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Abstract
Sodium tungstate is an alternative to reduce hyperglycemia for the treatment of diabetes. In previous work, we showed that the
administration of sodium tungstate increased the specific activity of salivary amylase in the parotid gland. Here, we investigated
the effect of the administration of sodium tungstate on the lipid peroxidation and some antioxidant parameters in the subman-
dibular (SM) and parotid (PA) salivary glands of streptozotocin (STZ)-induced diabetic rats. Thirty-two male Wistar rats were
divided into four groups (n = 8, each): control (C), control treated with sodium tungstate (CT), diabetic (D), and diabetic treated
with sodium tungstate (CT). Sodium tungstate (2 mg/ml) was administered to the STZ-induced diabetic rats for 15 days.
Malondialdehyde (MDA), reduced (GSH) and oxidized (GSSG) glutathione, and blood glucose concentrations were quantified.
In addition, superoxide dismutase (SOD) and catalase (CAT) activities were assessed. Results revealed that diabetes caused an
increase in MDA concentration in both glands, a reduction in the SOD activity in SM, and an increase in catalase activity in PA
glands. Administration of sodium tungstate reduced the blood glucose levels and normalized the SOD activity in the SM and
MDA levels in both glands of the STZ-induced diabetic rats. Catalase activity was increased in PA glands of diabetic and
tungstate-treated animals (p < 0.05). The GSH/GSSG ratio was increased in SM glands of tungstate-treated animals (p < 0.05).
Overall, the reduction of hyperglycemia by sodium tungstate reduced lipid peroxidation and caused alterations in the antioxidant
system in the salivary glands of STZ-induced diabetic rats.
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Introduction

Diabetes mellitus is a group of metabolic diseases charac-
terized by chronic hyperglycemia as result of defects in
insulin secretion, insulin action, or both [1]. Oxidative
stress, a disturbance between pro-oxidants and antioxi-
dants [2, 3], is responsible for several complications in
diabetes [4]. The hyperglycemic state in diabetes increases
oxidative stress by the overproduction of reactive oxygen
species (ROS) [5].

Salivary glands play an important role in the oral cavity
homeostasis through the secretion of saliva, a fluid rich in

water, protein, and electrolytes [6]. There is evidence of the
contribution of ROS molecules to injury in several tissues [7],
including salivary glands [8, 9]. Experimental models of dia-
betes induced by alloxan or streptozotocin have shown the
reduction of glandular weight [10] and salivary flow rate
[11] as well as alterations in the sialic acid content [12, 13],
antioxidant system [8, 9], and carbohydrate metabolism
[14–17]. Besides systemic complications, chronic hypergly-
cemia was associated with oral manifestations such as low
salivary flow rate, xerostomia, taste alterations, sialosis, as
well as influence in dental caries, periodontal disease, oral soft
lesions, and fungal infections [18].

The exposure of organisms to oxidative stress often
leads to an increase in the synthesis of antioxidants and
other defense systems [19]. Thus, different antioxidants
are necessary to protect the organs against these various
events [19]. An antioxidant is “any substance that, when
presented at low concentrations compared with those of an
oxidizable substrate, significantly delays or prevents
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oxidation of the substrate” [3]. Superoxide dismutase
(SOD) and catalase (CAT) are well-known key enzymes
of the antioxidant system [19]. In addition, glutathione
plays an important role as a nonenzymatic antioxidant that
can eliminate free radicals from the body [19, 20].

Although several antidiabetic drugs are commercially
available nowadays, an ideal agent was not found so far
[21]. The development of new therapies able to manage
glycemia and even to cure diabetes is of great interest
[22]. Inorganic compounds are alternatives to reduce hy-
perglycemia for the treatment of diabetes [23]. Oxyanions
derived from vanadium, selenium, molybdenum, and tung-
state present effects on energetic metabolism with the ad-
vantage to be of oral administration [23, 24].

Sodium tungstate is an inorganic compound with anti-
diabetic and antioxidant activities [25]. The previous work
from our group showed that administration of sodium
tungstate reduced the blood glucose concentration after
2 weeks of treatment and increased the specific activity
of salivary amylase in the parotid gland of diabetic rats
[26]. Here, we aimed to examine the effect of the admin-
istration of sodium tungstate on the oxidative stress in the
submand ibu l a r and pa ro t i d sa l i va ry g l ands o f
streptozotocin-induced diabetic rats. The results of this
study were used (1) to test whether significant changes in
the blood glucose levels of experimental and control rats
were induced by sodium tungstate administration and (2) if
the administration of sodium tungstate would have influ-
ence on the lipid peroxidation and some antioxidant pa-
rameters in the submandibular and parotid salivary glands
of the STZ-induced diabetic rats.

Materials and Methods

Animals

Thirty-two adult male Wistar rats with initial body weight of
200 g were used in the present investigation. The protocol of
this study was approved by the Animal Ethics Committee of
the School of Dentistry of the University of São Paulo (# 003/
2014). The care and handling of the animals were conducted
following the principles for animal experimentation
established by the Brazilian Committee for Animal
Experimentation. The animals were kept under constant 12-
h light-dark cycle, at a temperature of 24 °Cwith free access to
food (Nuvilab CR-1, Nuvital Nutrientes S/A, Brazil) and
water.

The animals were divided into four groups (n = 8 per
group): control (C); control treated with 2 mg/mL of sodium
tungstate (CT); diabetic (D); and diabetic treated with 2 mg/
mL of sodium tungstate (DT).

Induction of Diabetes

Diabetes was induced in overnight-fasted rats by a single in-
traperitoneal injection of streptozotocin (60 mg/Kg/BW) dis-
solved in 0.1-M sodium citrate buffer (pH = 4.5). Animals of
the control group received only the vehicle. Seventy-two
hours after the injection of streptozotocin, diabetes was con-
firmed by determination of the blood glucose concentration of
the 8-h fasted rats. Only the animals with the initial glycemia
higher than 250 mg/dL were considered diabetic.

Animal Treatment

Thirty days after induction of diabetes, sodium tungstate
(2 mg/ml) was administered in rats of groups CT and DT for
15 days. The sodium tungstate was dissolved in distilled water
and given in place of drinking water. Non-treated control and
diabetic animals received only water. Water and water with
sodium tungstate were renewed daily.

Sample Collection

After 15 days of treatment, the animals were always sacrificed
in the morning (8:00–9:00 a.m.) to minimize circadian
rhythm. The parotid (PA) and submandibular (SM) glands
were immediately removed, cleaned of adherent tissues,
clamped between aluminum tongs previously cooled in dry
ice, and stored at −80 °C until the moment of the analysis.

Sample Analysis

Blood glucose was determined by the glucose oxidase-
peroxidase method [27]. The salivary gland tissues were ho-
mogenized at 10% (w/v) in 10-mM sodium phosphate buffer,
pH 7.4, centrifuged at 3020 × g for 10 min. The supernatant
was used for the biochemical analysis [26]. Superoxide dis-
mutase (SOD) and catalase activities were determined accord-
ing to Paoletti [28] and Aebi [29], respectively. Lipid perox-
idation was analyzed by measuring the presence of
malondialdehyde (MDA) [30]. For the determination of re-
duced (GSH) and oxidized (GSSG) glutathione levels, a com-
mercial glutathione colorimetric kit (Arbor Assays) was used.
Total protein levels were determined by the Folin-phenol re-
agent method [31].

Normal data distribution was verified through Shapiro-
Wilk normality test, and Levene’s test was used to assess for
homogeneity of variances. Data were analyzed by analysis of
variance (ANOVA) followed by Tukey’s test (α = 0.05). Data
are presented asmean ± standard deviation (SD). All statistical
analyses were performed using GraphPad Prism 7.00
(GraphPad Software, Inc., CA, USA).
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Results

The body weight, glycemia, food consumption, and liquid
ingested by non-treated and treated animals are presented
in Fig. 1. The initial body weight (Fig. 1a) and glycemia
(Fig. 1b) were higher in the diabetic animals compared
with the control group (p < 0.05). Diabetic animals also
presented higher food (Fig. 1c) and liquid consumption
(Fig. 1d) (p < 0.05). Diabetic rats treated with sodium
tungstate presented lower blood glucose concentration
compared with untreated diabetic (Fig. 1b). These values,
however, were still higher than the C group. The admin-
istration of sodium tungstate was able to normalize the
food (Fig. 1c) and liquid intake (Fig. 1d) of the diabetic
group (p < 0.05). The final body weight (Fig. 1a), howev-
er, was much lower for diabetic animals treated with so-
dium tungstate compared with the untreated diabetic and
control rats (p < 0.05).

Figures 2 and 3 show, respectively, the malondialdehyde
concentration, superoxide dismutase and catalase activities,
reduced and oxidized glutathione levels, and reduced/
oxidized glutathione ratio in the submandibular and parotid
salivary glands of control and diabetic rats.

In the submandibular (Fig. 2a) and parotid (Fig. 3a) sali-
vary glands, malondialdehyde concentration was higher in
diabetic animals compared with those of the control group
(p < 0.05). Control rats treated with sodium tungstate present-
ed higher MDA values compared with C group (p < 0.05) in

the SM and PA salivary gland. In both glands, diabetic rats
treated with sodium tungstate presented lower MDA levels
(p < 0.05). In the submandibular gland (Fig. 2a), however,
the levels were still higher than the untreated control rats
(p < 0.05).

The superoxide dismutase activity in submandibular sali-
vary glands of the non-treated diabetic animals was lower than
the C group (p < 0.05). The administration of sodium tung-
state normalized the SOD activity in this gland (Fig. 2b). In
the PA salivary glands (Fig. 3b), however, no difference in
superoxide dismutase activity was observed between C and D
groups (p > 0.05). The DT group showed higher SOD activity
(p < 0.05).

No differences in catalase activities (Fig. 2c) were observed
in the submandibular salivary glands of all groups (p > 0.05),
while in the parotid gland (Fig. 3c), it was higher for diabetic
and tungstate-treated animals (p < 0.05).

Lower concentrations of reduced glutathione were ob-
served in the submandibular salivary glands (Fig. 2d) of
the diabetic animals compared with C group (p < 0.05).
The administration of sodium tungstate led to a higher
concentration of GSH in the submandibular salivary
glands of diabetic animals (p < 0.05) without normalizing
it (Fig. 2d). In the parotid salivary glands, GSH concen-
tration was lower (Fig. 3d) in the D group compared with
control (p < 0.05). CT group presented lower levels of
GSH (p < 0.05), while no difference was observed in the
DT group (p > 0.05) (Fig. 3d).

Fig. 1 Body weight (a), glycemia (b), food consumption (c), and liquid
ingested (d) by control-, diabetic-, and tungstate-treated animals. Each
value represents the mean ± SD. Differences between initial and final
evaluations of body weight and glycemia were compared using the
two-way ANOVA with Tukey’s test. Differences between food

consumption and liquid ingested were compared using the one-way
ANOVA with Tukey’s test. Differences statistically significant between
groups are represented by different letters (p < 0.05). C, control; C + T,
control treated with sodium tungstate; D, diabetic; D + T, diabetic treated
with sodium tungstate
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Oxidized glutathione was lower in the SM salivary glands
(Fig. 2e) of diabetic animals compared with control (p < 0.05).
Rats from the CT group showed lower levels of GSSG
(p < 0.05) while it was not observed in the diabetic-treated
group (Fig. 2e). In the parotid gland, GSSG was lower in
diabetic animals (Fig. 3e). Lower and higher concentrations
of GSSG were observed in groups CT and DT, respectively
(Fig. 3e).

In the submandibular salivary glands, no difference in
GSH/GSSG ratio was observed between control and diabetic
animals. This ratio, however, was higher in groups CT and DT
(p < 0.05) (Fig. 2f). The GSH/GSSG ratio was higher in the
parotid salivary glands of diabetic animals compared with
control (p < 0.05). CT and DT groups showed higher and low-
er GSH/GSSG ratio, respectively (Fig. 3f).

Discussion

In the previous work of our group [8, 9], we evaluated the
antioxidant system and the presence of oxidative stress in the
submandibular and parotid salivary glands. The STZ-induced
diabetic rats showed alterations and disturbances in the enzy-
matic antioxidant system and oxidative stress mainly in the
submandibular salivary glands [8, 9]. The present study dem-
onstrated that reduction in hyperglycemia by the administra-
tion of sodium tungstate (2 mg/ml) decreased lipid peroxida-
tion and alterations in the antioxidant system in the salivary
glands of the STZ-induced diabetic rats.

The STZ-induced diabetic rats showed increase in plasma
glucose concentration and liquid and food intakes and de-
crease in body weight, which is in agreement with the

Fig. 3 Malondialdehyde concentration (a), superoxide dismutase (b) and
catalase (c) activities, reduced (d) and oxidized (e) glutathione levels, and
reduced/oxidized glutathione ratio (f) in the parotid glands of control-,
diabetic-, and tungstate-treated animals. Each value represents the mean
± SD. Differences between groups were compared using the one-way

ANOVA with Tukey’s test. Differences statistically significant between
groups are represented by different letters (p < 0.05). C, control; C + T,
control treated with sodium tungstate; D, diabetic; D + T, diabetic treated
with sodium tungstate

Fig. 2 Malondialdehyde concentration (a), superoxide dismutase (b) and
catalase (c) activities, reduced (d) and oxidized (e) glutathione levels, and
reduced/oxidized glutathione ratio (f) in the submandibular glands of
control-, diabetic-, and tungstate-treated animals. Each value represents
the mean ± SD. Differences between groups were compared using the

one-way ANOVA with Tukey’s test. Differences statistically significant
between groups are represented by different letters (p < 0.05). C, control;
C + T, control treated with sodium tungstate; D, diabetic; D + T, diabetic
treated with sodium tungstate
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literature [32, 33]. As observed in other studies, the adminis-
tration of sodium tungstate to diabetic rats normalized the food
consumption and liquid ingestion [24, 26]. The administration
of sodium tungstate to diabetic rats normalizes the blood glu-
cose levels in some studies [34, 35]. Controversially, in this
study, we show that although sodium tungstate administration
reduced the glycemia of the treated diabetic rats, it was not
able to bring the glycemic values to the control levels. This
corroborates previous works [24, 26]. Interestingly, the body
weight of diabetic rats after 15 days of tungstate administra-
tion was lower than untreated diabetic and control groups.

Sodium tungstate improves the glycemic state by a direct
effect on pancreatic beta-cells and insulinotropic activity and
alleviating the activation of the general control of nutrient
pathway [22, 36]. In addition, the literature shows sodium
tungstate as a suitable and promising agent in the treatment
of obesity [37, 38]. Although the mechanism has not been
fully described, sodium tungstate was shown to reduce body
weight gain and food intake in overweight rats due to its effect
on the central nervous system [37, 39] and activation of ki-
nases involved in the leptin signaling pathway [38]. Thus,
energy expenditure is increased, and changes in the expression
of key genes involved in adipose tissue thermogenesis occur
[37].

The chronic hyperglycemia in the diabetic state is directly
associated with the production of reactive oxygen species gen-
erated in the direct autoxidation process of glucose or im-
paired antioxidant defenses [40, 41]. In addition, the forma-
tion of advanced glycation end products as a result of the
production of ROS due to hyperglycemia in diabetes may
inactivate the enzymes involved in the antioxidant system of
the body [42]. Lipid peroxidation is one of the consequences
of increased ROS, which results in binding of ROS to unsat-
urated fatty acids, thereby modifying their structure and gen-
erating malondialdehyde, which is an important marker of
oxidative damage [19].

In this study, the higher concentrations of malondialdehyde
in the submandibular and parotid salivary glands of diabetic
animals suggest that both glands are affected, as previously
reported [8, 9]. The administration of sodium tungstate
exerted a pro-oxidant effect in both SM and PA salivary
glands of control rats. Oxidative stress is seen as the major
cause of the toxic manifestations of sodium tungstate [43].
Further studies, however, are necessary to uncover the exact
mechanism of side effects of tungstate in healthy animals [25].
The normalized and lower MDA levels observed in, respec-
tively, SM and PA salivary glands of the diabetic-treated rats
might be due to the improvement of the glycemic state and
minor contribution to overall ROS generation [32, 40].

The superoxide dismutase enzyme, found in the nucleus
and cytoplasm of the cell, converts by a dismutase reaction,
the superoxide anion to hydrogen peroxide [44]. There are
conflicting results with regard to SOD status in diabetes. In

several tissues, the SOD activity in the diabetic state was
shown to be decreased or elevated [45–47]. In this study, the
superoxide dismutase activity in the SM glands of the diabetic
animals was reduced, while no difference was found in the
parotid gland. It is known that SM and PA salivary glands
react differently in diabetes [8, 9, 48]. In previous studies
[8], we reported no difference in the SOD activity in the SM
glands in 28 [8] and 30 days [9] after the induction by
streptozotocin. In the parotid glands, however, the SOD activ-
ity showed to be unaffected [9] or increased [8] comparedwith
nondiabetic animals.

The increased levels or prolonged exposure to ROS causes
pathologic changes and modification of DNA, RNA, carbo-
hydrates, proteins, and lipids [49–52]. The expected increased
levels of SOD activity in the diabetic state would be a result of
a protective and adaptive mechanism against the oxidative
stress [8, 44, 53] as after a mild increment in ROS generation,
cells would be able to increase the antioxidant response and
overcome oxidative stress [54]. However, in the presence of
oxidative damage, cells may no longer be able to protect them-
selves and even antioxidant enzymes could be degraded [53,
55, 56]. In this study, the MDA levels in the submandibular
glands of the diabetic group were higher than the control
group suggesting an oxidative damage in this gland. The de-
creased level of the SOD activity could also be a result of the
persistence of the diabetic state in which the free radicals
accumulate. After the enzymes scavenge excessive free radi-
cals, the oxidative stress condition will temporary disappear
and the cell will cease the production of defense enzymes and
drop its activity. This would be investigated by analyzing the
expression of the Nrf2 antioxidant transcription factor that
activates the production of protective enzymes [57–59]. In a
recent study of our group [48], SOD activity was reduced in
the major salivary glands. In the study, however, the animals
were evaluated 30 days after diabetes induction. In addition,
the measurement of ROS such as hydrogen peroxide and su-
peroxide anion levels should also be considered in further
analysis.

In the submandibular and parotid glands, no difference in
SOD activity between control and control-treated animals was
observed. The administration of sodium tungstate in the STZ-
induced diabetic animals increased SOD activity in both sal-
ivary glands. This increase was higher in the parotid gland. In
the submandibular gland, however, the tungstate-treated dia-
betic rats presented normalized values of superoxide dismut-
ase activity compared with control and control-treated ani-
mals. Similar results were found in brain tissue in which the
superoxide dismutase activity was restored with the adminis-
tration of sodium tungstate [32].

Catalase is a heme-protein enzyme present in peroxisomes
that catalyzes the conversion of hydrogen peroxide to water
and oxygen [19]. The activity of this enzyme in diabetic-
induced animals is altered in several tissues [60, 61]. In this
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study, no difference in catalase activity was found in the sub-
mandibular salivary glands of the streptozotocin-induced dia-
betic rats compared with the control group. In the parotid
gland, however, this enzyme activity was higher, corroborat-
ing previous studies from our group [8, 9]. As also reported in
the brain tissue [32], the administration of sodium tungstate to
diabetic animals had no effect on both salivary glands, while
only in the parotid glands of control-treated animals, catalase
activity was increased.

Diabetes causes alterations in carbohydrate metabolism in
both submandibular and parotid salivary glands [9, 14–17].
Despite increase in activity of phosphofructokinase-1 and gly-
cogen synthase as well glycogen and NADP content, a reduc-
tion in the hexokinase activity and total ATP and cAMP were
reported in the SM salivary gland [9, 14–16]. In addition, in
the PA gland, total ATP, NAD, and NADP content and co-
factors, used mainly in the glycolytic and pentose phosphate
pathways, were increased in diabetes [9, 14–16]. A reduction
of ATP content may lead to a reduction in the activity of
several enzymes. The increase in SOD activity in the SM
and PA salivary glands of diabetic-treated rats and the higher
catalase activity in parotid glands of the control-treated ani-
mals observed in this study may be due to the increase on the
glycolytic flux [35] and direct enzyme activation or induction
of gene expression by sodium tungstate [32]. Moreover, the
hyperglycemic state and the tungstate treatment, in which the
rats were exposed, might have altered the expression and con-
centration of several enzymes and cofactors involved in car-
bohydrate metabolism and the antioxidant system. Thus, a
broad experimental approach including different biochemical
and biomolecular parameters would be necessary to better
address the whole picture of the alterations found in the sub-
mandibular and parotid salivary glands in diabetes as well as
the effect of sodium tungstate in a dose- and time-dependent
manner.

Glutathione is a tripeptide present in all animal cells and
plays an important role as a nonenzymatic antioxidant that can
eliminate free radicals from the body [19]. Glutathione partic-
ipates in the reactions catalyzed by glutathione peroxidase
(GPx) and reductase (GR) [19, 53]. It is found in either re-
duced or oxidized state. The maintenance of optimal GSH/
GSSG ratio in the cell is essential for survival [62]. Low levels
of GSH are reported in diabetes [63]. In a previous study [9],
GSH and GSSG were increased in the SM gland of diabetic
animals. In the PA gland, however, GSH and GSH/GSSG
ratio was reduced while no difference in GSSG was observed.
The differences found between the studies may be due to the
different evaluation periods for the determination of GSH and
GSSG concentrations.

In this study, the decrease in GSH and GSSG concen-
trations and GSH/GSSG ratio in the diabetic animals
would indicate an impaired glutathione defense [63].
Diabetic patients present glutathione deficiency [64, 65],

and the lower glutathione levels may be explained due to
the reduced synthesis and increased utilization by non-
glycemic mechanisms [64, 65]. In addition, nutritional
factors might be considered given that dietary intake of
ascorbic acid and α-tocopherol was shown to play a role
in oxidative stress in diabetes [48, 66, 67]. In a previous
work, we observed a reduction in the serum levels of
ascorbic acid (vitamin C) and α-tocopherol (vitamin E)
in the diabetic rats, which suggested their importance in
the antioxidant system in diabetes [48]. The metabolism
of glutathione and the vitamins C and E was reported to
be closely related [68, 69]. The higher GSSG levels
would indicate lower and higher GPx and GR activities,
respectively [19, 53]. This was observed in a previous
study [48]. Furthermore, the lower GSSG levels might
be a response to oxidative stress and insufficiency to
counter the oxidative damage induced by diabetic state
in the salivary gland. To confirm this hypothesis, analysis
of GPx and GR activities is required.

The increase in GSH/GSSG ratio in control- and diabetic-
treated animals would indicate a decrease in oxidative stress
[62, 63]. Sodium tungstate presents insulin-like actions [34],
and insulin was shown to elevate the GSH/GSSG ratio and
decrease intracellular oxidative stress in diabetic patients
[70]. Interestingly, in the parotid glands of diabetic-treated
animals, a low GSH/GSSG ratio was observed. The subman-
dibular and parotid salivary glands present different antiox-
idant responses [8, 9, 17] and metabolic profiles [17, 71], and
under diabetic state, the glycolytic flux in submandibular is
more resilient than in the parotid gland [17]. The effective-
ness of catalase, superoxide dismutase, glutathione reduc-
tase, and peroxidase depends on the availability of NADPH
[72]. Moreover, ATP production via oxidative phosphoryla-
tion cannot proceed effectively in the absence of NADPH
[73]. Among other mechanisms, the NADPH is generated
through the pentose phosphate pathway [74]. The rate-
limiting enzyme of the pentose phosphate pathway is
glucose-6-phosphate dehydrogenase (G6PDH). In a previ-
ous study, we observed a markedly increase in G6PDH ac-
tivity in the parotid gland of tungstate-treated diabetic ani-
mals [75]. In addition, the parotid gland of diabetic rats pre-
sented increased amylase and peroxidase activities and sialic
acid content, which was hypothesized as a result of an initial
behavior of defense [26]. The lower levels of GSH and GSH/
GSSG ratio of the diabetic rats indicate that the glutathione
defense system of the parotid gland was compromised [76].
This might be also due to the initial response of this gland
against oxidative stress and return to its normal function as
MDA levels normalized after 15 days of tungstate adminis-
tration. Moreover, a previous work [26] showed a recovery
capacity of this gland after 6 weeks of treatment with sodium
tungstate. A further study with a long experimental period
would be necessary to confirm or refute this hypothesis.
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Conclusion

The reduction in hyperglycemia by the administration of so-
dium tungstate decreased lipid peroxidation and alterations in
the antioxidant system in the salivary glands of streptozotocin-
induced diabetic rats.
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