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Summary
1. Fructose (F) overload produces elevated blood pressure (BP), hyperglycaemia, hypertriglyceridemia
and insulin resistance, resembling human metabolic syndrome. Previously, we found altered vascular
prostanoid (PR) production in this model.
2. Sodium molybdate (Mo), as well as sodium tungstate, causes insulin-like effects and normalizes
plasma glucose levels in streptozotocin-treated diabetic rats. We studied the effects of Mo on BP,
metabolic parameters and release of PR from the mesenteric vascular bed (MVB) in F-overloaded
rats.
3. Four groups of male Sprague-Dawley rats were analysed: Control, tap water to drink; F, F solution
10% W/V to drink; CMo, Mo 100 mg kg day�1 and FMo, both treatments. After 9 weeks, the
animals were killed and MVBs removed and the released PRs measured.
4. F increased BP, glycemia, triglyceridemia and insulinemia. Mo treatment prevented the increases in
BP and glycemia, but did not modify triglyceridemia or insulinemia. In addition, Mo decreased BP in
controls.
5. Prostaglandins (PG) F2alpha and E2, PG 6-ketoF1alpha and thromboxane (TX) B2, as well as
inactive metabolites of prostacyclin (PGI2) and TXA2 were detected. F decreased the production of
vasodilator PRs PGI2 and PGE2 in MVB. Mo prevented these alterations and increased PGE2 in
controls. Vasoconstrict or PRs PGF2alpha and TXA2 release was not modified.
6. Mo treatment, beyond its known lowering effect on glycemia, prevents the reduction in the vascular
release of vasodilator PR observed in this model. This could be one of the mechanisms by which Mo
avoids the increase in BP caused by F overload in the rat.
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Introduction

Transition metal compounds such as vanadium,
tungsten and molybdenum act as insulin mimetics
decreasing plasma glucose levels and have been
proposed as a possible treatment for diabetes
mellitus. Molybdate compounds normalize
plasma glucose levels in streptozotocin- or
alloxan-diabetic rats (Panneerselvam & Govindas-
amy, 2004; Zeng et al., 2008). Molybdenum is
the only second-row transition metal that is
required by most living organisms, being available
to biological systems through the solubility of
molybdate salts in water. Moreover, molybde-
num-containing enzymes are found in all aerobic
organisms and are divided into three families:
xanthine oxidase, sulphite oxidase and nitrate
reductase (Hille, 2002).

In developed countries, the prevalence of meta-
bolic syndrome, which major characteristics
include insulin resistance, hypertension and lipid
abnormalities (Reaven, 1988; Alberti et al.,
2006), contributes to the increased risk of type 2
diabetes and cardiovascular disease. The fructose-
fed rat is an experimental model of acquired
systolic hypertension that resembles the human
metabolic syndrome (Hwang et al., 1987; Tran
et al., 2009). In previous works with this model
(Puy�o et al., 2009), we found alterations in the
vascular production of prostanoids, metabolites
of cyclo-oxygenation of arachidonic acid. Such
alterations could modify peripheral resistance,
which increase is one of the possible mechanisms
of fructose-induced hypertension. Moreover, we
also found that sodium tungstate and vanadyl sul-
phate have different effects on blood pressure,
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metabolic parameters and vascular prostanoid
production in fructose-overloaded rats (Peredo
et al., 2010). It has been previously reported by
G€uner et al. (2001) that sodium molybdate pre-
vented blood pressure and metabolic alterations
in a similar experimental model.
The aim of this study was to analyse the possi-

ble effects of sodium molybdate treatment on
blood pressure, metabolic parameters and prosta-
noid release in vascular preparations from control
as well as fructose-overloaded rats.

Methods

Male 6-week-old Sprague-Dawley rats weighing
180–220 g at the beginning of the study were
used. Animals were maintained in a room at
22 � 2 °C where the air was adequately recycled,
and they were fed with standard rodent diet (Aso-
ciaci�on Cooperativas Argentinas) with the follow-
ing composition (w/w): 20% proteins, 3% fat,
2% fibre, 6% minerals and 69% starch and vita-
mins supplements. Twenty-two rats were ran-
domly divided into four groups: controls (C), tap
water to drink, n = 6; fructose-overloaded (F),
fructose solution (10% w/v) to drink, n = 6;
sodium molybdate-treated (CMo), (100 mg kg
day�1) to drink, n = 6, Mo-treated fructose
(FMo), both treatments. All dietary modifications
were applied for 9 weeks. The rats were acclima-
tized to the procedure of blood pressure measure-
ment at 10.00 A.M., twice a week, for 2 weeks
prior to sacrifice. Indirect systolic blood pressure
was measured by means of a photoelectric tail
cuff connected to an amplifier (II TC model 47;
Innovators in Instrumentation, Landing, NJ, USA)
in series with an oscilloscope (type 532, Tektronic
Inc., Portland, OR, USA). In addition, rats were
weighed before dietary manipulation and at the
end of the study.
At the end of the treatments, all experimental

and control groups were fasted for 5 h and
weighed. Blood samples were collected from the
retro-orbital sinus and centrifuged at 4 °C.
Plasma triglyceride levels were immediately mea-
sured by means of commercial kits (TG Color
GPO/PAP AA, Wiener Labs, Rosario, Santa F�e,
Argentina) using spectrophotometric methods;
plasma glucose by a blood glucose metre (Accu-
Chek, Roche Diagnostics GmbH, Mannheim,
Germany) and insulin by ELISA (Millipore Cor-
poration, Billerica, MA, USA). After collection of
samples, the animals were sacrificed and the
hearts were dissected and weighed to calculate
the hypertrophy index.
The thoracic aorta and the mesenteric bed of

animals of all groups were dissected and trans-
ferred to a Petri dish with Krebs’ solution (mM):
NaCl 118, KCl 4.7, MgSO4 1.2, NaH2PO4 1.0,
CaCl2 2.6, NaHCO3 25.0, glucose 11.1. The tis-

sues were incubated in that solution for 60 min
at 37 °C. To measure the released prostanoids,
at the end of the incubation period, media were
acidified to pH 3.5 with 1 M formic acid and
extracted three times with two volumes of chlo-
roform. The chloroform fractions were pooled
and evaporated to dryness. Reversed-phase
HPLC was carried out on a column (BBS Hyper-
sil C18, Thermo Electron Co., Bellefonte, PA,
USA). The solvent system was 1.7 mM H3PO4

67.2: acetonitrile 32.8 V/V. The flow rate was
1 ml min�1, and UV absorption was measured
at 218 nm. Dried samples were resuspended in
0.15 ml of the mobile phase and injected into
the HPLC system. Authentic standards of prosta-
noids, 6-keto prostaglandin (PG) F1a (stable
metabolite of PGI2 or prostacyclin), PGE2,
PGF2a and thromboxane (TX) B2 (stable metab-
olite of TXA2) (Sigma Chemical Co., Saint
Louis, MO, USA), were run along with the sam-
ples, and a bracket assay was performed to
determine the amount of prostanoids. All values
were corrected for recovery loss as determined
by parallel standards. Results were expressed as
nanograms of prostanoid per milligram of wet
tissue weight.
All data are expressed as mean � SEM. Inter-

group comparisons were made by one-way analy-
sis of variance (ANOVA). When necessary, the
Tukey’s post hoc test was applied. A P value
of less than 0.05 was considered statistically
significant.

Results

Body weight, the cardiac hypertrophy index (as
the wet heart weight to body weight ratio) and
plasma data are shown in Table 1. Rats with
fructose overload showed significantly higher lev-
els of glycemia (P < 0.02), triglyceridemia
(P < 0.005) and insulinemia (P < 0.02) compared
with control group. Sodium molybdate treatment
prevented the increase in plasma glucose
(P < 0.002), compared with the fructose group.
Plasma triglycerides and insulin levels remained
elevated in the fructose plus sodium molybdate
group. Cardiac hypertrophy index and body
weight did not differ in any group.
Figure 1 shows systolic blood pressure levels in

all groups. Rats with fructose overload showed
significantly higher levels (P < 0.001). Sodium
molybdate treatment prevented such increase and
also diminished systolic blood pressure in control
animals (P < 0.02).
As previously reported (Peredo et al., 2008), 6-

keto PGF1a was the only prostanoid where
release was modified by 9 weeks of fructose over-
load in the thoracic aorta (C: 165 � 15 vs. F:
65 � 9 ng mg wet tissue weight�1; P < 0.001).
Sodium molybdate did not produce any alteration
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in prostanoid production in this vascular prepara-
tion.
Fructose overload decreased the production of

the vasodilator prostanoids PGI2 (Fig. 2) and
PGE2 (Fig. 3) in the mesenteric vascular bed
(P < 0.001). Sodium molybdate prevented these
alterations (P < 0.02 and < 0.001 respectively).
Moreover, the treatment increased PGE2 release
also in control animals (P < 0.05, Fig. 3). The
release of vasoconstrictor prostanoids PGF2a and
TXA2 was not modified in any groups (data not
shown).
The prostacyclin/thromboxane release ratio was

reduced by fructose overload both in aorta and
mesenteric bed (P < 0.001). In the latter vascular
preparation, sodium molybdate administration
showed a tendency to prevent that alteration
which did not reach statistical significance. On
the other hand, the treatment increased the ratio
in control animals (P < 0.02, Fig. 4).

Discussion

The present study shows that sodium molybdate
prevented the increases in glycemia and systolic

blood pressure produced by fructose overload;
meanwhile, triglyceridemia and insulinemia
remained unchanged. In addition, this agent also
reduced blood pressure in control animals.
Regarding vascular prostanoid production, the
treatment prevented the decrease in vasodilator
metabolites induced by fructose in the mesenteric
bed. Moreover, in control animals, PGE2 release
was increased, and the PGI2/TXA2 ratio, an indi-
cator of vascular dysfunction, was also improved.
As far as we know, the only work that previ-

ously explored the effect of sodium molybdate
treatment on fructose-overloaded rats is that of
G€uner et al. (2001). In agreement with our
results, these authors found that the treatment
prevented the elevations in blood pressure and
plasma glucose levels. They also reported a simi-
lar prevention of hypertriglyceridemia and hyper-
insulinemia, but these effects were not observed
in our study. These differences could be attributed
to the fact that they used Wistar instead of Spra-
gue-Dawley rats and treated the animals for a
longer period.
In a previous work of our laboratory (Peredo

et al., 2010), we analysed the treatment with

Table 1 Body weight, cardiac hypertrophy index (as the wet heart weight-to-body weight ratio) and metabolic parameters of con-

trol, fructose-overloaded, sodium molybdate-treated and fructose-molybdate rats.

Body weight (gr) Cardiac hypertrophy index

Triglyceridemia

(mg dl�1) Glycemia (mg dl�1)

Insulinemia

(ng ml�1)

Control (n = 6) 487 � 9 0.0027 � 0.0001 47 � 4 127 � 6 1.9 � 0.3

Fructose (n = 6) 464 � 17 0.0030 � 0.0002 163 � 15

P < 0.005 vs. C

156 � 10

P < 0.02 vs. C

4.5 � 0.8

P < 0.02 vs. C

Control +

Molybdate (n = 6)

468 � 30 0.0029 � 0.0002 64 � 5 133 � 14 2.6 � 0.3

Fructose +

Molybdate (n = 5)

460 � 23 0.0029 � 0.0001 160 � 10

P < 0.0001 vs. CMo

100 � 5

P < 0.002 vs. F

4.8 � 1.0

Results are expressed as mean � SEM.
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Figure 1 Systolic blood pressure (mm Hg) measured by the tail-cuff method in control (C, mm n = 8), fructose-overloaded

(F, n = 6), sodium molybdate-treated (C + Mo, n = 6) and fructose-molybdate rats (F + Mo, n = 5). *P < 0.001 vs. C; **P < 0.02

vs. C; ***P < 0.02 vs. F. Results are expressed as mean � SEM.

45

MOLYBDATE AND PROSTANOIDS IN FRUCTOSE RATS

Autonomic and Autocoid

Pharmacology

2013, 33, 43–48

� 2013

John Wiley & Sons Ltd



other transition metal compounds (such as tung-
sten and vanadium derived salts) in this experi-
mental model, but their effects on blood pressure
and metabolic parameters differed from those
obtained with sodium molybdate. Meanwhile,
sodium tungstate lowers not only blood pressure
but also glycemia and triglyceridemia as well;
vanadyl sulphate had a positive effect on plasma
glucose levels, but caused hypertension in control
rats and lacked any effect on blood pressure and
triglycerides plasma levels in fructose-overloaded
animals.
More data are available about transition metal

compounds on diabetes, especially for their
known lowering effects on plasma glucose. It is
well established that trace elements are altered in
diabetic patients as compared with healthy sub-
jects (Aguilar et al., 2007). Among the metal con-

taining drugs, the vanadium complexes have been
the most tested as potential therapeutic agents for
oral treatment of type 2 diabetes mellitus (Kurt
et al., 2011; Thompson et al., 2009), but a range
of other metal compounds has also been tried as
possible alternative antihyperglycaemic drugs.
Molybdenum and vanadium compounds pres-

ent some similarities of action. For instance, both
are able to inactivate glycogen synthase (Thomp-
son et al., 2004) and stimulate glucose uptake in
rat adipocytes in the presence of H2O2 (Chaves
et al., 2010). In addition, they also enhance insu-
lin secretion by means of increasing cultured
islets’ function (Mohseni Salehi Monfared &
Pournourmohammadi, 2010). In spite of the fact
that their glucose lowering mechanisms are alike
in diabetic rats, we did not find any effect on the
hypersecretion of insulin in fructose rats.
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Figure 2 Release of 6-keto PGF1a (ng mg tissue�1) by mesenteric vascular beds of control (C, n = 8), fructose-overloaded (F,

n = 6), sodium molybdate-treated (C + Mo, n = 6), and fructose-molybdate (F + Mo, n = 5). *P < 0.001 vs. C; ***P < 0.02 vs. F.

Results are expressed as mean � SEM.
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Figure 3 Release of PGE2 (ng mg tissue�1) by mesenteric vascular beds of control (C, n = 8), fructose-overloaded (F, n = 6),

sodium molybdate-treated (C + Mo, n = 6), and fructose-molybdate (F + Mo, n = 5). *P < 0.001 vs. C; **P < 0.05 vs. C;

***P < 0.001 vs. F. Results are expressed as mean � SEM.
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Regarding the control of plasma lipid levels, it
was reported that molybdate diminished non-
esterified fatty acids (Ozcelikay et al., 1996) as
well as triglycerides, phospholipids and choles-
terol in diabetic rats (Panneerselvam & Govindas-
amy, 2004). On the other hand, when we
analysed triglyceride levels in fructose-treated ani-
mals, no improvement was observed. A possible
explanation to this differential effect between
both experimental models could be derived from
the much higher levels of triglycerides found in
rats with metabolic syndrome compared with
those in diabetic animals.
The main finding in our study was the effect of

sodium molybdate on blood pressure. That transi-
tion metal salt not only improved hemodynamic
parameters in fructose-overloaded rats but also
diminished blood pressure in control animals.
This latter effect could be related, at least in part,
to the increased release of the vasodilator prosta-
noid PGE2 and the improvement of the PGI2/
TXA2 ratio in that group.
The endothelial dysfunction present in these

animals is partly derived from a previously
reported reduction in the release of nitric oxide
(Tran et al., 2009; Carranza et al., 2011) and the
prostanoids PGI2 and PGE2 (Peredo et al., 2010).
Moreover, the prevention of the decrease in PGI2
production in fructose-overloaded animals could
be also involved in the reduction in blood pres-
sure, given the well-known fact that one of the
mechanisms that elevate that parameter in this
model is an enhancement of vascular resistance.

Fructose overload is also associated with an
increase in oxidative stress (Rebolledo et al.,
2008; Carranza et al., 2011), and the excessive
production of reactive oxygen species (ROS) has
been reported to inhibit nitric oxide and prostacy-
clin release in endothelial cells (Du et al., 2006);
such reduction can cause an increase in blood
pressure. Some antioxidant diet-derived com-
pounds act through enzymatic mechanisms, and
the activity of antioxidant enzymes depends on
the intake of trace metals such as molybdenum
(Chan et al., 1998; Hille et al., 1998).
In conclusion, molybdate treatment, beyond its

known lowering effect on glycemia, prevents the
reduction in the vascular release of vasodilator
prostanoids observed in this model. This could be
one of the mechanisms by which sodium molyb-
date avoids the increase in blood pressure caused
by fructose overload in the rat. Moreover, molyb-
date also reduces blood pressure in controls, an
effect that also could be attributable, at least in
part, to modifications in the vascular prostanoid
release profile.
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