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SUMMARY: This study reports accumulation of fluoride and altered activities
of some enzymes involved in free-radical metabolism and membrane function
in whole brain and gastrocnemius muscle of female mice treated with NaF
(20mg/kg/body weight) for 14 days. The body weight and somatic index were
decreased, whereas fluoride levels were significantly increased (p<0.01) in
both brain and gastrocnemius muscle. The enzymes SOD, GST, and catalase
decreased significantly (p<0.01) in contrast to XOD activity, which moderately
increased. SDH, LDH, AlAT, AAT, and CPK activities and membrane-bound
enzymes, viz Na+-K+, Mg++ and Ca++ATPase and AChE were decreased signifi-
cantly (p<0.01) in both brain and gastrocnemius muscle. The effect of fluoride
on enzymes of muscle was comparatively larger, which corroborates the
greater accumulation of fluoride in muscle than brain. This study therefore
shows that both brain and muscle are affected by fluoride with inhibition of
some enzymes associated with free-radical metabolism, energy production
and transfer, membrane transport, and synaptic transmission, but with an en-
hanced activity of XOD.
Keywords: Brain fluoride, Enzyme activities, Female mice, Fluoride accumulation, Fluo-

ride toxicity, Gastrocnemius muscle.

INTRODUCTION
Fluorosis caused by excess intake of fluoride is a slow, progressive degen-

erative disorder, known to affect predominantly the skeletal systems, teeth and
also the structure and function of skeletal muscle,1-3 brain,4 and spinal cord.5

Recent studies have shown accumulation of fluoride in the hippocampus of the
brain6 causing degeneration of neurons and decreased aerobic metabolism7 and
altered free-radical metabolism in the liver, kidney, and heart.8-11 However, the
effect of fluoride on neuromuscular tissue is far from clear.

The present study reports the effect of fluoride accumulation on alteration in
the organo-somatic index, activities of some enzymes in free-radical metabo-
lism, viz. xanthine oxidase (XOD), superoxide dismutase (SOD), catalase and
glutathione transferase (GST), membrane bound enzymes like ATPases (Na+-
K+ATPase, Mg++ATPase and Ca++ATPase), acetylcholinesterase (AChE), suc-
cinate dehydrogenase (SDH), lactate dehydrogenase (LDH), alanine amino-
transferase (AlAT), aspartate aminotransferase (AAT), and creatine phospho-
kinase (CPK) in brain and gastrocnemius muscle of female mice treated with
sodium fluoride at a dose of 20 mg/kg /body weight for 14 days.

MATERIALS AND METHODS
Twelve healthy, adult female albino mice, Mus musculus of Swiss strain,

each weighing about 30 ± 2 g, were obtained from the National infrastructural
facility for laboratory animals, National Institute of Nutrition, Hyderabad, In-
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dia. The mice were housed in polypropylene cages with stainless steel grill
tops and were fed a standard pellet diet (Hindustan Lever Ltd., Bangalore) and
given distilled water ad libitum. The animals were allowed to acclimatize to
the laboratory conditions for four days before experiments began. The mice
were randomly divided into two groups of six each, the first group served as
controls and were given mammalian physiological saline. The second group
animals were injected i.p. with aqueous NaF (20 mg/kg/body weight/day) se-
lected on the basis of the LD50 value of fluoride, which is 51.6 mg/kg body
weight/day in female mice12 and maintained for 14 days. The NaF solution (30
mL) was prepared fresh each day in double distilled water. At the end of the 14
day treatment, the animals were sacrificed by cervical dislocation, and the
whole brain and gastrocnemius muscle were dissected out, blotted free of
blood, transferred to trays maintained at ice-cold conditions and used for
analysis. The analysis of the whole brain produced an enzymatic profile of that
organ which could be used for further studies on region specific profiles.
Body weight and organo-somatic index: The body weight of each animal was
noted before treatment and also on day 15. The weight of gastrocnemius muscle
and whole brain of respective groups of animals was recorded. From these val-
ues the organo-somatic index (OSI) was calculated by the following formula:

 Weight (g) of the organ
 ——————————––––Organo-somatic index =
 Day 15 total body weight (g)

x 100

Estimation of Fluoride:  Fluoride levels in brain and gastrocnemius muscle of
control and treated mice were determined by the method of Birkeland13 with
required modifications and are expressed as µg of fluoride/g dry tissue.

The whole brain and gastrocnemius muscle were dissected out, pooled, ho-
mogenized, and dried for 24 hours at 105°C. About 200 mg of the dry sample
was dissolved in an acid mixture (equal parts of 11.6 M perchloric acid and
14.3 M nitric acid) and neutralized with citrate buffer to a pH 5.5 with an alka-
line mixture of 7.8 M sodium hydroxide and 1.0 M trisodium citrate. The proc-
ess was carried out in a closed compartment. The sample thus obtained was
used after appropriate dilutions for recording the fluoride content on a
fluorimeter (Orion R 94-09). The values were calculated from a standard curve.

Assay of enzymes
Xanthine oxidase (XOD) activity was assayed by the method of Govindappa

and Swami.14 The homogenate in sucrose solution was centrifuged at 3000 rpm
for 15 min, and the activity was expressed as µmoles of formazan formed/mg
protein/hr.

Catalase activity in muscle and brain was measured by the method of
Chance and Herbert.15 The homogenates of muscle and brain were prepared in
0.05M phosphate buffer in a glass homogenizer tube equipped with a teflon
pestle. The tissue homogenate was centrifuged for 15 min at 10,000 g and the
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reaction was started by addition of 30% H2O2 solution. The activity of catalase
was calculated from the change in absorbance at 240 nm. One unit of catalase
activity was calculated by using k = (2.30/t)(log A1/A2) where k is the rate of
constant, ‘t’ is time in seconds, A1 is absorbance at time zero and A2 is absorb-
ance at 2 min. Specific activity was calculated as Units/mg protein.

Superoxide dismutase (SOD) activity was assayed according to the method
of Marklund and Marklund.16 The homogenates of muscle and whole brain
were prepared in Tris (ethylenediamine tetraacetic acid) buffer and centrifuged
for 40 min at 105,000 g at 4oC, and the supernatant was used for the enzyme
assay. One unit of SOD activity is the amount of the enzyme that inhibits the
rate of auto oxidation of pyrogallol by 50% and was expressed as Units/mg
protein/min.

Glutathione transferase (GST) activity was estimated by using the substrate,
1-chloro-2,4-dinitrobenzene (CDNB) by the method of Habig et al17 The ho-
mogenates of brain and muscle were prepared in Tris HCl buffer and centri-
fuged at 105,000 g at 4oC for 30 min. The specific activity of GST was ex-
pressed as nanomoles of GS-CDNB formed/mg protein/min. One unit of en-
zyme is defined as the amount of enzyme that catalyzes the formation of 1
nanomole of product/min under assay conditions.

Succinate dehydrogenase (SDH) enzyme activity was determined by the
method of Nachlas et al18 and Lactate dehydrogenase (LDH) activity was de-
termined with necessary modifications by the method of Nachlas et al18 The
homogenates of muscle and brain were prepared in ice-cold 0.25M sucrose
solution, and the homogenate was centrifuged for 20 min at 2500 rpm. The su-
pernatant was used as test sample for enzyme assay. The enzyme activities
were calculated from a standard graph and expressed as µmoles of formazan/mg
protein/hr.

The activities of alanine amino transferase (AlAT) and aspartate amino
transferase (AAT) were assayed by the method of Reitman and Frankel.19 The
homogenates of muscle and brain were prepared in 0.25 M ice-cold sucrose
solution and centrifuged for 15 min at 3000 rpm, and the supernatant was used
for the enzyme assay. The enzyme activity was expressed as Units/mg pro-
tein/min.

The creatine phosphokinase (CPK) enzyme activity was estimated by the
method of Gerhardt et al20 The muscle and brain homogenates were prepared
in 0.25 M ice-cold sucrose solution and centrifuged in a refrigerated centrifuge
at 3000 rpm for 15 min. The supernatant resulting was used for enzyme assay
and the activity was expressed as Units/mg protein/min.

The Na+-K+ and Mg++ ATPase activities were assayed according to Kaplay,21

and the inorganic phosphate was estimated by the method of Taussky and
Shorr.22 The homogenates of muscle and brain were prepared in 0.25 M ice-
cold sucrose solution and centrifuged in a refrigerated centrifuge at 20,000 rpm
for 30 min and the supernatant was used for the assay. The difference in the
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activity of the enzyme in the absence and presence of ouabain was taken as
Na+-K+ATPase and Mg++ATPase activity, respectively. The enzyme activity
was expressed as nanomoles of Pi liberated/mg protein/min.

Ca++ATPase activity was assayed by the method of Samaha and Yunis.23 The
homogenates of brain and muscle were prepared in a histidine buffer (pH 7)
containing 0.3 M sucrose and 0.01 M histidine, centrifuged at 0oC at 20,000
rpm for 30 min, and the resultant supernatant was used for enzyme assay. The
amount of inorganic phosphate liberated was measured by the method of
Taussky and Shorr.22 The enzyme activity was expressed as nanomoles of Pi
liberated/mg protein/min.

Acetylcholinesterase activity was estimated by the method of Ellman et al24

The homogenates of muscle and brain were prepared in a buffer containing 1
mM EDTA, 200 mM NaCl and 0.4% Triton X 100 in 0.1 M potassium phos-
phate buffer (pH 8) and centrifuged at 4oC at 20,000 rpm for 30 min and the
supernatant was used for enzyme assay. The activity was determined by using
the molar extinction coefficient for the 5,5'-dithio-bis-2-nitrobenzoic acid
(DTNB) as 1.36 x 104 per mole. AChE activity was expressed as nanomoles of
acetylcholine hydrolyzed/mg protein/min. The protein contents in homogenates
of all enzymes were determined by the method of Lowry et al.25

Statistical analysis was carried out using Student’s ‘t’ test to compare the
differences between control and experimental groups. Data were presented as
means ± S.E. of six animals per group.

RESULTS AND DISCUSSION
As shown in Table 1, the body weight of mice treated with sodium fluoride

was significantly (p<0.01) decreased (14.7%) compared to that of the controls,
which is in agreement with earlier findings in rats and mice treated with differ-
ent concentrations of fluoride.26 The OSI (organo-somatic index) in fluoride-
treated mice also decreased significantly (p<0.01) in gastrocnemius muscle
(15.32%) as well as in brain (11.28%) compared to controls and was relatively
greater in muscle than in brain. This decrease in OSI can be attributed to
weight loss, degeneration of structure of organs, and decreased protein levels.

The fluoride content of brain and muscle was significantly (p<0.01) in-
creased in fluoride-treated mice. The increase was 8.11% in brain and 13.11%
in muscle compared to controls which reveals that muscle was more affected
than brain, probably due to the protective role of the blood brain barrier. This
study establishes that brain and muscle retain the ingested fluoride, which may
in turn interfere with their physiological functions.

It is known that fluoride enhances lipid peroxidation and inhibits the anti-
oxidative enzymes in liver, kidney, and heart of fluoridated mice.9,11,27 Dierickx
and Beer27 reported that fluoroacetamide inhibits GST activity in rat liver in a
dose-dependent manner. Patel and Chinoy9 concluded that fluoride impaired
the functioning of the SOD, GST, and catalase enzymes in ovary of mice. Sun
et al11 also reported a decrease in SOD activity in the liver, kidney, and heart of
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fluoridated mice. The present results show (Table 2) that the SOD, GST, and
catalase activities were decreased in both brain and gastrocnemius muscle in
accordance with earlier reports in liver, kidney, and heart,9,11,27 whereas XOD
activity was moderately increased. Thus, the present study further shows that
fluoride increases free radical production and at the same time inhibits the an-
tioxidative enzymes SOD, GST, and catalase, which probably make the tissue
more susceptible to biochemical injury.

Table 1.  Effect of NaF on body weight, organo-somatic index and
fluoride levels in brain and gastrocnemius muscle of female mice

Tissues Control Experimental % Change
Body weight (g) 29.66 ± 0.614 25.3 ± 0.321* -14.70
Organo-somatic indexa

   Brain
   Gastrocnemius muscle

1.356 ± 0.0006
1.005 ± 0.037

1.203 ± 0.0008*
0.851 ± 0.04*

-11.28
-15.32

Fluoride contentb

   Brain
   Gastrocnemius muscle

0.271 ± 0.003
0.305 ± 0.003

0.293 ± 0.003*
0.345 ± 0.005*

+8.11
+13.11

All values are mean ± S.E. of 6 animals.
a[Organ weight (g) /day 15 body weight (g)] X 100.    bµg of fluoride/g dry tissue
*The significant values as per student’s ‘t’ test are between controls
  and experimental values at p<0.01.

Table 2.  Effect of NaF on XOD, SOD, catalase, and GST
activities in brain and gastrocnemius muscle of female mice

Enzyme/Tissues Control Experimental % Change
XODa

  Brain
  Gastrocnemius muscle

0.315 ± 0.0008
0.416 ± 0.0007

0.324 ± 0.0007*
0.433 ± 0.001*

+2.85
+4.08

SODb

  Brain
  Gastrocnemius muscle

3.29 ± 0.013
1.97 ± 0.008

2.88 ± 0.015*
1.71 ± 0.004*

-12.46
-13.19

Catalaseb

  Brain
  Gastrocnemius muscle

11.58 ± 0.079
12.41 ± 0.137

9.61 ± 0.193*
10.7 ± 0.126*

-17.01
-13.78

GSTc

  Brain
  Gastrocnemius muscle

44.33 ± 0.421
51.55 ± 0.421

38.33 ± 0.333*
46.66 ± 0.21*

-13.53
-9.67

Values are mean ± S.E. of 6 animals. *The significant values as per Student’s ‘t’
test are between controls  and experimental values at p<0.01.
Enzyme activities: aµmoles formazan/mg protein/hr.   bunits/mg protein.

cnanomoles GS-CDNB formed/mg protein/min.
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A significant decrease (p<0.01) was observed in LDH activity (Table 4) in
brain as well as gastrocnemius muscle of fluoridated mice compared to con-
trols, and the decrease was greater in muscle than in the brain. These results
agree with an earlier report28 and suggest reduction of glycolytic activities,
which may lead to an active pentose phosphate pathway for obtaining energy.
The SDH activity was significantly decreased in gastrocnemius muscle
(p<0.05, 37.19%) and in brain (p<0.01, 34.06%) of sodium fluoride-treated
mice compared to controls. According to the previous reports, the SDH activity
was decreased in pectoralis and gastrocnemius muscles of mice,29 and in liver
and kidney of fluoride-treated golden hamsters.30 As SDH is a mitochondrial
enzyme involved in oxidative metabolism, fluoride may cause changes in the
structure and function of mitochondria9 which alter its metabolism and influ-
ence the function of muscle and brain.

Table 3.  Effect of NaF on LDH, SDH, ALAT, AAT and CPK
activities in brain and gastrocnemius muscle of female mice

Enzyme/Tissues Control Experimental % Change

LDHa

  Brain
  Gastrocnemius muscle

0.247 ± 0.00006
0.367 ± 0.0005

0.195 ± 0.0009*
0.25 ± 0.00007*

-21.05
-31.88

SDHa

  Brain
  Gastrocnemius muscle

0.408 ± 0.014
0.492 ± 0.035

0.269 ± 0.022*
0.309 ± 0.033*

-34.06
-37.19

ALATb
  Brain
  Gastrocnemius muscle

16.41 ± 0.17
25.5 ± 0.154

14.35 ± 0.03*
21.46 ± 0.1 4*

-12.55
-15.84

AATb
  Brain
  Gastrocnemius muscle

26.81 ± 0.289
41.45 ± 0.348

23.06 ± 0.071*
37.66 ± 0.21*

-13.98
-9.14

CPKb

  Brain
  Gastrocnemius muscle

3.87 ± 0.008
5.95 ± 0.013

2.72 ± 0.004*
3.86 ± 0.006*

-29.71
-35.12

All values are mean ± S.E. of 6 animals.
Enzyme activities: aµmoles formazan/mg protein/hr.  bunits/mg protein/min.
*The significant values as per Student’s ‘t’ test are between controls
  and experimental values at p<0.01.

Transaminases are reported to be altered by fluorosis. Bogin et al28 found
that the mice maintained on water containing 100 ppm NaF showed marked
decrease in the levels of alanine amino transferase (AlAT) and aspartate amino
transferase (AAT) in liver and AlAT in kidney. In the present study these en-
zymes decreased significantly (p<0.01) in muscle (15.84%, 9.14%) and brain
(12.55%, 13.98%) after 14 days exposure to NaF. However rats administered 30
ppm NaF in drinking water developed severe chronic fluorosis and showed in-
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creased levels of serum AlAT.31 Similarly, the activities of both these transami-
nases were significantly increased in serum of fluorotic human beings.32

Table 4.  Effect of NaF on Na+ K+ ATPase, Mg++ ATPase and AchE
activities in brain and gastrocnemius muscle of female mice

Enzyme/Tissues Control Change % Change

Na+ K+ ATPasea

  Brain
  Gastrocnemius muscle

114.66 ± 0.8
155.33 ± 4.15

093.50 ± 1.54*
106.66 ± 4.58*

-18.45
-31.33

Mg++ ATPasea

  Brain
  Gastrocnemius muscle

299.66 ± 1.837
385.33 ± 0.802

274.00 ± 0.632*
331.50 ± 0.562*

-8.56
-13.96

Ca++ ATPasea

  Brain
  Gastrocnemius muscle

332.16 ± 0.872
372.83 ± 1.351

300.33 ±0.421*
334.33 ± 0.614*

-9.58
-10.32

AChEb

  Brain
  Gastrocnemius muscle

0.443 ± 0.007
0.152 ± 0.001

0.335 ± 0.017*
0.128 ± 0.002*

-24.37
-15.78

Values are mean ± S.E. of 6 animals.
Enzyme activities: ananomoles of Pi liberated/mg protein/min.

bnanomoles of AchE hydrolyzed/mg protein/min.
*The significant values as per Student’s ‘t’ test are between controls
  and experimental values at p<0.01.

The significant decrease of CPK in brain as well as gastrocnemius muscle
(Table 3) indicates the effect of fluoride as early as 14 days after administration
of sodium fluoride. This may lead to a rise in the serum CPK that could be due
to degeneration of muscle fibers and neural tissues. The increased CPK levels in
serum after fluoride exposure were also reported earlier.2,33

Membrane Na+-K+ATPase plays an important role in active transport of Na+

and K+ ions across the plasma membrane. The enzyme is present in high con-
centration in brain and muscle. Murphy and Hoover34 have reported the inhibi-
tion of the enzyme with fluoride exposure. Renal Na+-K+ ATPase and
Ca2+ATPase activities were inhibited by a single oral administration of NaF in
rats35 and in its reproductive tissues.36,37 The significant inhibition of Na+-
K+ATPase by NaF might be another causative factor for the change in neuronal
metabolism leading to neuromuscular dysfunction in mice during NaF expo-
sure along with inhibition of AChE. The fluoride-induced effects could also be
due to internal injury to the cell membrane,29 which would affect the activity of
membrane bound enzymes like Na+-K+ATPase by disturbing membrane fluid-
ity and membrane integrity and altering its permeability which may result in
disturbance in the concentration of Mg2+. Pang et al38 have shown decreased
Mg2+ATPase activity in skeletal muscle of rat after fluoride exposure. The en-
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zyme activity in brain as well as muscle significantly decreased (Table 4) due
to the probable Mg and F interactions. Fluoride has been reported to decrease
the membrane Ca2+ATPase activity,37,39 in agreement with the findings of the
present study, which may be due to either a direct inhibition or a secondary
reaction of fluoride administration.

Chinoy et al40 reported enhanced AChE activity in skeletal muscle after NaF
of fluoride treated rats. As shown in Table 4, AChE activity was significantly
(p<0.01) decreased in gastrocnemius muscle and brain of NaF-treated mice in
our study as compared to controls. This discrepancy might be due to differ-
ences in mode of administration and species used. Anion hydrolysis products
of methyl phosphoric difluoride is also reported to cause an inhibition of cho-
linesterase in both guinea pigs and rats.41 Thus the decrease in AChE may in-
terfere with the synaptic transmission in brain and muscle.

In conclusion, this study confirms that fluoride accumulates in the brain and
muscle of mice causing stress and inhibiting auto-oxidation mechanisms,
thereby resulting in oxidative damage of neural and muscular tissues. Fluoride
also inhibits enzymes involved in energy production, transfer, membrane-
bound ion transport, and neurotransmission. Thus fluoride accumulation leads
to cascading effects resulting in altered functions of brain and muscle. This
study also shows that muscle is more susceptible to fluoride uptake than brain,
which may be due to the blood brain barrier as well as differential sensitivity of
various organs to fluoride toxicity.
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