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a b s t r a c t

Fl uor i de is a well-known compound for its usefulness in healing dental caries. Similarly, uoride is alsofl

known for its toxicity to various tissues in animals and humans. It cau ses skeletal uorosis leading tofl

osteoporosis of the bones. We hypothesized that when bones are affected by uori de, the skeletalfl

muscles are also likely to be affected by underlying mole cular events involving myogenic differentiation .

Murine myoblasts C2C12 were cultured in differentiation media with or without NaF (1 ppm-5 ppm) for

four days. The effects of NaF on myoblasts and myotubes when exposed to low (1.5 ppm) and high

concentration (5 ppm) were assessed based on the proliferation, alteration in gene expression, ROS

production, and production of in ammatory cy tokines. Changes based on morpho logy, mu ltinucleatedfl

myotube formation, expression of MyHC1 and signaling pathways were also investigated. Concentrations

of NaF tested had no effects on cell viabil ity. NaF at low concentration (1.5 ppm) caused myoblast pro-

liferation and when subjected to myogenic differentiation it induced hype rtrophy of the myotubes by

activating the IGF-1/AKT pathway. NaF at higher concentration (5 ppm), si gni cantly inhibited myotubefi

formation, increased skeletal muscle catabolism, generated reactive oxygen species (ROS) and in am-fl

matory cytokines (TNF-a and IL-6) in C2C12 cells. NaF also enhanced the production of muscle atrophy-

related genes, myostatin, and atrogin-1. The data sug gest that NaF at low concentration can be used as

muscle enha ncing factor (hype rtrophy), and at higher concentration, it accelerates skeletal muscle at-

rophy by act ivating the ubiquitin-proteosome pathway.

© 2018 Elsev ier Ltd. All rights reserved.

1. Introduction

Fluorine/Fluoride (Fl/F) is a highly electronegative and

extremely reactive compound, and its levels in drinking water

should not exceed 1.0 mg/L (1 ppm- Parts per million) (WHO,

20 08). However, high uoride levels ( 3 ppm) are present in wa-fl ˃

ter in uorosis endemic areas and it has been reported that thefl

source of natural uoride is rocks and granulitesfl

(Dharmagunawardhane et al., 2016; Tsunogae et al., 20 03). In

addition to uoride in nature, the human population is alsofl

exposed to uoride mainly through drinking water, uoride richfl fl

natural foodstuffs; uoride supplemented marketed food, uori-fl fl

dated dentifrices, uoride varnish including uoride mouth wash.fl fl

Fluoride is also considered as an important bene cial element infi

human health, since it has an anti-carieogenic effect and mainte-

nance of bone density. Therefore, the diet and drinking water

contributes to approximately 0.05 mg/kg daily intake for an adult

individual. Such a dose (0.5 mg/kg/day) can help reduce the rate of

dental caries in humans. Fluoride reportedly exerts both positive

and negative effects on human health (Edmunds and Smedley,

1996 Urbansky, 20 02 Bailey et al., 20 06 Nielsen, 20 09; ; ; ).
Exposure to uoride at low concentrations causes growth,fl

development and maintenance of the skeletal systems
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(Antonarakis et al., 2014; O'Mullane et al., 2016). Chronic and acute

exposure to uoride causes dental mottling, skeletal uorosisfl fl

(Krishnamachari, 1986; Kebede et al., 2016; Denbesten and Li, 2011;

Asawa et al., 2015) and non-skeletal uorosis such as musculo-fl

skeletal disorders (Shashi, 1989; Shashi et al., 1992; Shashi et al.,

2010 Shashi and Rana, 2016 Ge et al., 2006; ). Besides, neuronal ( ;

Zhang et al., 20 08 Muller et al., 1992 Buzalaf) and gastrointestinal ( ;

and Whitford, 2011 Dabrowska et al., 2006 Pereira et al.,), liver ( ;

2013 Antonio et al., 2017 Zohoori et al., 2015) and renal ( ; ), repro-

ductive (Wang et al., 2017; Yin et al., 2015; Zhang et al., 2016)

disorders are also caused by uorosis. Furthermore, uorosis alsofl fl

affects the antioxidant system in the body (Mukhopadhyay and

Chattopadhyay, 2014 Feng et al., 2015; ).

Skeletal uorosis is often associated with skeletal muscle uo-fl fl

rosis (non-skeletal uorosis). Muscle is a sensitive organ that isfl

susceptible to uoride induced damage in chronic uoride toxicityfl fl

resulting in functional changes manifested as muscle ache and

weakness due to the alterations in the levels of serum lactate de-
hydrogenase (LDH) (Li et al., 1989). Fluorosis causes musculoskel-

etal damage and destroys collagen structure in muscles, tendons,

ligaments and bone. Fluorosis reportedly led to gross alteration in

the histological structure and function of gastrocnemius muscle

(Shashi and Rana, 2016; Chinoy and Memon, 20 01; Shashi et al.,

20 09). Fluoride toxicity destroys the structure and functions of

actin and myosin laments of skeletal muscle areas by degenera-fi

tion (Shashi, 1989; Shashi et al., 1992 Park et al., 1999; ). Histological

analysis had shown that skeletal muscle uorosis causes changesfl

such as apoptosis and necrosis of muscle bres and retraction offi

muscle bres from the perimysial sheath. The results of the in-vivofi

studies indicated that mitochondria and myo brils are damaged infi

skeletal muscle by uoride. Fluorosis led to a decrease in thefl in vivo

activities of mitochondrial enzymes such as succinate dehydroge-

nase, cytochrome oxidase, and Mg2þ adenosine triphosphatase,

causing impairment of energy metabolism leading to skeletal

muscle necrosis ( ).Pang et al., 1996

Skeletal muscle is a dynamic tissue and is highly adaptable and

responds to the daily wear and tear (biochemical and biophysical

signals). Skeletal muscle can increase its mass, i.e., hypertrophy
during development, exercise, stretch and mechanical loading

(Sharples and Stewart, 2011). Furthermore, physiologically hyper-

trophy in skeletal muscle can also be achieved by blocking myo-

statin (GDF-8; negative regulator of muscle mass) (Sharples and

Stewart, 2011 Senesi); or using supplements such as betaine (

et al., 2013 Montesano et al., 2013), resveratrol ( ). Other factors

such as Insulin-like growth factor-1 (IGF-1) promotes skeletal

muscle hypertrophy through its interaction with IGF-1R by acti-

vating AKT and phosphatidylinositol-3,4,5-triphosphates (PIP3)

( ; ; ). AK T, in turn,Sartorelli and Fulco, 2004 Sandri, 20 08 Glass, 20 05

enables the downstream kinase mTOR, which stimulates p70S6

kinase and other effectors, resulting in increased protein synthesis

( ; ). On the other hand, skeletal muscleSandri, 20 08 Glass, 20 05

atrophy or severe loss of muscle mass is observed during ageing,

disuse and other catabolic diseases such as cancer, AIDS, congestive

heart failure, COPD, arthritis and sarcopenia. During skeletal mus-

cle atrophy increased protein degradation may occur due to

changes in hormones such as IGF-1, testosterone, glucocorticoids.

Furthermore increase in levels of TGF-b, myostatin and cytokines
such as TNF-a, IL-6 (Sharples and Stewart, 2011), T WEAK and

TRAF6 (Kumar et al., 2012) can also cause muscle atrophy. Oxidative

stress, ROS production and decreased amino acid availability are

also reported to result in muscle atrophy (Sharples and Stewart,

2011).

Fluorosis induced skeletal muscle hypertrophy and hyperplasia

in rabbits and rats in low concentrations and atrophy at higher

concentrations (Shashi, 1989; Shashi et al., 2010). However, the

underlying mechanisms of uoride induced skeletal muscle hy-fl

pertrophy and atrophy and is not clear. In this study,in vitro in vivo

hence, we have assessed the effects of sodium uoride (NaF) onfl

C2C12 murine myoblasts cell line . Our results show that NaFin vitro

at lower concentration causes proliferation of myoblasts and hy-

pertrophy of the myotubes by activating IGF-1 signaling pathway

and at higher concentration; it causes atrophy of myotubes by

activating ubiquitin-proteosome pathway.

2. Material and methods

2.1. Cell culture

C2C12 mouse myoblast cell line was cultured in DMEM (Dul-

becco modi ed Eagle medium) high glucose supplemented withfi

20% (v/v) FBS (Fetal Bovine Serum), 1% penicillin streptomycin&

and 1% L-glutamine (all from Gibco, Thermo Fisher scienti cfi

Carlsbad, CA, USA) up to 70% con uence at 37fl
C and 5% CO2 . Once

the cells reached desired con uence, the medium was changed tofl

differentiation medium, DMEM supplemented with 2% horse

serum (Gibco, Thermo Fisher scienti c Carlsbad, CA, USA) to inducefi

differentiation.

2.2. Cell proliferation assay

To show the direct effects of NaF on C2C12 myoblast prolifera-

tion, myoblasts were seeded at a density of 600 0 cells/cm 2 in

growth medium on 96-well microtitre plates overnight. Exogenous

NaF was added to the cells, and cultured for 72 h. Cell number was

assessed using MTT assay according to the published protocols

(Oliver et al., 1989 ).

2.3. Cell growth and viability

In order to test the cell growth and viability of C2C12 myoblast

in the presence and absence of NaF, cells were plated in 35 mm

culture dishes at 40% con uence in growth medium with (1 ppm,fl

1.5 ppm, 5 ppm) or without NaF for 72 h. Cell growth and viability
were calculated using trypan blue exclusion method; cells were

trypsinized and counted with the help of hemocytometer (Senesi

et al., 2013 Montesano et al., 2013; ). Cells were observed under

the microscope and images were captured. Cells cultured in pro-

liferation media and differentiation media without NaF were used

as controls.

2.4. Myoblast dif ferentiation and Myotube formation

C2C12 myoblast cells were seeded in 6 well plates and allowed

to attach overnight. The culture medium was replaced with dif-

ferentiation medium containing with or without NaF and cultured

for 24 h, 48 h, 72 h and 96 h. At the end of each time point, the cells

were xed with 4% PFA and stained with Giemsa (Sigma USA) ac-fi

cording to the standard protocol. Cell morphology was observed by

phase contrast microscopy using Primovert (Carl Zeiss, Germany)

with camera attachment and images were captured using Zen lite

software (Carl Zeiss, Germany).

2.5. Immuno uorescencefl

Differentiated (myotubes) and undifferentiated myoblasts were

cultured with or without NaF in 8 well chamber slides (Eppendorf

Germany). The cells were xed in freshly prepared 4% para-fi

formaldehyde and permeabilized with 0.3% Triton X10 0 (Sigma) in

PBS. The non-speci c binding sites were blocked with 5% normalfi

donkey serum (Sigma) in PBS for 1 h and incubated overnight at
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4 C with primary antibodies, followed by appropriate secondary

antibody for 1 h, counterstained with mounting media (ProLong

Gold Antifade, Thermo Fisher, USA) containing DAPI. The slides

were observed, and images were captured under ZOE Fluorescent

cell imager (Bio-Rad, USA). Detailed list of antibodies and their

respective dilutions can be found in the Supplementary Table 1.

2.6. Characterization of myotubes treated with or without NaF

Myotubes containing more than or equal to three nuclei were

considered for counting the total number of myotubes per eld,fi

myonuclei and myotubes area measurements (Velica and Bunce,

2011). The myotube area was measured using the Image J soft-

ware and represented as mm2. The graph was plotted by taking the

average myotube area of 10 random elds, and values are repre-fi

sented as mean SD.±

The myotube diameter was evaluated after immunostaining the

myotubes with MyHC1 antibody and DAPI using Image J software,
three measurements of the diameter were taken along each myo-

tube, in at least ten different elds, for at least 10 0 myotubes perfi

culture.

The myogenic fusion index was calculated after immunostaining

with MyHC1 antibody and DAPI, as the ratio between the number

of nuclei in multinucleated myotubes and the total number of

nuclei in a given eld. 40 0 to 70 0 nuclei were counted per culture infi

at least ten different elds.fi

2.7. Detection ROS generation in C2C12 using uorescence emissionfl

C2C12 were cultured in the presence and absence of NaF and

were tested for the presence of ROS generation, DCFDA-2 ,’

7 dichloro uorescin diacetate (Sigma, USA) (cell permeant re-‘e fl

agent) a uorogenic dye that measures hydroxyl, peroxyl and otherfl

ROS activity within the cell. Brie y, C2C12 cells were plated in 96fl

well plates in growth media at 60 00 cells/well. Af ter overnight

attachment of the cells; they were treated with different concen-

trations of NaF in differentiation media. At the end of 24 h time

point, the media was removed, and the cells were incubated with
5 mM of DCFDA in PBS for 30 min at 37 C with 5% CO2 . After incu-

bation, the dye was removed, and 20 0 ml of differentiation media

was added in each well. Fluorescence was measured at various time

points using multimode uorescent plate reader FLUOstar Omegafl

(BMG LABTECH, Germany) at 485/535 nm respectively (Rosenkranz

et al., 1992).

2.8. Detection of ROS generation in myotubes by uorescencefl

microscopy

C2C12 cells were cultured in 8 well-chambered cover slips

(Eppendorf) in the growth media at a cell density of 10,00 0 cells/

well and allowed to attach overnight. Af ter attachment of the cells,

a time course myogenic differentiation (24 h, 48 h, 72 h, and 96 h)

was done by treating the cells with different concentrations of NaF

in differentiation media. At the end of each time point, the cells

were processed as mentioned in the previous experiment, the

green uorescently stained cells (ROS positive) were observed withfl

ZOE uorescent cell imager (BIO-RAD, USA) and the images werefl

captured and analyzed (Sriram et al., 2011).

2.9. Quantitative real time-PCR (RT-PCR)

Total RNA was extracted from myoblasts and myotubes treated

with or without NaF using RNeasy mini kit (Qiagen 74104). cDNA

was reverse transcribed using iScript RT (BioRad 1708891), and

subsequently, quantitative PCR was performed using SsoFast Eva™

Green super mix (BioRad 1725201), as per manufacturer's in-

structions. Gene expression was carried out for a wide variety of

markers such as cyclins, myogenic regulatory factors, MyHC1 and

mitochondrial genes upon exposure to NaF on C2C12 myotubes.

Transcript levels were normalized to GAPDH, with relative gene

expression fold-change calculated using 2 (DDCt) method [threshold

cycle (Ct) values]. The list of primers used can be found in the

Supplementary Table 2.

2.10. Immunoblotting/western blot

Myoblasts and myotubes treated with or without NaF were

dissolved in protein lysis buffer containing [50 mM Tris, (pH 7.5),

250 mM NaCl, 5 mM EDTA, 0.1% NP-40, protease inhibitor cocktail

(Sigma-Aldrich P2714), 2 mM NaF, 1 mM Na3V04, and 1 mM phe-

nylmethylsulfonyl uoride (PMSF)], incubated for 15 min and thenfl

centrifuged at 12,0 0 0 rpm for 10 min. The supernatant was taken

for further analysis, and proteins were quanti ed using Bradfordfi

reagent (Bio-Rad). 20 mg of protein lysate was run on SDS-PAGE,

using a 10e12% gel, and the proteins were transferred to nitrocel-

lulose membrane. The membrane was then blocked for 1 h in 5%

milk in 1 Tris buffered saline-Tween 20 (TBST), and then incu-

bated overnight with speci c primary antibodies with 5% milk infi

1xTBST. The membrane was washed in 1 TBST for 5 min (5 times)

and then incubated with HRP-conjugated secondary antibodies.

Bands were visualized using enhanced chemiluminescence method

(Advansta, USA) and detected using X-Ray lm. Quantitative mea-fi

surement of the bands was performed by densitometric analysis

using LiCor Image Studio Lite, Version 5.2 software.

2.11. Flow cytometry

Myoblasts and myotubes treated with or without NaF were

washed with PBS and xed with ice-cold 4% PFA in PBS. The cellsfi

were then permeabilized with 0.3% Triton X-100, incubated with

primary antibody for 1 h followed by incubation with uorescence-fl

conjugated secondary antibody for 30 min (antibody details are

given in Supplementary Table 1). The antibody stained cells (10,0 0 0
events) were then acquired on Guava easyCyte (Merck Millipore

USA) ow cytometer using Guava InCyte software. Flow cytometricfl

analysis was carried out using deNovo FCS Express software, USA.

2.12. Statistical analysis

Data was analyzed by using two tailed Student's -test tot

determine the statistically signi cant measurement. The differ-fi

ences between more than two groups were analyzed by ANOVA.

The values of 0.05 (*) and 0.01 (**) were considered asP P  P 

signi cant. Error bar represents the standard error of mean.fi ±

3. Results

3.1. Ef fect of NaF on the proliferation of C2C12 myoblast cells

C2C12 mouse myoblasts were cultured in proliferation media

( A) and allowed to grow up to 70% con uency. The cells at thisFig. 1 fl

stage were immunostained with MyoD antibody ( A) toFig. 1
con rm the undifferentiated state of the myoblasts. Initially,fi

proliferating C2C12 myoblast cells were screened for NaF toxicity at

a concentration from 1 ppm to 40 ppm. At this broad range (1 ppm-

40 ppm), NaF promoted proliferation of the myoblasts without any

cell death ( ). Cell viability decreased only above 40 ppm,Fig. S1A

and cell death was seen ( ).Fig. S1B

Wit h th ese obse rvation s, C2C12 in the proli ferat ive ph ase were

expose d to diff eren t con cent rati on o f NaF (1 ppm, 1. 5 ppm and
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5 p p m ) a t 2 4 h , 4 8 h , a n d 7 2 h t i m e p o i n t s . I n i t i a l l y u p t o 2 4 h o f

NaF tr eatme nt, C2 C12 cel ls proli ferate d ste adily, and the p rolife r-

ati on rated inc rease d a t 4 8 h and att aine d a pe ak at 72 h (Fi g. 1B ) .

Cel l s t reated w ith 1 ppm exh ibite d h igher p rolif erati on when

comp ared to unt reated co ntrol s ( Growth me d ia con trol- GM con-

trol ). Treatme nt wi th 1.5 pp m a nd 5 pp m of uo rid e disp layed nofl

inhi biti on in th e proli ferat ion of myobla sts whe n comp ared to

untre ated cel ls ( B ). 5 ppm of NaF tre atmen t i nduc ed s igni -Fig. 1 fi

cant ly h igh pro life ration rate in th e C2C12 myobla sts whe n

comp ared to other dose s ( B). Neglig ible cel l dea th wasFi g. 1

o b s e r v e d i n t r y p a n b l u e v i a b i l i t y a s s a y i n a l l t h e N a F t r e a t e d d o s e s

i n c l u d i n g u n t r e a t e d c o n t r o l s t h e r e b y c o nfirmi ng th e cel l deat h in

the p ermi ssib le ce ll c ultu re tur nover of proli ferat ing myobl asts

(Fig. 1C ) .

Fig. 1. Proliferation and the inhibitory effect of NaF on C2C12 cells: Cells were cultured in growth medium and differentiation medium in the presence and absence of NaF. A)

Phase contrast and immuno uorescence images of C2C12 cells stained with MyoD antibody cultured in growth medium. The proliferation of C2C12 cells (growth curve) in thefl B)

presence of different concentrations of NaF (1 ppm, 1.5 ppm, 5 ppm) *P ˂0.05. Cell viability assay conducted on C2C12 cells in the presence of different concentrations of NaFC)

(1 ppm, 1.5 ppm, 5 ppm) *P ˂0.05. D) Expression (qRT-PCR) pattern of different cyclins at 24 h after the cells were treated with different concentrations of NaF. Phase contrastE)

images of C2C12 cells captured after 72 h of proliferation and morphological changes were observed after NaF treatment. Values are means of SD of three experiments. Scale bars:±

10 0 mm.
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In addition to high proliferation rate of C2C12 in the presence of

NaF, obtained in the growth curve, signi cant downregulatedfi

expression of cyclin genes were observed in qRT-PCR performed at

24 h of proliferation in the presence and absence of NaF indicating

that the cells have exited the cell cycle ( D). Further,Fig. 1

morphology shift from cuboidal (undifferentiated) to spindle sha-

ped was observed upon exposure of the C2C12 cells to different

concentrations of NaF thereby indicating the readiness of the cells

for differentiation ( E). We also investigated the role of NaF onFig. 1

initiation of differentiation, using qRT-PCR gene expression analysis

of the two principal myogenesis regulatory factors (MRFs) MyoD

and ( A and B). There was signi cant upregulation ofMyf5 Fig. 2 fi

MyoD Myf5and ; this might be due to excessive proliferation of the

cells at the given concentration of NaF (Kitzmann and Fernandez,

20 01 De Falco and De Luca, 20 06 Berkes and Tapscott, 20 05; ; ).

Downregulation of these MRFs were only observed in the

C2C12 cells cultured only in differentiation medium. Moreover, the

differentiation marker exhibited an upregulation in theMyoG
C2C12 cultures in differentiation media bearing a direct correlation

with the increasing dose of NaF ( C).Fig. 2

3.2. Ef fect of NaF on the production of reactive oxygen species (ROS)

in C2C12 myoblast cells

Production of ROS or oxidative stress induces skeletal muscle

atrophy, cachexia, and sarcopenia ( ;Li and Reid, 20 0 0 Gomes-

Marcondes and Tisdale, 20 02 Mantovani et al., 20 04 Moylan; ;

and Reid, 20 07). We observed the effect of NaF on ROS produc-

tion in C2C12 myoblast cells. NaF increased the ROS production in a

dose-dependent manner (0 ppm, 1 ppm, 1.5 ppm, 5 ppm), and

5 ppm concentration showed maximum ROS production ( D).Fig. 2

NaF also induced ROS production in differentiating C2C12 myo-

tubes in a time dependent manner. ROS production was signi -fi

cantly increased at 4 8 h with the addition of NaF at a concentration

of 1 ppm and attained a peak at a concentration of 1.5 ppm ( DFig. 2

and E). ROS production decreased at NaF concentration of 5 ppm;

this might be due to myotube atrophy and also due to decrease in

myotube number ( D and F). ROS production decreased withFig. 2
time and was lowest at 72 h ( D and E). ROS production atFig. 2

different concentrations correlated well with the uorescence mi-fl

croscopy observations.

3.3. NaF induced ROS production leading to mitochondrial damage

in C2C12 myotubes

Excessive production of ROS is detrimental to the cells because

of its effects on lipids, proteins, and DNA (Xiao et al., 2017). Our

studies indicated that NaF caused ROS production both in myoblast

and myotubes which resulted in excessive mitochondrial damage

beyond repair. We, hence, investigated the expression of genes

controlling the mitochondrial dynamics in C2C12 myotubes to

different concentrations of NaF. a mitochondrial E3Parkin (Park-2),

ligases and (Dynamin-like protein 1) promoting the frag-Drp1

mentation of mitochondria were signi cantly upregulated in C2C12fi

myotubes treated with NaF at 1.5 ppm ( ). This indicated thatFig. S1C

ROS might act as a trigger for the induction of -dependentParkin

mitophagy (Xiao et al., 2017). Expression of Mfn2 (coordinates
mitochondrial fusion), and Pink1 (Park6) was completely absent in

all NaF treatments ( ). Other factors such asFig. S1C Mfn1, ,March5

Fis1, expressed ( ).and BNIP3 were also Fig. S1C

3.4. NaF caused expression of in ammatory cytokines in C2C12fl

myoblasts

We wanted to investigate if NaF induced ROS production can

cause an increase in in ammatory cytokine expression. qRT-PCRfl

gene expression analysis indicated a time-dependent increase in

various in ammatory cytokines such as IL-6 and TNF-fl a gradually

starting from 24 h to 72 h ( A and B). Out of these three con-Fig. 3

centrations of NaF tested for this study, 1.5 ppm at 72 h increased

the expression of IL-6 by two folds ( A) and TNF-Fig. 3 a by four folds

( B). However, both the other concentrations of NaF-1.5 ppmFig. 3

and 5 ppm resulted in the decrease of TNF- a (2 fold), as compared

to untreated controls ( B).Fig. 3

3.5. Low and high concentrations of NaF respectively induced and

inhibited myogenic dif ferentiations

Next, we studied the myogenic differentiation of C2C12 cells

cultured in differentiation medium (2% HS) in the presence and

absence of NaF. A time course myogenic differentiation was con-

ducted in the presence of NaF at a concentration of 0 ppm, 1 ppm,

1.5 ppm, and 5 ppm for four days (96 h). At the end of 96 h the
differentiated myotubes were xed and stained with Giemsafi

( C), simultaneously the myotubes were xed and immuno-Fig. 3 fi

stained with MyHC-1 ( D). The myotubes were analyzed forFig. 3

number of myotubes per eld ( E) and number of nuclei perfi Fig. 3

myotube ( F). NaF at a concentration of 1 ppm had no effect onFig. 3

myotubes, number of myotubes (08/ eld) ( D and E) andfi Fig. 3

myonuclei ( 40) and therefore, appeared similar to that of un-z

treated control ( F). This indicated that the C2C12 underwentFig. 3

normal myogenesis/myogenic differentiation in presence of 1 ppm

of NaF, which is indeed a safe dose in drinking water for humans.

However, at NaF concentration of 1.5 ppm, the number of myotubes

decreased to 0 6 per eld ( D and E) but the number of myo-fi Fig. 3 

nuclei per myotube increased ( 50) indicating enhanced myo-z

genesis ( F) when compared to untreated control and 1 ppmFig. 3

treatments. Furthermore, at NaF at a dose 5 ppm, the number of

myotubes decreased further (05/ eld) ( D and E) and there wasfi Fig. 3

also reduction in the number of myonuclei per myotube ( 25)z

thereby indicating inhibited myogenesis ( F).Fig. 3

3.6. Low concentration of NaF supplementation induces
hypertrophy and at high concentration induces atrophy of myotubes

during myogenic dif ferentiation

Myoblasts (C2C12) were cultured to con uence which isfl

required for differentiation and then induced to differentiate in the

presence or absence of supplemental NaF. Differentiated myotubes

that formed in the presence of 1 ppm NaF were similar to that of

untreated control both at 72 h and 96 h time point ( A). Myo-Fig. 4

tubes that formed in the presence of 1.5 ppm NaF were larger/hy-

pertrophied at 72 h when compared to control ( A). But at theFig. 4

same concentration when the myotubes were cultured for 96 h

they were shorter/thicker ( A). Further, when the concentra-Fig. 4

tion of supplemented NaF was increased to 5 ppm at 72 h, the

myotubes were thinner/atrophied, and at 96 h the myotubes were

shorter/atrophied ( A). Exposure to higher concentrations ofFig. 4

NaF such as 10 ppm, 20 ppm, and 40 ppm results in progressive loss

of myotubes, without any effect on myoblasts ( ).Fig. S1D

Morphometric analysis such as myotube length, myotube

diameter, and fusion index was calculated. NaF treatment on C2C12
myotubes with 1.5 ppm at 72 h of differentiation, showed a signif-

icant increase in the size of myotubes, i.e., increase in diameter and

fusion index but there was a decrease in myotube length when

compared with 1 ppm NaF and with untreated control (Fig. 4A , B ,

C). Further at 96 h there was further decrease in myotube length but

increase in diameter and fusion index. Hypertrophy of the myo-

tubes was followed by an accumulation of myonuclei in the centre

of the myotubes which is a hallmark of hypertrophy ( A).Fig. 4
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Fig. 2. Effect of NaF on muscle regulatory factors (MRF) and ROS production on C2C12 cells: Cells were cultured in growth medium and differentiation medium in the presence

and absence of NaF (1 ppm, 1.5 ppm, 5 ppm). Gene expression of MRFs , 24 h after the cells were treated with different concentrations of NaF *A, B, C) MyoD Myf5, and MyoG P ˂0.05.

D) E)Fluorescence microscopy images of ROS production in myoblasts and in differentiated myotubes treated with different concentrations of NaF at different time points. Dose-

dependent effect of NaF on ROS production was measured in C2C12 myoblast cells. ROS production was determined using DCFDA-2‘, 7‘edichloro uorescin diacetate. Fluorescencefl

intensity was measured at an excitation wavelength of 498 nm and an emission wavelength of 535 nm. The number of uorescent myotubes forme d per eld, calculated fromF) fl fi

three random elds per treatment. Values are means of SD of three experiments. Scale bars: 10 0fi ± mm.
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Myotubes when treated with an increased concentration of NaF,

i.e., 5 ppm for 72 h and 96 h during differentiation resulted in

myotube atrophy ( A). Myotubes length, diameter, and fusionFig. 4

index decreased signi cantly in the treated concentration and thefi

time point used. There were up to 63% atrophied larger myotubes at

72 h, and 85% atrophied smaller myotubes at 96 h ( B). SkeletalFig. 4

muscle hypertrophy and atrophy myotubes dimensions were

measured using MyHC1 uorescence images of the myotubesfl

formed under treatments ( A).Fig. 4

3.7. NaF induce hypertrophy of the skeletal muscle via IGF-1/PI3K/

Akt signaling pathway

After con rming the hypertrophied myotubes upon inductionfi

Fig. 3. Effect of NaF on the expression of in ammatory cytokines and morphological changes in differentiated C2C12 myotubes:fl Cells were cultured in differentiation medium

in the presence and absence of NaF (1.5 ppm and 5 ppm). In ammatory cytokines IL-6 and TNF-A and B) fl a were determined by qRT-PCR for 24 h, 4 8 h and 72 h *P ˂0.05. C)

Morphology of multinuc leated myotubes under phase contrast microscopy stained with Giemsa at 96 h of differentiation. Immuno uorescence staining of myotubes with MyHC1D) fl

antibody at 96 h of differentiation. The number of myotubes formed per eld. The number of myonuclei per myotube, calculated from ten random elds per concentration.E) fi F) fi

Values are means of SD of three experiments.*± P ˂0.05.
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Fig. 4. Morphometric analysis of differentiated C2C12with hypertrophy and atrophied myotubes 72h and 96h: Cells were cultured in differentiation medium in the presence

and absence of NaF (1.5 and 5 ppm) for 72 h and 96 h. Analysis of immuno uorescence (MyHC1) and Giemsa stained myotubes showing hypertrophied (1.5 ppm) and atrophiedA) fl

morphology. Scale bars: 10 0mm. ) Plots representing an increase in myotube length. ) Myotube diameter. Fusion index of NaF treated myotubes compared to differentiationB C D)

media control.*P ˂0.05. ( NaF1.5 ppm 96 h vs. DM 96 h p 0.01; 5 ppm 72 h vs. DM 72 h p 0.01; 5 ppm 96 h vs. DM 96 h p 0.05;Myotubes length:    Myotubes diameter:

NaF1.5 ppm 72 h vs. DM 72 h p 0.01; 1.5 ppm 96 h vs. DM 96 h p 0.05; 5 ppm 72 h vs. DM 72 h p 0.01; 5 ppm 96 h vs. DM 96 h p 0.01; NaF1.5 ppm 72 h vs. DM    Fusion index:

72 h p  0.01; 1.5 ppm 96 h vs. DM 96 h p 0.05; 5 ppm 72 h vs. DM 72 h p 0.01; 5 ppm 96 h vs. DM 96 h p 0.01).  
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with NaF (maximum hypertrophy at 1.5 ppm), we went ahead to

check the underlying mechanisms of the same. Insulin-like growth

factors (IGFs) have been earlier reported to be upregulated along

with the inhibition of basic FGF and TGFb during the differentiation

of C2C12 myoblasts under low serum conditions (Yoshiko et al.,

20 02). Importantly, Insulin-like growth factor-1 (IGF-1) promotes

proliferation and differentiation of myoblasts and is the leading

anabolic factor in skeletal muscle growth (Yu et al., 2015). Hence, to

verify the role of IGF-1 signaling pathway during hypertrophy, we

conducted qRT-PCR gene expression analysis and western blot for

protein expression on C2C12 cells treated with 1 ppm, 1.5 ppm and

5 ppm of NaF respectively.

NaF ( 1.5 ppm) t reatme nt on di ffe rentia ting C2 C12 lead to a

sign i ca nt t i me-d epend ent upre gula tion of IG F-1 R as a sse ssed byfi

flow cytome try and wes tern b lot ( A). 9 2% of theFi gs. 5 A and 6

diff erent iati ng C2C 12 trea ted wi th 1.5 ppm o f NaF exhib ited

posi tivit y for the expres sion of I GF-1 R at 48 h of treatm ent

( A). Time depe nden t expressi on of IG F-1 R as as sess ed by th eFig. 5

Fig. 5. Low concentration of NaF treatment on differentiating C2C12 myotubes causes activation of the IGF-1 pathway: Cells were cultured in differentiation medium in the

presence and absence of NaF (1.5 ppm) for 24 h, 48 h and 72 h. Flow cytometric analysis of IGF-1R at 4 8 h of 1.5 ppm NaF treatment. ) Gene expression analysis by qRT-PCR, ofA) B

IGF-1 mTOR P70S6K MyHC-1. Immuno uorescence staining of hypertrophied myotubes expressingC) D) E) F) fl aActinin. Values are means of SD of three experiments.*± P ˂0.05,

compared with DM control.
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wester n bl ot in d icate d th e hi ghes t express ion of IG F-1R at 48 h of

treat ment with 1.5 ppm of NaF ( A an d B). H owever, at a sti llFig. 6

high er conc ent rat io n of NaF t reatme nt ( 5 p pm), a lso ti me

depen de nt up regula tio n o f IGF- 1R was seen at 4 8 h and 72 h.

Moreove r, at both th e treat ments o f 1.5 p pm and 5 ppm , t h ere

was a dec lin e in IGF-1 R p rotein expres sion at 96 h the reby

indi cati ng a proba ble redu ctio n in the myogenic d iffer enti atio n

( A and B ). Si mil arly, t he gen e exp ressi on of the I GF-1 RFig. 6

l i g a n d , p r e c i s e l y I G F - 1, a l s o e x h i b i t e d a t i m e d e p e n d e n t u p r e -

gula tion at 48 h a nd 72 h (2 & 4 fo l d up r eg u l a te d I G F- 1 a t 4 8 h

Fig. 6. Effect of NaF on hypertrophy and atrophy pathway protein expression: Cells were cultured in differentiation medium in the presence and absence of NaF (1.5 ppm and

5 ppm) for 24 h, 4 8 h, 72 h and 96 h. ) Protein expression levels of IGF-1R, ERK1/2, pERK1/2, AKT, pAKT, atrogin-1, MURF-1, MyHC-1 were measured by western blot analysis. TheA

experiments were performed three times, and a representative result is shown. ) Densitometric analysis of 3 independent experiments is represented in the form of a heat map.B

The values were normalized to b-actin, and the fold change relative to untreated cells is presented. * compared with the untreated controls.P 0.05<
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and 72 h re spec tively, as compare d to control s cells only in dif-

ferent iat ion media and no NaF) in diffe renti a ting C2C12 trea ted

w i t h 1. 5 p p m o f N a F ( Fig . 5B ) . O w i n g t o t h e m a x i m u m h y p e r-

trophy at 1. 5 ppm of NaF t reatme nt, we had restric ted t he gen e

express ion analys is to thi s treatme nt only.

After con rming the role of IGF-1R and IGF-1 during NaFfi

(1.5 ppm) induced hypertrophy in differentiating C2C12 myoblasts,

we further assessed the downstream targets of IGF-1 signaling

precisely, ERK1/2, AKT, mTOR, and p70S6K. Western blot analyses

of total ERK1/2 and total Akt exhibited opposing time-dependent

kinetics at 1.5 ppm and 5 ppm of NaF treatment. Precisely, Total

ERK1/2 exhibited a downregulation from 48 h onwards in the

differentiating C2C12 myotubes treated with both the concentra-

tions of NaF ( A and B). Contrarily, total Akt exhibited anFig. 6

upregulation from 4 8 h onwards in differentiating C2C12 myotubes

treated with both the concentrations of NaF ( A and B). TheFig. 6

highest expression of phosphorylated ERK was observed at 48 h in

1.5 ppm and 5 ppm treatment of NaF respectively. However, the
highest expression of phosphorylated Akt was observed at 96 h of

both 1.5 ppm and 5 ppm of NaF treatment respectively ( ).Fig. 6

Further, qRT-PCR gene expression analysis of downstream targets,

such as mTOR and p70S6K exhibited a respective upregulation by

two fold at 48 h when treated with 1.5 ppm of NaF, as compared to

the control differentiating myotubes without NaF ( C and D).Fig. 5

Respective upregulation by ~3 fold and ~2.5 for mTOR and p70S6K

at 72 h was observed in 1.5 ppm NaF treated differentiating myo-

tubes (Fig. 5CD). The same results of hypertrophied myotubes and

enhanced myogenesis was further corroborated using qRT-PCR

gene expression analysis for myosin heavy chain (MyHC1) that

exhibited a signi cant upregulation at 48 h (1.5 fold) and 72 h (3.5fi

fold) ( E) and the immuno uorescence the myotubesFig. 5 fl

expressing sarcomeric aActinin ( F).Fig. 5

3.8. Higher concentrations (5 ppm) of NaF caused skeletal muscle

atrophy

Treatment with a higher concentration of NaF, i.e., 5 ppm on

differentiating C2C12 myotube cultures resulted in the myotubular

atrophy in mouse the myoblast cell line ( A). Treatment ofFig. 7

C2C12 myotube cultures with NaF (5 ppm) induced the loss of

muscle proteins and up-regulation of intermediates of the

ubiquitin-proteasomal pathway. We analyzed the expression of

atrogin-1 and MURF-1, two crucial ubiquitin E3 ligases, which are

markers of different forms of skeletal muscle wasting (Lecker et al.,

20 04). The results (WB, ICC, qRT-PCR) revealed a signi cant in-fi

crease of both atrogin-1/FBXO32 at 96 h and MURF-1 in all time

points in the C2C12 mouse myoblast cell line treated with 5 ppm

NaF ( B). We also noted that treatment with NaFFigs. 6A, 7A and 7

both with 1.5 ppm and 5 ppm caused a signi cant increase in thefi

expression of myostatin mRNA at 48 h and 72 h time points in dose

and time-dependent manner ( C).Fig. 7

Dose (NaF 1.5 ppm and 5 ppm) and time-dependent (24 h, 4 8 h,

and 72 h) expression of myostatin are an indicative of enhanced

muscle atrophy at 5 ppm of NaF treatment at 72 h of treatment of

C2C12 differentiating myotube cultures. Western blot and qRT-PCR
analysis con rmed the upregulation of MyHC1 protein expressionfi

in C2C12 mouse myotube cultures treated with NaF 5 ppm ( D)Fig. 7

at the given time points of 72 h and 96 h respectively indicating the

ongoing myogenesis. These data demonstrated that NaF induced

myotubular atrophy resulted in the loss of skeletal muscle proteins

suggestive of increased protein degradation through the ubiquitin

proteasomal system. Further, the role played by sodium uoride onfl

skeletal muscle myoblasts and myotubes is summarized in ( ).Fig. 8

4. Discussion

Skeletal muscle is a vital tissue of musculoskeletal system

providing support and mobility to an individual. Diet, exercise, age,

disease and certain chemical compounds are known to in uencefl

muscle hypertrophy or atrophy respectively. Fluoride is an bene -fi

cial trace element and promotes cell proliferation at low concen-

trations in various cell types (Krishnamachari, 1986). NaF has been

established for its bene cial role in the skeletal system, preciselyfi

bone metabolism as low concentrations support mineralization of

bone whereas a high concentration acts adversely (Antonarakis

et al., 2014). However, very high doses of NaF are reported to

cause adverse effects on the bones leading to apoptosis (Pereira

et al., 2017 Gu et al., 2016; ). Moreover, NaF has also been re-

ported to induce adverse effects on the cardiac muscle via ROS

production and NFkb pathway at very high doses (150 ppm,

300 ppm and 60 0 ppm) rats (Oyagbemi et al., 2017) and mito-

chondrial pathway mediated apoptosis in H9c2 car-in vitro
diomyocytes (Yan et al., 2017). Apart from the adverse effects of

high concentrations of NaF on bone cells and cardiac muscle, the

role of high and low concentrations of uoride has never beenfl

studied in the skeletal muscle systems-myoblasts or differentiating

myotubes.

In this present study, we demonstrate the role NaF on myoblast

proliferation, differentiation and its molecular mechanisms by

which it induced myotube hypertrophy and atrophy. The main

purpose of this study is to understand the bene cial versus harmfulfi

effects of NaF intake on skeletal muscle cells using a range of

concentrations of NaF in the culture media Moreover, uoride isfl

known to be an environmental toxicant posing a lot of health

problems in uoride endemic areas in India (fl Chakraborti et al.,

2016). Hence, the range of concentrations of NaF chosen for our

study correlated well with the concentrations that are present in

natural drinking water in certain uoride endemic areas of India, infl

addition to the safe recommended doses.

NaF exhibited varied effects on myoblasts and myotubes. It

induced proliferation of C2C12 myoblasts without any cell death in

all concentrations (1 ppm-40 ppm; ) tested. Increased cellFig. 1
proliferation was observed at 4 8 h that reached a peak at 72 h

causing a change in morphology from cuboidal to spindle shape

( F) in C2C12 treated with both 1.5 ppm and 5 ppm concen-Fig. 1

trations of NaF. Expression of and transcription factorsMyoD Myf5

increased gradually with increase in NaF concentration in prolif-

erating myoblasts thereby con rming the proliferation status of thefi

myoblasts. However, when the C2C12 cells were kept in differen-

tiation media along with NaF, the expression of MyoD Myf5and

decreased. Although, the cell numbers continued to show an in-

crease when the proliferating myoblasts were treated with

increasing concentrations of NaF from 1 ppm to 40 ppm, the cyclins

(Cyclin A2, B1, C, D, E1 and F) exhibited a gradual decrease in a dose-

dependent manner at 24 h of treatment of C2C12 proliferating

myoblasts, thereby indicating a probable effect of the NaF on the

cell cycle checkpoint inhibition. However, further validation ex-

periments need to be conducted to understand the effect of varying

concentrations of NaF on cell cycle checkpoint inhibition of prolif-

erating myoblasts.

NaF toxicity promotes ROS production and accumulation, and
this inhibits some of the antioxidant enzymes (Kale et al., 1999;

Shivarajashankara et al., 20 03). Production of ROS by NaF was seen

in myoblasts and myotubes ( C). Abnormal levels of ROSFig. 2

reportedly leads to the accumulation of mitochondrial DNA defects

(mitophagy) mediated through leading to muscle atrophyParkin

(Xiao et al., 2017). Similarly, in this study, we had also observed ROS

mediated mitophagy mediated through gene when theParkin

differentiating C2C12 were treated with high concentrations of NaF.

P.S. Shenoy et al. / Environmental Pollution 244 (2019) 534 548e544





Fig. 7. Higher concentration of NaF treatment on differentiating C2C12 myotubes causes activation of Atrogenes (ubiquitin-proteosome pathway): Cells were cultured in

differentiation medium in the presence and absence of NaF (5 ppm) for 24 h, 48 h and 72 h. Immuno uorescence staining of atrophied myotubes expressing atrogin-1, Murf-1,A) fl

aActinin, and MyHC-1. Gene expression analysis by qRT-PCR, FBXO32 MURF-1 Myostatin MyHC-1. Values are means of SD of three experiments.*B) C) D) E) ± P ˂0.05, * * P ˂0.01

compared with DM control.

P.S. Shenoy et al. / Environmental Pollution 244 (2019) 534 548e 545





Absence or down-regulation expression indicates the pro-Mfn2

gression of muscle wasting in NaF treated cells. Our observation

correlates well with the earlier work of Xi et al., (2016) reporting

Mfn2 induced muscle wasting (Xi et al., 2016). ROS production also

causes an increase in in ammatory cytokines, and there seems tofl

be a close relationship between oxidative stress, in ammation andfl

muscle wasting (Sriram et al., 2011; Powers et al., 20 05). NaF

induced vigorous production of ROS which inhibited the differen-

tiation of C2C12 cells with concomitant expression of myostatin,

atrogin-1 along with in ammatory cytokines such as TNF-fl a and IL-

6 expression in cells.

Myostatin had earlier been reported to be the key inducer of
muscle atrophy via reduced protein synthesis and enhanced pro-

tein degradation (Zhang et al., 2011; Verzola et al., 2011). Hence, it

might be possible that myostatin here is acting as a key inducer of

muscle atrophy in the presence of NaF due to the reduction in

protein synthesis and increase in protein degradation. Furthermore,

the effects of in ammatory cytokines and myostatin are closelyfl

correlated leading to muscle atrophy. In the current study, NaF

generated maximum ROS at a 1.5 ppm concentration at 48 h in

C2C12 cells ( ). In fact, 1.5 ppm of NaF treatment along with aFig. 2

maximum ROS production induced maximum hypertrophy that

might be correlated with a balance of antioxidant enzymes present

in the myotubes during 1.5 ppm of NaF treatment which forms the

future scope of the study. Moreover, at 5 ppm of NaF treatment in

differentiating C2C12 myotubes, TNF-a mRNA level decreased both

at 48 h and 72 h, which may be attributed due to the myotubes

undergoing atrophy ( ). These results can also be interpretedFig. 2

as, NaF enhances TNF-a level in muscles, which in turn increases

myostatin levels and further induces IL-6 production. Similar kind

of expression of in ammatory cytokines was also observed infl 

chronic kidney disease (CKD) and intestinal tumors (Zhang et al.,

2011 Verzola et al., 2011; ) ( Carson and Baltgalvis, 2010).

Skeletal muscle hypertrophy can be induced by various agents

such as betaine, resveratrol, IGF-1, arachidonic acid, folic acid

(Senesi et al., 2013; Montesano et al., 2013; Yoshiko et al., 2002;

Markworth and Cameron-Smith, 2013 Hwang et al., 2015; ) by

stimulating the phosphatidylinositol-3kinase (PI3K)/Akt pathway.

In the current study, we found that NaF at low concentration

(1.5 ppm) also caused muscle hypertrophy ( C) by activatingFig. 3

the PI3K/Akt and Akt/mTOR pathway in differentiating C2C12

myotubes. IGF-1 signaling pathway was, hence, established as the
underlying mechanism for hypertrophy in the differentiating

C2C12 myotubes in our study resulting in the activation of down-

stream targets which are required for protein synthesis. IGF1

signaling and its downstream targets have been reported to cause

protein synthesis by DeVol et al. (1990). NaF (1.5 ppm) caused

excessive proliferation and differentiation of C2C12 myoblasts

resulting in endogenous expression of IGF-1 leading to the activa-

tion of Akt which is suf cient to induce hypertrophy. Otherfi

downstream targets of PI3K/Akt pathway which can cause hyper-

trophy are mTOR (mammalian target of rapamycin) and p70S6 ki-

nase ( ;Zhang et al., 20 00 Montagne et al., 1999). Finally, mTOR

seems to play a central role in inducing hypertrophy and protein

synthesis. A recent study concludes that NaF induced apoptosis

through PI3K/Akt signaling in proliferating C2C12 cells (Zhou et al.,

2018). This indicates that PI3K/Akt signaling plays a differential role

on myoblasts and differentiated myotubes when stimulated by NaF.

Myostatin expression in skeletal muscle cells brings about rapid

catabolic changes in muscle cells by elevating the levels of muscle-

Fig. 8. Schematic representation/mechanism of NaF induced skeletal muscle hypertrophy and atrophy: Low concentration of NaF causes increased proliferation and differ-

entiation of the myoblasts leading to increased IGF-1R and increased endogenous expression of IGF-1 which causes enhanced PI3K/Akt/mTOR/p70S6K signaling pathway leading to

hypertrophy of the muscle. Higher concentration of NaF causes atrophy of the skeletal muscle. NaF causes increased ROS production, this, in turn, triggers in ammatory cytokinesfl

TNFa and IL-6 to induce myostatin and atrogin-1 expression leading to muscle wasting.
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speci c E3 ligases, such as atrogin-1and MuRF1 and increasingfi

intracellular ubiquitineproteosome pathway (McFarlane et al.,

20 06 Lokireddy et al., 2012; ). In this case, we have also observed

the role of high concentrations of NaF (5 ppm) leading to the

expression of myostatin, upregulated muscle-speci c E3 ubiquitinfi

ligases such as atrogin-1 and MuRF1, catabolic changes, and hence

atrophied myotubes. The rate of protein degradation was signi -fi

cantly increased when compared with control myotubes ( ). AnFig. 6

increase in signaling of TGFb pathway and a decrease in IGF-I/PI3K/

Akt signaling pathway takes place during skeletal muscle wasting

( ;Glass, 20 05 Tisdale, 2010; Sandri et al., 20 04). In the current study,

our results indicated a time-dependent increase of total and

phosphorylated Akt at 5 ppm concentrations of NaF in differenti-

ating myotubes with progressive atrophy that is opposite of what

has been reported by Sandri et al., (20 04) ( Fig. 6A). Low levels of Akt

coincided with decreased protein synthesis and increase in the

activity of FoxO transcription factors which further induce the

expression of muscle-speci c E3 ligases to enhance skeletal musclefi

catabolism during cancer cachexia ( ;Sandri et al., 20 04 Waddell

et al., 20 08).

NaF from past few decades is known for its toxic effects on

human populations at higher concentrations. There are con ictingfl

reports on the presence of uoride (safe dose) in drinking water.fl

Ingested uoride is readily absorbed and gets distributed in thefl

body; highest amount being retained in the bone and teeth (ASTDR,

20 03). The occurrence of uorosis is seen both in younger and agedfl

individuals, the severity of uoride intake causes changes in thefl

musculoskeletal system such as deformity of the skeleton, degen-

eration of cartilage and skeletal muscle etc. Further investigations

( and ) are required to nd out the long-term exposurein vitro in vivo fi

of the safe dose, and exact role played by NaF on skeletal muscle

and NaF toxicity reversal mechanisms.

5. Conclusion

Findings from our study indicate that NaF at low concentration

can stimulate proliferation and differentiation of myoblasts and

require a very high concentration to induce cell death and
apoptosis in myoblasts. Furthermore at low concentration NaF

causes excessive proliferation of myoblasts and causes hypertrophy

of the myotubes during differentiation and can be possibly be used

as muscle enhancing factor. At higher concentrations, NaF causes

atrophy of the myotubes and can be understood as toxic for muscle

growth and development.
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