for the correc-
tion of abnormal bone formation in diabetic rats. However, 
the O.Th and Tb.Sp values in diabetic and normal rats in 
our observations were not signifi cantly different. It was 
previously reported [46] that Tb.Sp values appeared to be 
higher in diabetic rats than in normal rats. This difference 
may be due to the longer interval between diabetes induc-
tion and bone analysis in the reported studies (14 weeks in 
the reported study vs. 5 weeks in our design). The O.Th 
values in diabetic rats are not available in the literature.

OC and ALP values were the indicators of osteoblast 
activity, and the TRACP value was a marker of osteoclast 
activity. Our results showed that the OC values in diabetic 
rats not treated with VAC were signifi cantly lower than that 
of baseline in normal rats, and similar results were obtained 
in previous reports [38,43,47]. After treatment with VAC, 
the plasma OC levels of the diabetic rats were obviously 
increased, although the plasma OC level of diabetic rats 
receiving VAC still appeared to be lower than the baseline 
in normal rats, suggesting that VAC may stimulate bone 
formation in diabetic rats. The plasma OC values in normal 
rats receiving VAC maintained the baseline values, as did 
those of normal control rats (not receiving VAC), indicat-
ing that VAC did not increase the osteoblast activity of 
normal rats. Unlike the decreased plasma OC levels in dia-
betic rats not treated with VAC, the plasma ALP levels in 

diabetic rats not receiving VAC were considerably increased 
compared with those in normal control rats (not receiving 
VAC), and the ALP values in diabetic rats treated with 
VAC remained at higher levels although vanadium com-
pounds could partially inhibit ALP activity in fraction prep-
arations from the osteoblasts [31], indicating that VAC may 
not affect in vivo ALP value. The elevation of plasma ALP 
may have been caused by (1) a fatty liver in diabetes and a 
depressed deactivation effect of the liver on ALP derived 
from the malnourished hepatopathy [48], or (2) enhanced 
activity of intestinal mucosa brush-border enzymes [49]. 
This increase in plasma ALP levels in diabetic rats was 
consistent with the reported data [50]. Nevertheless, a 
decrease in tibial ALP was observed in that study, suggest-
ing that the increased ALP level in the plasma alone may 
not be suffi cient to represent increased activity of osteo-
blasts. Tibial ALP values were not measured in the present 
study. In addition, our results showed that TRACP values 
were obviously increased in diabetic rats compared with 
those in normal rats, and were not affected by the VAC 
treatment, suggesting that VAC seemed not to inhibit 
osteoclast activity.

The present study revealed that VAC treatment did not 
impair the functions or the structures of the kidney and 
liver. These fi ndings were consistent with those reported by 
Dai et al. [15] for a 1-year toxicity study of vanadyl 
sulfate.

It has also been reported [51–53] that prolonged 
administration of vanadium derivatives in animals caused 
hemolysis and impairment in erythropoiesis as well as in 
erythrocyte maturation, which were indicated by a decrease 
in the erythrocyte count and hemoglobin level, and an 
increase in the leukocyte count. The decrease in the eryth-
rocyte count and increase in the leukocyte count and the 
mild depression of the hemoglobin level observed in our 
investigation were in agreement with previous results, sug-
gesting that VAC treatment is slightly toxic to the blood 
system. The reversal of this slight impairment in the blood 
system after the withdrawal of VAC deserves further 
investigation.

After the administration of VAC to diabetic rats for 35 
days, plasma glucose, CHOL, TRIG, and CRE were mark-
edly improved, indicating that the diabetic state had 
improved. Furthermore, the decreased ultimate strength, 
Tb.Th, MAR, and plasma OC in diabetic rats were improved 
or normalized. Meanwhile, VAC did not affect any bone 
parameters in normal rats. These improvements to diabetic 
rat bone may be due to the improvement in the diabetic 
state.

In conclusion, VAC did not cause obvious signs of diar-
rhea, deaths, or any changes in the kidneys and liver in any 
groups. VAC treatment improved or normalized the abnor-
mal bone parameters in diabetic rats, including ultimate 
strength, Tb.Th, MAR, and plasma OC values, but seemed 
not to affect the BMD, bone stiffness, bone energy absorp-
tion, O.Th, Tb.Sp, plasma ALP, and TRACP values in dia-
betic rats. VAC did not alter any bone parameters evaluated 
in normal rats. The results indicate that oral VAC is toler-
ated and benefi ts the diabetic osteopathy of rats, but seems 
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not to infl uence the bone of normal rats. They also suggest 
that VAC improves diabetes-related bone disorders, pri-
marily by improving the diabetic state.

References

 1. Heyliger CE, Tahiliani AG, McNeill JH (1985) Effect of vanadate 
on elevated glucose and depressed cardiac performance of diabetic 
rats. Science 227:1474–1477

 2. Pederson RA, Ramanadham S, Buchan AMJ, McNeill JH (1989) 
Long-term effects of vanadyl treatment on streptozocin-induced 
diabetes in rats. Diabetes 38:1390–1395

 3. Crans DC (2000) Chemistry and insulin-like properties of 
vanadium(IV) and vanadium(V) compounds. J Inorg Biochem 
80:123–131

 4. Shechter Y (1990) Insulin-mimetic effect of vanadate. Possible 
implications for future treatment of diabetes. Diabetes 39:1–5

 5. Goldfi ne AB, Simonson DC, Folli F, Patti ME, Kahn CR (1995) 
In vivo and in vitro studies of vanadate in human and rodent dia-
betes mellitus. Mol Cell Biochem 153:217–231

 6. Cohen N, Halberstam M, Shlimovich P, Chang CJ, Shamoon H, 
Rossetti L (1995) Oral vanadyl sulfate improves hepatic and 
peripheral insulin sensitivity in patients with non-insulin-
dependent diabetes mellitus. J Clin Invest 95:2501–2509

 7. Bhanot S, Bryer-Ash M, Cheung A, McNeill JH (1994) Bis(malto
lato)oxovanadium (IV) attenuates hyperinsulinemia and hyper-
tension in spontaneously hypertensive rats. Diabetes 43:857–861

 8. Bhnot S, Michoulas A, McNeill JH (1995) Antihypertensive effects 
of vanadium compounds in hyperinsulinemic, hypertensive rats. 
Mol Cell Biochem 153:205–209

 9. Kiersztan A, Modzelewska A, Jarzyna R, Jagielska E, Bryla J 
(2002) Inhibition of gluconeogenesis by vanadium and metformin 
in kidney-cortex tubules isolated from control and diabetic rabbits. 
Biochem Pharmacol 63:1371–1382

10. Kiersztan A, Jarzyna R, Bryla J (1998) Inhibitory effect of vana-
dium compounds on glutamate dehydrogenase activity in mito-
chondria and hepatocytes isolated from rabbit liver. Pharmacol 
Toxicol 82:167–172

11. Li J, Elberg G, Sekar N, He ZB, Shechter Y (1997) Antilipolytic 
actions of vanadate and insulin in rat adipocytes mediated by dis-
tinctly different mechanisms. Endocrinology 138:2274–2279

12. Poucheret P, Verma S, Grynpas MD, McNeill JH (1998) Vana-
dium and diabetes. Mol Cell Biochem 188:73–80

13. Reul BA, Amin SS, Buchet J-P, Ongemba LN, Crans DC, Brichard 
SM (1999) Effect of vanadium complexes with organic ligands on 
glucose metabolism: a comparison study in diabetic rats. Br J 
Pharmacol 126:467–477

14. Yuen VG, Orvig C, Thompson KH, McNeill JH (1993) Improve-
ment in cardiac dysfunction in streptozotocin-induced diabetic rats 
following chronic oral administration of bis(maltolato)oxovanadiu
m(IV). Can J Physiol Pharmacol 71:270–276

15. Dai S, Thompson KH, Vera E, McNeill JH (1994) Toxicity studies 
on one-year treatment of non-diabetic and streptozotocin-diabetic 
rats with vanadyl sulphate. Pharmacol Toxicol 75:265–273

16. Hamel FG, Duckworth WC (1995) The relationship between 
insulin and vanadium metabolism in insulin target tissues. Mol Cell 
Biochem 153:95–102

17. Setyawati IA, Thompson KH, Yuen VG, Sun Y, Battell M, Lyster 
DM, Vo C, Ruth TJ, Zeisler S, McNeill JH, Orvig C (1998) Kinetic 
analysis and comparison of uptake, distribution, and execretion of 
48V-labeled compounds in rats. J Appl Physiol 84:569–575

18. Thompson KH, Liboiron BD, Sun Y, Bellman KD, Setyawati IA, 
Patrick BO, Karunaratne V, Rawji G, Wheeler J, Sutton K, Bhanot 
S, Cassidy C, McNeill JH, Yuen VG, Orvig C (2003) Preparation 
and characterization of vanadyl complexes with bidentate maltol-
type ligands: in vivo comparisons of anti-diabetic therapeutic 
potential. J Biol Inorg Chem 8:66–74

19. Zhang SQ, Zhong XY, Lu WL, Zheng L, Zhang X, Sun F, Fu GY, 
Zhang Q (2005) Pharmacodynamics and pharmacokinetics of the 
insulin-mimetic agent vanadyl acetylacetonate in non-diabetic and 
diabetic rats. J Inorg Biochem 99:1064–1075

20. Goodman WG, Hori MT (1984) Diminished bone formation in 
experimental diabetes. Relationship to osteoid maturation and 
mineralization. Diabetes 33:825–831

21. Macey LR, Kana SM, Jingushi S, Terek RM, Borretos J, Bolander 
ME (1989) Defects of early fracture-healing in experimental dia-
betes. J Bone Joint Surg Am 71:722–733

22. Katayama Y, Akatsu T, Yamamoto M, Kugai N, Nagata N (1996) 
Role of nonenzymatic glycosylation of type I collagen in diabetic 
osteopenia. J Bone Miner Res 11:931–937

23. Schwartz AV (2003) Diabetes mellitus: does it affect bone? Calcif 
Tissue Int 73:515–519

24. Reddy GK, Stehno-Bittel L, Hamade S, Enwemeka CS (2001) The 
biomechanical integrity of bone in experimental diabetes. Diabetes 
Res Clin Pract 54:1–8

25. Suzuki K, Miyakoshi N, Tsuchida T, Kasukawa Y, Sato K, Itoi E 
(2003) Effects of combined treatment of insulin and human para-
thyroid hormone(1-34) on cancellous bone mass and structure in 
streptozotocin-induced diabetic rats. Bone 33:108–114

26. Bain S, Ramamurthy NS, Impeduglia T, Scolman S, Golub LM, 
Rubin C (1997) Tetracycline prevents cancellous bone loss and 
maintains near-normal rates of bone formation in streptozotocin 
diabetic rats. Bone 21:147–153

27. Cortizo AM, Etcheverry SB (1995) Vanadium derivatives act 
as growth factor-mimetic compounds upon differentiation and 
proliferation of osteoblast-like UMR106 cells. Mol Cell Biochem 
145:97–102

28. Cortizo AM, Bruzzone L, Molinuevo S, Etcheverry SB (2000) A 
possible role of oxidative stress in the vanadium-induced cytotoxic-
ity in the MC3T3E1 osteoblast and UMR106 osteosarcoma cell 
lines. Toxicology 147:89–99

29. Cortizo AM, Caporossi M, Lettieri G, Etcheverry SB (2000) Vana-
date-induced nitric oxide production: role in osteoblast growth and 
differentiation. Eur J Pharmacol 400:279–285

30. Xie MJ, Liu WP, Yang YK, Pu SP, Li L, Yang LC, Chen ZH (2001) 
Synthesis and anti-diabetic activity of several organic carboxylate 
oxovanadium coordination compounds (in Chinese). Chin J Med 
Chem 11:134–137

31. Lau KH, Onishi T, Wergedal JE, Singer FR, Baylink DJ (1987) 
Characterization and assay of tartrate-resistant acid phosphatase 
activity in serum: potential use to assess bone resorption. Clin 
Chem 33:458–462

32. Cortizo AM, Salice VC, Etcheverry SB (1994) Vanadium com-
pounds. Their action on alkaline phosphatase activity. Biol Trace 
Elem Res 41:331–339

33. Verhaeghe J, Van Herck E, Van Bree R, Van Assche FA, Bouillon 
R (1989) Osteocalcin during the reproductive cycle in normal and 
diabetic rats. J Endocrinol 120:143–151

34. Bourrin S, Ammann P, Bonjour JP, Rizzoli R (2002) Recovery of 
proximal tibia bone mineral density and strength, but not cancel-
lous bone architecture, after long-term bisphosphonate or selective 
estrogen receptor modulator therapy in aged rats. Bone 30:195–
200

35. Follak N, Kloting I, Wolf E, Merk H (2004) Histomorphometric 
evaluation of the infl uence of the diabetic metabolic state on bone 
defect healing depending on the defect size in spontaneously dia-
betic BB/OK rats. Bone 35:144–152

36. Parfi tt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche H, 
Meunier PJ, Ott SM, Recker RR (1987) Bone histomorphometry: 
standardization of nomenclature, symbols, and units. Report of the 
ASBMR Histomorphometry Nomenclature Committee. J Bone 
Miner Res 2:595–610

37. Etcheverry SB, Apella MC, Baran EJ (1984) A model study of the 
incorporation of vanadium in bone. J Inorg Biochem 20:269–274

38. Verhaeghe J, Oloumi G, Van Herck E, van Bree R, Dequeker J, 
Einhorn TA, Bouillon R (1997) Effects of long-term diabetes and/
or high-dose 17β-estradiol on bone formation, bone mineral 
density, and strength in ovariectomized rats. Bone 20:421–428

39. Facchini DM, Yuen VG, Battell ML, McNeill JH, Grynpas MD 
(2006) The effects of vanadium treatment on bone in diabetic and 
non-diabetic rats. Bone 38:368–377

40. Wallach S, Feinblatt J, Avioli L (1992) The bone quality problem. 
Calcif Tissue Int 51:169–172

41. Dalstra M, Huiskes R, Odgaard A, van Erning L (1993) Mechani-
cal and textural properties of pelvic trabecular bone. J Biomech 
27:375–381



 301

42. Jiang Y, Zhao J, Augat P, Ouyang X, Lu Y, Majumdar S, Genant 
HK (1998) Trabecular bone mineral and calculated structure of 
human bone specimens scanned by peripheral quantitative com-
puted tomography: relation to biomechanical properties. J Bone 
Miner Res 13:1783–1790

43. Einhorn TA, Boskey AL, Gundberg CM, Vigorita VJ, Devlin 
VJ, Beyer MM (1988) The mineral and mechanical properties 
of bone in chronic experimental diabetes. J Orthop Res 6:
317–323

44. Horcajada-Molteni MN, Chanteranne B, Lebecque P, Davicco MJ, 
Coxam V, Young A, Barlet JP (2001) Amylin and bone metabo-
lism in streptozotocin-induced diabetic rats. J Bone Miner Res 
16:958–965

45. Verhaeghe J, Suiker AMH, Einhorn TA, Geusens P, Visser WJ, 
Van Herck E, Van Bree R, Magitsky S, Bouillon R (1994) Brittle 
bones in spontaneously diabetic female rats cannot be predicted 
by bone mineral measurements: studies in diabetic and ovariecto-
mized rats. J Bone Miner Res 9:1657–1667

46. Zhang CY, Wang B, Lu S, Li SF, Wen LR (2003) Effect of insulin 
on bone formation in streptozotocin-induced diabetic rats (in 
Chinese). Da Lian Yi Ke Da Xue Xue Bao 25:98–101

47. Verhaeghe J, Thomsen JS, van Bree R, van Herck E, Bouillon R, 
Mosekilde L (2000) Effects of exercise and disuse on bone remod-
eling, bone mass, and biomechanical competence in spontaneously 
diabetic female rats. 27:249–256

48. Wang WL (1981) Diabetic osteoporosis and change of calcium and 
phosphate (in Chinese). Tianjin Med J 9:707–710

49. Caspary WF (1973) Effect of insulin and experimental diabetes 
mellitus on the digestive–absorptive function of the small intestine. 
Digestion 9:248–263

50. Shires R, Teitelbaum SL, Bergfeld MA, Fallon MD, Slatopolsky 
E, Avioli LV (1981) The effect of streptozotocin-induced chronic 
diabetes mellitus on bone and mineral homeostasis in the rat. J Lab 
Clin Med 97:231–240

51. Hogan GR (1990) Peripheral erythrocyte levels, hemolysis and 
three vanadium compounds. Experientia 46:444–446

52. Zaporowska H, Wasilewski W (1989) Some selected peripheral 
blood and haemopoietic system indices in Wistar rats with chronic 
vanadium intoxication. Comp Biochem Physiol C 93:175–180

53. Zaporowska H, Wasilewski W (1992) Haematological results of 
vanadium intoxication in Wistar rats. Comp Biochem Physiol C 
101:57–61


