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Abstract Selective low (15 mg sodium fluoride (NaF)/L)
and relatively high (150 mg NaF/L) doses of in vivo fluoride
(F) treatment to Swiss albino mice through drinking water
elicited organ-specific toxicological response. All the F-
exposed groups showed severe alterations in both liver and
kidney architectures, but there was no significant change in
the rate of water consumption and body weight. Vacuolar
degeneration, micronecrotic foci in the hepatocytes, and
hepatocellular hypertrophy were evident in the mice
exposed to low dose (15 mg NaF/L for 30 days) while
sinusoidal dilation with enlarged central vein surrounded by
deep-blue erythrocytes were preponderant when treated with
the same dose for a period of 90 days. Blood filled spaces,
disintegration of tubular epithelium, and atrophy of glome-
ruli were also recorded in the kidney of the same treatment
group. Change in reduced glutathione level (GSH), glu-
tathione-s-transferase (GST) activity, malondialdehyde
(MDA) production in both liver and kidney, disturbances in
liver function, induction of heat shock protein 70 (Hsp 70)
expression in kidney and its down regulation in liver were
positively correlated with histopathological lesion.
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Introduction

Fluoride (F) is ubiquitously present in the environment and
is one of the most abundant elements in earth crust and an
important environmental toxicant originating from natural
and industrial sources (Whitford 1983). The main source of
F contamination is through drinking water. Other sources
include food, dental products, F dust and fumes from
industries using F-containing salt and or hydrofluoric acid
(Shulman and Wells 1997). Fluoride crosses cell mem-
branes by simple diffusion, enters soft tissues and causes
impairment of soft tissues (Carlson et al. 1960; Jacyszyn
and Marut 1986). Fluorosis, an irreversible disease is a
major public health hazard in India and several other
countries, affects all the age group due to chronic ingestion
of F (Susheela and Bhatnagar 2002). In addition to skeletal
manifestations, F ingestion over a long period of time
affects the soft tissues like muscle, liver, kidney, gastro-
intestinal tract and several other reproductive and endo-
crine organs (Chinoy et al. 1991; Susheela et al. 1988;
DeCamargo and Merzel 1980; Darmani et al. 2001;
Kour et al. 1981; Kour and Singh 1980; Liu et al. 1999;
Machalinska et al. 2002; Shashi and Thapar 2000; Shashi
et al. 2002; Zhan et al. 2006; Zhang et al. 2006). F remains
in drinking water in ionic form and passes through the
intestinal mucosa passively and interferes with major
metabolic pathways.

We have earlier reported that F is more genotoxic at
lower dose (15 mg NaF/L) than the higher dose (150 mg
NaF/L) when treated through drinking water for 30 days in
mice (Podder et al. 2008a, b). In dilute aqueous solution,
100% of NaF dissociate to sodium (Na) and F ions
(Machalinski et al. 2003), thus 15 mg/L NaF yields 6.8 mg
F/L. This concentration range of F is reported in some
potable water in India and other countries (Kotoky et al.
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2008). In Guadiana Valley of Mexico, spontaneous hip
fractures and eventually greater proportion of decrease in
bone tensile strength was found in the 6 ppm F-exposed
human population rather than at lower or higher concen-
tration (Alarcon-Herrera et al. 2001).

There are several reports on hepatic and kidney toxicity
of F, but most of the studies were conducted using much
higher doses of F (DeCamargo and Merzel 1980; Darmani
et al. 2001; Machalinska et al. 2002; Shashi and Thapar
2000; Shashi et al. 2002). There has been no investigation
into tissue-specific toxic responses in mammals exposed to
low and high dose of F for different time periods. In the
present study, we attempted to look into the histopatholo-
gical changes in liver and kidney as well as tried to
understand the underlying mechanism of action. Parame-
ters studied were rate of water consumption, body weight
gain, organo-somatic index (OSI), liver function tests and
oxidative status (GSH level, GST activity and MDA pro-
duction) and concurrent response of heat shock protein 70
(Hsp 70) induced by F in Swiss albino mice. In view of the
prolonged exposure of F to human population, our study
will illustrate the overall toxic potential of F in those
endemic areas where the population is exposed naturally to
F through drinking water or any other natural entry routes.

Materials and methods
Chemicals

The primary antibody and anti-heat shock protein 70
(raised in mouse) were procured from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA). Ammonium per-
sulfate, 5-5'-dithiobis (2-nitro benzoic acid) (DTNB),
sodium fluoride (NaF, molecular weight 41.99) and all
other chemicals used were of analytical grade, purchased
from Sisco Research Laboratories (Mumbai, India) and
E. Merck (Mumbai, India). Glutamate oxaloacetate trans-
aminase GOT (AST) and glutamate pyruvate transaminase
GPT (ALT) test kits were purchased from Span diagnostics
Ltd., Surat, India. Rabbit anti-mouse IgG linked to alkaline
phosphatase was procured from Bangalore Genei Pvt. Ltd
(Bangalore, India).

Animals and experimental design

Thirty-two healthy 8-week-old male Swiss albino mice
weighing approximately 25-30 g were housed in stainless
steel cages individually in a controlled temperature room
(25 £ 2°C) and a 12-h light/12-h dark cycle. The animals
were provided with standard mouse diet (NMC Oil Mills
Ltd, Pune, India) and randomly divided into four groups
as given below. All regulations of the Animal Ethics
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Committee of the University were strictly followed during
the experiment to protect the welfare of the animals.

Group I : Nonexposed animals (Control)

Group II : 15 mg NaF/L treated through drinking water
for 30 days

Group IIT : 150 mg NaF/L treated through drinking
water for 30 days

Group IV : 15 mg NaF/L treated through drinking water

for 90 days

Measurement of body weight and water consumption

The body weight of all the animals was recorded initially
and also during the course of the treatment. Rate of water
consumption and gain in body weight were recorded for
each individual mouse at certain time intervals during the
experiment.

Determination of organo-somatic index (OSI)

The weight of the mice was recorded before killing under
light ether anesthesia. Liver and kidney were dissected out
carefully, blotted free of blood and fresh weight was
recorded. OSI was calculated and compared with the
control mice.

Wt.of the organ

Organo-somatic index (OSI) = Wt of the mogse ™ 100
. u

Liver function tests

Estimation of serum glutamate oxaloacetate transaminase
(SGOT) (aspartate transaminase; AST) and serum gluta-
mate pyruvate transaminase (SGPT) (alanine transaminase;
ALT).

Serum GOT (AST) and GPT (ALT) levels were deter-
mined following the manufacturer’s protocol.

Determination of reduced glutathione (GSH)

The reduced glutathione of the liver and kidney was mea-
sured following the method of Beutler et al. (1964). In brief,
liver and kidney tissues were dissected very quickly and
blanched in ice-cold isotonic saline. A 10% homogenate
was prepared from each tissue with ice-cold saline-EDTA
at 4°C. One milliliter of freshly prepared 20% ice-cold
trichloroacetic acid (TCA) was added to equal volume of
homogenate and the mixture was vortexed and allowed to
stand for 10 min in 4°C. The mixture was then centrifuged
at 5,000 rpm for 5 min. The clear supernatant was used as
the reduced glutathione (GSH) sample from which 1 ml of
supernatant was taken, mixed with 3 ml of 0.3 M di-sodium
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hydrogen phosphate buffer and 1 ml of 5,5'-dithiobis-2-
nitro benzoic acid (DTNB) solution. After 5 min, the opti-
cal density of the samples was measured at 412 nm. The
GSH content of the sample was expressed as UM GSH/mg
protein.

Assay of glutathione-s-transferase (GST)

GST Activity was assessed in the liver and kidney
cytosolic fractions as described by Habig et al. (1974)
using 1-chloro-2,4-dinitrobenzene (CDNB) (1 mM final
concentration) as substrate in the presence of excess GSH
(5 mM). The rate of CDNB conjugation was estimated by
direct spectrophotometry at 340 nm for 3 min. The result
was expressed as tM GS-CDNB formed/min/mg protein.

Assay of thiobarbituric acid reactive substances
(TBARS) level in tissues

Lipid peroxidation products namely malondialdehyde
(MDA) was estimated in liver and kidney microsomes
assuming high PUFA content of microsomal membranes.
The level of lipid peroxidation as measured by TBARS was
determined according to the method of Buege and Aust
(1978). Briefly, 1 ml of microsomal sample was mixed
with 2 ml of TBA-TCA-HCI mixture thoroughly and
heated for 15 min in a boiling water bath. After cooling,
the flocculent precipitate was removed by centrifugation at
1,000 g for 10 min. The absorbance of the supernatant was
determined at 535 nm. The MDA concentration of the
sample was calculated using an extinction coefficient of
1.56 x10°/mol/cm and expressed in terms of nM MDA/mg
protein.

Histopathological studies

Portions of liver and kidney tissues of all animals were
fixed in Bouin’s fluid, dehydrated through graded alcohol,
embedded in paraffin and routine microtomy was carried
out to obtain 6-um-thick tissue sections. Sections were
stained by routine hematoxylin-eosin (HE) technique and
viewed under light microscope.

Estimation of heat shock protein 70 (Hsp 70)
Sample preparation

The homogenates (10% w/v) of liver and kidney tissues
were prepared in 50 mM phosphate buffer (pH 7.5), and
samples were centrifuged at 10,000 g for 20 min. The
cytosolic supernatant was collected very carefully, and
the protein content of the sample was measured following
the method of Lowry et al. (1951).

Methods for western blotting

The samples were run through a 10% SDS-PAGE at
constant voltage and blotted on a polyvinylidene fluoride
membrane following the method as described by Agarwal
et al. (2009). Anti-Hsp 70 monoclonal antibody raised in
rabbit was used as primary antibody, and goat anti-rabbit
IgG linked to alkaline phosphatase was used as secondary
antibody. The membrane was washed thoroughly and then
incubated in the presence of the substrate (BCIP/NBT)
until a colored band developed at the 70-kDa position.

Statistical analysis

The data were analyzed by Fisher’s t test using the Sigma
plot 8.0 statistical package. Difference between control and
experimental group(s) with a value of P < 0.05 was con-
sidered significant.

Results

Mortality and clinical observations

All mice were observed daily for any clinical signs of
toxicity. There was no death in control and treatment
groups, and no clinical symptoms were found to appear in
any of the treatment groups.

Change in body weight and water consumption rate
There was no significant difference in water consumption
rate as well as change in body weight (weight gain) recorded
between the control and treatment groups (data not shown).
Organo-somatic index (OSI)

No significant difference in the OSI of liver (Fig. 1a) and
kidney (Fig. 1b) of any treatment group with the control
group was observed.

Liver function tests

An overall increase was noted in the serum GOT (AST)
and GPT (ALT) levels noted in all groups (Fig. 2). The
GPT level increased significantly in all the treatment
groups whereas GOT level increased significantly in group
I (65%) and VI (73%).

GSH-GST response and TBARS production

GSH level of liver and kidney decreased in all the treat-
ment groups recording a significant decrease (32%) in the
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Fig. 1 Organo-somatic index (OSI) of liver and kidney in different
groups of mice (n = 8). a OSI of liver. Groups I, III and IV were
compared with group I. b OSI of kidney. Groups II, III and IV were
compared with group 1. Values are expressed as mean = SEM
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Fig. 2 SGPT and SGOT activity (Unit enzyme/ml of serum) in the
serum of different groups of mice (n = 5) exposed to different doses
of NaF (mg/l). Groups II, III and IV were compared with group I.
Values are expressed as mean &£ SEM. *Value is statistically
significant at (P < 0.05)

liver of group II mice (Fig. 3). GST activity increased
significantly in the liver of all the treatment groups
(Fig. 4a) whereas in kidney, it increased only in the Gr-II
mice (Fig. 4b). The lipid peroxidation product i.e., MDA
production increased gradually in the liver of all the treat-
ment groups and significant increase was found in Gr-IV
mice (exposed to the lower dose of F for 90 days) (Fig. 4c).
In kidney, the TBARS level increased in all the treatment
groups and it increased significantly in the Gr-II mice
exposed to lower dose of F for 30 days)(Fig. 4d).
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Fig. 3 GSH content in the liver and kidney of different groups of
mice (n = 5) exposed to different doses of NaF (mg/l). Groups II, III
and IV were compared with group I. Values are expressed as
mean £+ SEM. *Value is statistically significant at (P < 0.05)

Histopathological studies
Histopathology of liver

Histopathological studies demonstrated an extensive alter-
ation in liver and kidney histoarchitecture. The control
group of liver appeared normal and healthy (Fig. 5a). In the
liver of group II mice, extensive vacuolar degeneration
(Fig. 5b) in the cytoplasm was found. In group III mice,
intoxication in the liver was severe showing extensive
vacuolization in cytoplasm and loss of integrity in the
epithelium lining of central vein (Fig. 5¢). In group IV
mice treated with NaF 15 mg/L for 90 days, hepatocellular
hypertrophy, cytoplasmic vacuolization and hepatic sinu-
soidal dilation were extensive (Fig. 5d). The central vein
was enlarged and surrounded by deep-blue erythrocytes
peripherally. The lining of the central vein showed dis-
tortion of the parenchymatous cells.

Histopathology of kidney

In group I control mice, kidney histoarchitecture was found
to be normal but in treated groups, severe alteration of
renal histological structures was noticed (Figs. 6 and 7).
Atrophy of glomeruli was common to all treated groups.
Blood-filled spaces (Figs. 6c, d and 7b) and varying degree
of degeneration of tubular epithelium were noticed in Gr-1I
and Gr-IV mice (Figs. 6d and 7c).

Heat shock protein 70 profile

Elevated expression of Hsp 70 against the control was
found in all the treatment groups of kidney; 15 mg NaF/L
treatment (i.e. group II and group IV) had higher expres-
sion than group III of kidney (Fig. 8). In contrast to kidney,
liver Hsp 70 reduced gradually dose and time dependently
from the control. The decrease was most in the Gr-IV mice,
exposed to lower dose of fluoride (NaF 15 mg/L) for
90 days.
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Fig. 5 Changes in liver histology. Microphotographs of liver sections
(6 um) stained with hematoxylin and eosin (HE). The original
magnification: x 100. a Normal histological appearance of liver tissue
of control mice. Central vein (CV). b Group II: Vacuolar degener-
ations (thick arrows) and disruption of epithelium lining (thin arrows)
of the central vein. ¢ Group III: Extensive vacuolization in cytoplasm

(thick arrows), loss of integrity in epithelium lining the central vein
(moderately thick arrows) and hepatocellular degeneration (thin
arrows). d Group IV: Sinusoidal dilation (thin arrows), enlarged
central vein (ECV) surrounded peripherally by deep-blue erythrocytes
(thick arrows)
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Fig. 6 Changes in kidney histology. Microphotograph of kidney
sections (6 pm) stained with hematoxylin and eosin (HE). a Normal
histological appearance of kidney tissue of control mice. The original
magnification x100. b Control kidney with normal sized glomerulus.
The original magnification: x400. ¢ Group II: Atrophied glomerulus

Fig. 7 Changes in kidney histology. Microphotograph of kidney
sections (6 um) stained with hematoxylin and eosin (HE). a Group
III: Atrophied glomeruli (arrows). The original magnification: x400
b Group IV: Blood-filled spaces (thick arrows), vacuolization
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(thin arrow) and blood-filled spaces (thick arrows). The original
magnification: x100. d Group II: Atrophied and necrotic glomerulus
(thin and long arrow) with varying degree of degeneration of tubular
epithelium (thick arrow). The original magnification: x400
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(moderately thick arrows), atrophied glomeruli (thin arrows). The
original magnification: x100. ¢ Group IV: Disintegration of renal
tubular epithelium and vacuolization (arrows) in medullary ray
region. The original magnification: x1,000
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Fig. 8 a Western blotting and b densitometric analysis of the Hsp 70
protein profile of liver and kidney of mice treated with different doses
of NaF (mg/L)

Discussion

The main physiological entry route of F in a chronic
exposure to human is through drinking water. Therefore, in
the present study F was administered in mice through the
same route. It was reported that F administration decreased
the body weight gain in a dose- and time-dependent man-
ner in rats (Shanthakumari et al. 2004). Darmani et al.
(2001) and Dunipace et al. (1989) did not find any signif-
icant effect in water consumption rate but Darmani et al.
(2001) found a significant increase in relative ovary
weights at high F dose given through drinking water. In our
study, we did not find any significant change in the rate of
water consumption, in body weight gain or in the OSI of
liver and kidney.

Liver is the main organ responsible for metabolism and
detoxication. It indirectly affects hematopoiesis by de-
structing the normal and abnormal blood cells (Gale et al.
1978). Furthermore, as liver is involved in the metabolism
of toxic compounds produced during systemic transfor-
mations and exogenous toxins entering into the organisms
from the environment, it was assumed that NaF exposure
would induce both pathomorphological and metabolic
changes in liver (Dabrowaska et al. 2006). When toxic
blood levels of F prevailed, there was selective damage to
the tubular structures of the kidney by passage of the
glomerular filtrate and consequent lesions produced in the
kidney (Ogilvie 1953).

The common means of detecting liver damage is
determination of two pathophysiological enzymes, serum
glutamate pyruvate transaminase (SGPT) and serum glu-
tamate oxalate transaminase (SGOT) in the serum. Guo

et al. (2003) and Shanthakumari et al. (2004) reported
significant increase in serum SGOT and SGPT levels in
rats in a dose-dependent manner following NaF treatment
(50, 100,150 mg/L for 3 months and 25 ppm/day for 8 and
16 weeks). Trivedi et al. (2008) also reported a significant
dose-dependent increase in serum SGOT and SGPT levels
in mice after oral administration of NaF (6 and 12 mg/kg
body weight/day) for 30 days. Our findings also revealed
significant increase in SGPT and SGOT activity in all the
treatment groups when exposed to both high and low doses
of NaF for 30 and 90 days, respectively.

There are many conflicting reports regarding F-induced
toxicity in liver and kidney. Bosworth and McCay (1962)
found no significant effect in kidney of rats after admin-
istration of as much as 10 ppm of NaF in their drinking
water daily over the entire life span. DeCamargo and
Merzel (1980) also did not find any detectable change with
respect to weight gain, morphology of liver and kidney of
rats receiving 1, 10 and 100 mg NaF/kg in drinking water
for 180 days. Machalinska et al. (2002) did not detect any
lesion in the kidney and liver of Balb C mice following tail
vein injections of NaF. However, in rabbits, a relatively
high concentration of NaF injected subcutaneously for a
prolonged period (15 weeks) led to detectable necrotic and
degenerative changes in these organs (Shashi and Thapar
2000, 2002). Our findings corroborate earlier observation
as observed zonal necrosis and pycnosis of hepatocyte
nuclei and disintegration of the arrangement of hepatic
cords in fluoride-treated rats (Chinoy et al. 1991), recorded
degenerative lesions in the liver of rats with only 1 ppm F
in their drinking water (Mello et al. 1963), hepatocellular
adenoma, hepatic foci of clear cells and basophilic alter-
ation and sinusoidal dilation in liver when rats and mice
were exposed up to 2,500 ppm vinyl fluoride (Bogdanffy
et al. 1995), hypertrophy and hyperplasia in the renal
tubules of rats treated with 1, 5 and 100 ppm of F for
500 days through drinking water (Ramseyer et al. 1957),
shrunken kidney structure, atrophy of glomeruli, degener-
ation of tubular cells and dilation of convoluted tubules in
mice (Kour and Singh 1980).

The liver and kidney toxicity could be mediated by
reactive oxygen species generated during F-induced oxi-
dative stress. Jeji et al. (1985), Saralakumari and Rao
(1991) reported a close association between chronic F
toxicity and increased oxidative stress in humans. There are
reports on remarkable rise in malondialdehyde (MDA) and
subsequent elevation in the activity of antioxidant enzymes
in the liver (Guo et al. 2003), significant elevation of
thiobarbituric acid reactive substances (TBARS) and
hydroperoxides and decrease in the activities of SOD,
GSH, glutathione peroxidase (GPx) and catalase (CAT) in
the liver and kidney of experimental rats (Shanthakumari
et al. 2004). Mittal and Flora (2006, 2007) reported a
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marked increase in TBARS level in mice liver and kidney
and inhibition of antioxidative enzyme superoxide dismu-
tase (SOD) but no changes in reduced glutathione (GSH)
and oxidized glutathione (GSSG) level were observed by
them. Chouhan and Flora (2008) found maximum decline
in GSH/GSSG ratio in lowest dose and thereafter, less
pronounced depletion with the higher concentration of F
exposure resulted. The decrease in GSH level in liver and
kidney was also evident in our study, which was significant
in mice exposed to 15 mg NaF/L for 30 days.

GST is considered to contribute to the biotransformation
of xenobiotics conjugating to these compounds which are
often electrophilic and somewhat lipophilic in nature, with
reduced glutathione to facilitate dissolution in the aqueous
cellular and extracellular media, and then are removed
from the body. This activity detoxifies endogenous com-
pounds such as peroxidized lipids (Leaver and George
1998) as well as breakdown of different xenobiotics. In our
present investigation, we found increased level of TBARS
in all the treatment groups, which increased significantly in
the liver of Gr- IV mice and in kidney of the Gr-II mice.
The GST activity also showed high increase in the same
treatment group suggesting an up-regulation of GST to
minimize F-induced stress. GST activity significantly
increased in the liver of the Gr-IV mice, and the TBARS
production was also high in the same group. In Gr-II and
IV mice, significant increase in the TBARS in the liver and
kidney suggests a high oxidative burden within the body.
This may be correlated with our earlier report on significant
increase in chromosomal aberrations of bone marrow cells
in mice exposed to lower doses of F in comparison with
higher dose (Podder et al. 2008a, b).

Hsps are expressed in numerous tissues of several animal
species, in response to a harmful stress situation or adverse
life conditions. To the best of our knowledge, this is the first
report on the expression of Hsp 70 in F-treated mice in vivo.
F treatment resulted in increased Hsp 70 expressions in
kidney of all the treatment groups whereas in liver its
expression was down regulated. The chronic F exposure
(NaF 15 mg/L for 90 days) reduced the expression level of
Hsp 70 to a minimum in the liver where the TBARS showed
a few fold increases compared to the control. On the con-
trary, kidney showed lower TBARS level with the increase
in Hsp expression in the chronic F-exposed groups. These
patterns of Hsp 70 expression suggest that F exposure can
exhibit tissue-specific response of Hsp 70, which could be
correlated with its organ-specific toxicity.

Conclusion

The present study clearly indicates that F induces hepato-
toxicity and nephrotoxicity in mice evidenced by oxidative
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stress, histopathological changes in the liver and kidney
with concomitant effects on normal hepatic function.
Fluoride is a potent inducer of Hsp 70 in kidney, but it is
negatively regulated in liver of mouse. These tissue-spe-
cific alterations in heat shock protein synthesis may pro-
vide useful biochemical fingerprints or toxicological
signature to characterize F toxicity in human.
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