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Abstract

Objective: The in vivo nephroprotective effect of quercetin against sodium fluoride (NaF)-induced damage was studied.
Methods: Renal injury was induced by daily administration of NaF (600 ppm) through drinking water for 1 week. The levels
of reduced glutathione (GSH), lipid peroxidation as well as superoxide dismutase and catalase activity of kidney homo-
genates were determined. The serum markers of glomerular damage, including creatinine, serum urea, and blood urea
nitrogen levels, were also assessed. Results: The study revealed that administration of fluoride resulted in a significant
downregulation of antioxidant defenses coupled with an increased serum level of glomerular damage markers. The
administration of quercetin prior to fluoride reversed the antioxidant-oxidant balance to control (fluoride-untreated) level.
The level of protection obtained for the 20 mg/kg quercetin treatment was equivalent to the positive control, ascorbic acid
(10 mg/kg). The therapeutic implication of antioxidants in fluoride-induced nephrotoxicity is discussed. Conclusions: This
study showed that NaF intoxication caused renal damage by increasing oxidative stress, and quercetin and vitamin C
administration gave protection against fluoride-induced oxidative stress to some degree.
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INTRODUCTION

The natural source of fluoride for humans is from drink-
ing water and food. However, recent studies estimated
that about 20% of pharmaceuticals and 30-40% of agro-
chemicals are organofluorines.! Fluoride-containing
compounds are also commonly used in household pro-
ducts and office (e.g., dental products, refrigerants, and
fire extinguishers).” Prolonged intake of fluoride or
excessive consumption results in fluorosis, leading to a
progressive degenerative disease, often characterized by
dental mottling and skeletal dysfunctions including crip-
pling deformities, osteoporosis, and osteosclerosis.’
Several studies revealed that fluoride intoxication in the
hippocampus of the rat brain can lead to the degenera-
tion of neuronal systems and an alteration of the oxidant—
antioxidant balance in other organs and tissues.’ The
kidney has a prominent role in fluoride metabolism as
50-80% of fluoride is removed via urinal excretion.* Not

surprisingly, the kidney is one of the major organs
affected by fluoride intoxication, and numerous studies
have established a close correlation between fluoride
intake and renal injury. Hence, rats chronically intoxi-
cated with sodium fluoride (NaF) have been shown to
display histological renal changes, interstitial edema,
tubular destruction, and glomerular and medullary
hyperemia. Hand in hand with the typical kidney pathol-
ogy, fluoride-intoxicated rats showed an increased rate of
reactive oxygen species (ROS) generation and lipid per-
oxidation.” Since antioxidants offer therapeutic values in
reversing and/or preventing fluoride-mediated cell
damage, several laboratories worldwide, including ours,
are currently engaged in the search of potential remedies
from synthetic and natural sources.

Polyphenolic compounds are the largest groups of
secondary metabolites occurring throughout the plant
kingdom. So far, over 8000 polyphenols, of which the
largest group were the flavonoids, are known to be
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characterized.® Structurally, flavonoids are made of two
aromatic rings (ring A and ring B) linked through a three-
carbon chain that usually forms an oxygenated hetero-
cyclic ring (ring C). Variation in minor structural fea-
tures (mainly in ring C) divided flavonoids into several
families: flavonols, flavones, flavonols, isoflavones,
anthocyanidin, and others. Many flavonoids have been
shown to display antioxidant effects mainly through free
radical scavenging and metal chelation.” Quercetin
(3,5,7,3' ,4'-pentahydroxyflavone), one of by far the
most known antioxidant flavonols, is known to occur in
fruits and vegetables.® In addition to radical scavenging
and metal chelating effects, quercetin processes lipid
peroxidation inhibitory effect.’ Some of the biological
properties reported for quercetin include scavenging of
superoxide anion in ischemia-reperfusion injury, protec-
tion against oxidative stress induced by ultraviolet light,
for uses in spontaneous and experimentally induced
hypertension, inhibition of secondary biliary cirrhosis,
vasodilator effect, inhibition of low-density lipoprotein
(LDL) oxidation, prevention of platelet aggregation and
antiangiogenic effect, inhibition of carcinogenesis, inhi-
bition of enzymes including tyrosine kinase and nitric
oxide synthase, antiallergic and antiulcer effects, and
anti-inflammatory property through NF-xB inhibi-
tion.®° The nephroprotective effect of quercetin on
cisplatin-induced nephrotoxicity has been reported in
recent years. Accordingly, Behling et al.’ revealed that
the beneficial effect of quercetin was associated with its
vasodilator properties, leading to an increase in renal
blood flow. Similar studies by Sanchez-Gonzalez
et al.’? revealed that the beneficial effect of quercetin in
cisplatin-induced nephrotoxicity is associated with inhi-
bition of NF-xB-p65 activation, leading to a reduction of
the inflammatory process. Various other studies have
also demonstrated the beneficial effect of quercetin in
reducing cisplatin-induced acute tubular necrosis and
nephrotoxicity without compromising its antitumor
effects.'®!! To date, the in vivo effect of quercetin on
fluoride nephrotoxicity and redox parameters has not yet
been established, and this study was primarily designed
to address this key pharmacological parameters. It is also
well known that vitamin C has a nephroprotective role in
NaF-induced nephrotoxicity and oxidative stress.!
Therefore, vitamin C was used as a standard nephropro-
tective agent in this study.

MATERIALS AND METHODS

Animals

Male Wistar rats (Rattus norvegicus albinus) of 200-250 g
body weight were used. The animals were housed in
well-ventilated rooms, maintained at a temperature of
24 + 2°C with a 12-h light/dark cycle, and 60 £ 5%
humidity. Animals were fed with standard diet (supplied
by Pasture Institute, Tehran, Iran) and water was

provided ad libitum. Experiments were performed dur-
ing the day between 10:00 am and 2:00 pm. All experi-
ments were performed according to the international
norms of the ethical committee (DM42/2004-A).

Chemicals

Bovine serum albumin (BSA) and protein estimation kits
were purchased from ZiestChem Company (Tehran,
Iran). Kits for the estimation of urea, blood urea nitrogen
(BUN), and creatinine were purchased from Sigma
Company (St. Louis, MO, USA). Quercetin, 5,5-dithio-
bis(2-nitrobenzoic acid) [DTNB (Ellman’s reagent)],
glacial acetic acid, heparin, nitroblue tetrazolium chlor-
ide (NBT), potassium dihydrogen phosphate
(KH,PO,), reduced glutathione (GSH), sodium dihy-
drogen phosphate (NaH,PO,), NaF, trichloroacetic acid
(T'CA), thiobarbituric acid (TBA), and hydrogen perox-
ide were purchased from Sigma-Aldrich. All other che-
mical reagents and solvents were of analytical grade.

Animal Treatments

Animals were randomly divided into 5 groups of 10
animals each. Group I was kept as control group treated
with 5% dimethyl sulfoxide for 7 consecutive days.
Group II was treated with 5% dimethyl sulfoxide for
7 consecutive days followed by NaF (600 ppm) intoxica-
tion for the next 7 days. Groups III and IV were treated
with quercetin (10 and 20 mg/kg) intraperitoneally for
7 days followed by NaF (600 ppm) in drinking water for
the next 7 days. Group V was treated with the positive
control, vitamin C (10 mg/kg body weight), intraperito-
neally for 7 days followed by NaF (600 ppm) treatment
for the same period.

Anesthesia and Tissue Collection

At the end of the treatment period, animals were anesthe-
tized with ketamine (60 mg/kg) and xylazine (5 mg/kg)
given intraperitoneally. Blood samples were collected
from cardiac puncture and the kidneys were removed.
Serums from the blood were separated by centrifugation
at 12,000 x g for 10 min. All tissue samples were kept at
—60°C until used for the biochemical studies.

Preparation of Tissue Homogenates

The whole kidney was homogenized (1:10 w/v) in
phosphate-buffered saline (100 mM) containing ethyle-
nediaminetetraacetic acid (1 mM, pH 7.4) and centri-
fuged (12,000 x g, 30 min, 4°C). The resulting
supernatant was separated and used for the biochemical
studies.

Determination of Protein Content

The protein content of rat kidney homogenates was
determined by the method of Bradford using BSA as a
standard.'?
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Biochemical Characterization

Estimation of lipid peroxidation

Lipid peroxidation as a measure of thiobarbituric acid
reactive substances (TBARS) formation was determined
by the method of Esterbauer and Cheeseman.’? Kidney
tissue homogenates containing 1 mg protein was mixed
with TCA (1 mL, 20%) and TBA (2 mL, 0.67%). The
resulting reaction mixtures were incubated for 1 h at
100°C. After cooling, the precipitate was removed by
centrifugation and the absorbance of the supernatant
was measured at 535 nm using a blank containing all
the reagents except the tissue homogenates.

Determination of superoxide dismutase activity
The reaction mixtures contained sodium carbonate
(1 mL, 50 mM), NBT (0.4 mL, 25 um), and freshly pre-
pared hydroxylamine hydrochloride (0.2 mL, 0.1 mM).
After mixing the reaction mixtures by inversion, the super-
natants of kidney homogenates were added (containing
5 ug proteins). The change in absorbance of the reaction
mixture was recorded at 560 nm.'*

Determination of catalase activity

The catalase activity was measured by the method of
Nabavi et al.’ Proteins contained in kidney tissue homo-
genates (5 pg) were mixed with hydrogen peroxide
(2.1 mL, 7.5 mM), and a time scan was performed for
10 min at 240 nm at 25°C. The disappearance of per-
oxide, which reflects the level of catalase activity, was
measured. One unit of catalase activity is defined as the
amount of enzyme that reduces 1 pmol of hydrogen
peroxide per minute.

Determination of reduced GSH activity

Reduced GSH level was determined according to the
method of Ellman.!® Briefly, TCA (5%) was added to
diluted kidney tissue homogenates (containing 36 ug
protein) to precipitate the proteins. After centrifugation
(12,000 x g, 5 min), the supernatant was taken and 5,5'-
dithiobis(2-nitrobenzoic acid) solution (Ellman’s
reagent) was added. The absorbance of the reaction
mixture was measured at 417 nm. Various concentra-
tions of reduced GSH were also used to construct a
calibration curve from which the levels of reduced GSH
in homogenate samples were calculated.

Serum biochemical parameters

BUN, creatinine, and serum urea concentration were
assessed as markers of nephrotoxicity. All of these para-
meters were determined spectrophotometrically from
serum samples by using commercially available kits and
following the manufacturers’ procedures.

Statistical Analysis

All data are presented as means + SD. Differences
between group means were analyzed using one-way ana-
lysis of variance followed by Duncan’s multiple range

© 2012 Informa Healthcare USA, Inc.
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tests. Results were considered statistically significant
when p-value was <0.05.

RESULTS

The level of lipid peroxidation in the kidney of all treat-
ment groups is shown in Figure 1. A significant increase
in lipid peroxidation of kidney tissues was observed when
rats were intoxicated with NaF (46% vs. control, p <
0.001). Pretreatment of rats with quercetin for 7 days
resulted in a dose-dependent reversal of the NaF-
induced enhanced lipid peroxidation in the kidney. As
shown in Figure 1, the positive control, vitamin C, admi-
nistered at a dose of 10 mg/kg could also suppress the
NaF-induced lipid peroxidation in the kidney. The effect
of vitamin C was comparable with that of quercetin
administered at a dose of 20 mg/kg (p > 0.05). The effect
of quercetin on superoxide dismutase (SOD) activity of
the kidney tissues is shown in Figure 2. Treatment of rats
with NaF resulted in a 45.9% suppression of SOD activ-
ity (Figure 2). Quercetin treatment resulted in a dose-
dependent reversal of the NaF-mediated amelioration of
SOD activity. At the dose of 20 mg/kg, quercetin (p <
0.05) treatment as well as vitamin C (p < 0.05) could
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Figure 1. Effect of quercetin and vitamin C on TBARS level in
sodium fluoride (NaF) intoxicated rat. Data are mean + SD values
(n = 10). Notes: *p < 0.001 versus control; **p > 0.05 versus
control; ***p < 0.05 versus NaF; #p < 0.001 versus NaF.
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Figure 2. Effect of sodium fluoride (NaF) intoxication on super-
oxide dismutase (SOD) activity in the rat kidney. Data are mean +
SD values (n = 10). Notes: *p < 0.001 versus control; **p < 0.05
versus control; ***p < 0.01 versus NaF; #p < 0.001 versus NaF.
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offer significant protection from NaF-mediated loss of
SOD activity. As shown in Figure 3, treatment of rats
with NaF resulted in a significant loss (41.5%, p < 0.001)
of catalase activity. Although the NaF-mediated loss of
catalase activity was not totally recovered by quercetin at
the tested doses, a significant dose-dependent protection
was observed (Figure 3). The activity profile of the posi-
tive control, vitamin C (p < 0.05), also mirrors that of
quercetin administered at 20 mg/kg (p < 0.05). Figure 4
shows the reduced GSH levels in kidney tissue homo-
genates of different treatment groups. Exposure of rats to
NaF caused a significant reduction (47.2%, p < 0.001) in
reduced GSH level in the homogenates of rat’s kidney.
As with the SOD and catalase activity studies, treatment
with quercetin at 20 mg/kg and vitamin C resulted in a
significant improvement of renal glutathione level fol-
lowing NaF exposure (p < 0.01). The serum biochemical
parameters recorded for all the treatment groups are
summarized in Table 1. The inclusion of NaF (600
ppm) in drinking water for 7 consecutive days resulted
in a significant increase in serum creatinine (72.3%, p <
0.01), serum urea (39%, p < 0.001), and BUN (39%, p <
0.001) compared with normal (vehicle-treated) group.
Pretreatment of rats with quercetin resulted in a dose-
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Figure 3. Effect treatment on catalase levels in sodium fluoride
(NaF) intoxicated rat. Data are mean + SD values (n = 10).
Notes: “p < 0.001 versus control; **p < 0.05 versus control; ***p <
0.05 versus NaF; #p < 0.001 versus NaF.
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Figure 4. Toxic effect of sodium fluoride (NaF) on levels of
reduced glutathione (GSH) in the kidney homogenate of rat.
Data are mean & SD values (z = 10). Notes: “p < 0.001 versus
control; **p < 0.05 versus control; ***p < 0.01 versus control; #p <
0.01 versus NaF; ##p < 0.001 versus NaF.

dependent improvement of all the biochemical para-
meters studied. As shown in Table 1, the activity profile
of quercetin at 20 mg/kg was comparable with vitamin C
at a dose of 10 mg/kg.

DISCUSSION

Several studies have demonstrated that the toxicity of
fluoride intoxication is associated with excessive genera-
tion of ROS, a reduction in antioxidant defenses includ-
ing reduced catalase, and SOD activity coupled with a
diminished level of reduced GSH.'® It has also been
reported that fluoride intoxication results in excessive
generation of reactive nitrogenous species such as nitric
oxide (NO).'® All these altered oxidant—antioxidant bal-
ance will inevitably lead to lipid peroxidation and
damage to macromolecular molecules such as cell mem-
brane, DNA, and proteins.!® At the molecular level,
fluoride ions have also been shown to directly inhibit
glycolysis by inhibiting the enzyme enolase. In renal
cells, glycolysis inhibition is often compensated by
using alternative energy-producing pathways that lead
to cellular dysfunctions.'” Some studies further suggest
that NO is implicated to the fluoride-mediated renal
dysfunction,'” and therapeutic intervention by iNOS
inhibitors has been proposed.'® On the basis of these
findings, this study was designed to instigate the extent
of fluoride-mediated alteration of oxidant—antioxidant
balance in the kidney and whether a beneficial # vivo
effect is demonstrated to one of the most popular anti-
oxidant polyphenol, quercetin.

In order to investigate the vast arrays of changes to
oxidant—antioxidant status of the kidney following fluor-
ide administration, our experimental protocol was
designed to include measurements of TBARS, the activity
of the antioxidant enzymes (SOD and catalase), and the
level of the cellular GSH and serum biochemical markers
including BUN, urea, and creatinine. In agreement with
previous studies, our study clearly demonstrated that
fluoride causes significant rat kidney damage when admi-
nistered for 7 days via drinking water (600 ppm). As
assessed by the measurement of SOD and catalase activ-
ities as well as GSH and the lipid peroxidation levels,
antioxidant defenses significantly diminished following
fluoride intoxication. Quercetin treatment at doses of 10
and 20 mg/kg body weight prior to fluoride intoxication
restored the level/activity of antioxidant defenses in rat
kidney in a dose-dependent manner. When an antioxi-
dant positive control, vitamin C at a dose of 10 mg/kg, was
used before fluoride intoxication, similar restoration of
antioxidant defenses was achieved. Our result for the
first time therefore provides direct evidence on the poten-
tial of antioxidant compounds in specifically reversing
prooxidative kidney damage induced by fluoride. In addi-
tion to the direct effect of fluoride on oxidant—antioxidant
balance in the kidney, the serum levels of BUN, creati-
nine, and urea were measured following fluoride
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Table 1. Effect of quercetin on serum creatinine, serum urea, and blood urea nitrogen (BUN) levels in sodium fluoride-induced nephro-

toxicity in rats.

Serum creatinine (umol/L)

Serum urea (mg/dL) BUN (mg/dL)

NaF control 49.28 4 4.81%
Normal 28.6 + 8.42
Quercetin treated (10 mg/kg, ip) 41.48 + 6.65%

Quercetin treated (20 mg/kg, ip) 37.4 + 8.42***

Vitamin C (10 mg/kg, ip)

40.48 + 4.819™"

47.25 £+ 2.63™ 22.07 £+ 1.22**

34 +2 15.88 + 0.93
43.75 + 3.40™* 20.44 + 1.59™*
39.75 + 3.68" 18.57 + 1.71%

425+ 1.73* 19.85 + 0.8*

Notes: Values are mean + SE (z = 10). Data for normal animals are considered as baseline data; there was no significant baseline difference

between the groups.
*p < 0.01 versus normal group.

**p < 0.001 versus normal group.

***p > 0.05 versus normal group.

#p < 0.05 versus normal group.

administration. As with previous reports,'® our results
also revealed augmented serum level of markers, suggest-
ing glomerular damage by fluoride intoxication. The
administration of quercetin and vitamin C once again
reversed the serum markers of glomerular damage, further
substantiating the beneficial effect of antioxidant
compounds.

In addition to NO,'® ROS, including hydroxyl radi-
cals, have been implicated in the initiation and/or pro-
gression of nephrotoxicity.?° On the other hand,
transition metals such as iron ion generate hydroxyl radi-
cals and other ROS through the Fenton reaction.'® As an
efficient reactive oxygen scavenger including NO and
iron chelator, it appears that quercetin improves the
oxidant—antioxidant imbalance created by fluoride intox-
ication.?! As a multifunctional molecule, however, other
mechanisms of action are also likely to be associated with
quercetins nephroprotective effect.

CONCLUSION

This study provided direct evidence for the altered anti-
oxidant—oxidant balance in the kidney following fluoride
intoxication. This study also demonstrated the direct
beneficial effect of quercetin in preventing renal damage
induced by fluoride. On the basis of the data provided in
this study, further studies on clinical trial and toxicologi-
cal parameters of quercetin and related natural products
are well merited.
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