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EFFECTS OF FLUORIDE EXPOSURE ON THE GROWTH, 
METAMORPHOSIS, AND SKELETAL DEVELOPMENT 

OF RANA CHENSINESIS AND RANA 
NIGROMACULATA LARVAE

Jiayi Chen,a Lihong Chaib,c Hongfeng Zhao,a Minyao Wu,a Hongyuan Wanga,*
Xi’an, People’s Republic of China

ABSTRACT: Chronic exposure to high fluoride ion levels (F) may lead to local tissue
disturbances, known as fluorosis. The present study was conducted to determine the
effects of sodium fluoride (NaF) on the growth, metamorphosis, and skeletal
development in tadpoles of Rana chensinesis and Rana nigromaculata. The mortality,
percentage of tadpoles completing metamorphosis, total length, body weight, and
hindlimb length were determined. In addition, skeletal systems were investigated by
using double staining methodology at Gosner stages 36, 42, and 46. The results
showed that chronic exposure to 50 mg NaF/L significantly increased the mortality,
inhibited metamorphosis, and delayed development in R. chensinesis and R.
nigromaculata tadpoles. The NaF treatment also produced flexural tail malformations
in R. chensinesis tadpoles but not in R. nigromaculata tadpoles, stimulated bone
mineralization in R. chensinesis tadpoles, and retarded the deposition of calcium in
R. nigromaculata tadpoles. In conclusion, our study suggests that fluoride may affect
skeletal ossification differently in different frog species due to differences in
sensitivity or the duration of the exposure.

Keywords Fluoride; Metamorphosis; Rana chensinesis; Rana nigromaculata; Skeletal 
development.

INTRODUCTION

Fluorine is one of common elements in the earth’s crust but is not found
naturally in the environment in its free state, due to its great chemical reactivity,
and exists in inorganic fluorides, as the fluoride ion (F), or in organic fluoride
compounds.1,2 The primary natural sources of inorganic fluorides are volcanic
eruptions, hot springs, soil during droughts, the weathering of rock, and the
burning of fossil fuels, etc.3 Fluoride is not an essential microelement for life and
in excess can produce toxic effects in plants, animals, and humans.4 Fluoride
pollution, with increased fluoride concentrations in both water and the
atmosphere, may be produced by human activities, such as metallurgy, the
production of bricks, ceramics, and glasses, and the processing of nuclear fuel and
manure.5 Human activities may increase the fluoride concentration of surface
water 100-fold up to 45 mg F/ L.6

 Fluoride is known to interact with mineralized tissues such as bone and teeth
and, when concomitant calcium deficit is present, may aggravate bone loss, via
reductions in the mineralized trabecular and cortical bone mass, and cause fragility
fractures.7 Currently, many investigations have demonstrated that fluoride has
effects on bone mineralization in both rats and humans.8,9 Fluoride behaves as a
aCollege of Life Science, Shaanxi Normal University, Xi’an 710119, PR China; bSchool of
Environmental Science and Engineering, Chang’an University, Xi’an 710054, PR China; cKey
Laboratory of Subsurface Hydrology and Ecological Effect in Arid Region of Ministry of
Education, Xi’an 710062, PR China; *For correspondence: Hongyuan Wang, PhD, College of
Life Science, Shaanxi Normal University, Xi’an 710119, PR China; Tel: +86-029-85310266; Fax:
+86-029-85310546; E-mail: hongyuanwang@snnu.edu.cn



Research report
Fluoride 49(2)128-142
April-June 2016

Effects of fluoride exposure on the growth, metamorphosis, and skeletal
development of Rana chensinesis and Rana nigromaculata larvae

Chen, Chai, Zhao, Wu, Wang

129129
cumulative toxic agent that can alter the accretion and resorption of tissues as well
as affecting the homeostasis of bone mineral metabolism.10,11 Fluoride exerts a
biphasic action at the level of the osteoblasts, on bone mineralization, bone
structure, and bone function. At low dosages, fluoride stimulates the formation of
bone. However, at high concentrations, fluoride reduces the apposition rates of
calcium ion and results in a prolongation of the mineralization time, thus delaying
the development of the skeleton.12,13 Moreover, at high dosages, fluoride may lead
to the formation of abnormally mineralized bone of impaired quality.14 

Bone is a composite tissue with a greater mineral component which consists of
calcium phosphate and other salts deposited in a matrix, osteoid, primarily
consisting of Type 1 collagen but also containing proteoglycans such as
chondroitin sulfate and keratin sulphate. Calcification is crucial for the normal
mineralization of bone.15 Alizarin red can stain the calcium in bone red give an
indication of the calcium concentration in the bone16 while aleian blue can stain
the chondroitin sulfate and keratin sulfate, in non-mineralized osteoid or cartilage,
blue. In our experience, we have found the double-staining method with alizarin
red and aleian blue to be useful for investigating the skeletal development of
larvae exposed to fluoride at different development stages by clearly showing
bone and shape and the degree of ossification. 

Metamorphosis development is an important stage in the life history of
amphibians and involves the reconstruction of the tissues and organs of the
tadpole, including the remolding of the skeletal system and the growth of the
limbs.17,18 The reconstruction of the tadpole skeletal system is thought to play an
essential role in amphibian metamorphosis, which enables adaptation to occur
from the aquatic habitat to the land habitat. Although excessive fluoride can impair
skeletal development in Bufo gargarizans tadpoles,19 no studies had been done on
the effects of fluoride on skeletal development in R. chensinesis and R.
nigromaculata. 

The aim of the present study was to investigate the effects of fluoride on skeletal
development in R. chensinesis and R. nigromaculata tadpoles at metamorphosis.
Using a control group with water with 0 mg NaF/L, we examined the effects of
chronic fluoride exposure, with water at 50 mg NaF/L, on mortality, body size, and
body mass in R. chensinesis and R. nigromaculata tadpoles. In addition, the
skeletal systems at pre-metamorphosis, at metamorphic climax, and at the
completion of metamorphosis were investigated by using double staining
methodology. 

MATERIALS AND METHODS

Experimental animals: The tadpoles studied originated from sexually mature
male and female frogs, of the species Rana chensinesis and Rana nigromaculata,
which were collected in February, from the Qinling Mountains, Shaanxi Province,
PR China, and induced to spawn by each couple being placed in a 40 L glass
aquarium. 
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Chemicals and reagents: The stock solutions were prepared by dissolving
sodium fluoride (NaF), from Sigma-Aldrich Corporation (Sigma, St Louis, MO,
USA), in dechlorinated tap water to obtain a nominal concentration of 50 mg NaF/
L. 

Exposure test: The control group was kept in dechlorinated tap water with 0 mg
NaF/L while the experimental treatment group were kept in water with 50 mg
NaF/L. After hatching, the R. chensinesis and R. nigromaculata embryos were
collected and placed in individual 20 L glass aquaria with either 0 (control) or 50
(treatment) mg NaF/L (nominal concentrations). Using a complete randomized
block design, at Gosner stage 26,20 the tadpoles were divided into 16 tanks, 4
control tanks and 4 tanks with 50 mg NaF/L for each of the two species, with n=90
tadpoles in each tank. The temperature was maintained at 22ºC with photoperiods
of 12 hr of light and 8 hr of darkness. The water conditions were pH 7.9, dissolved
oxygen (DO) 7.2 mg/L, and specific conductivity 1477 µS/cm. During this time
the dead embryos were removed twice daily. The data collected on the dead
embryos was used to compute the embryonic survival rate. Any unconsumed food
was siphoned from the tanks daily. The tadpoles were fed two to three times per
day. The rearing water was completely renewed three times per week, starting at
two weeks post-hatch.

Development, mortality, metamorphosis, and deformities: Daily records were
maintained for hatching success, and the embryo and larval mortality. Deformities,
mass, and the date of completed metamorphosis (Gosner stage 46) were monitored
for all the individuals. We examined the effects of chronic fluoride exposure on the
metamorphosis of R. chensinesis and R. nigromaculata tadpoles, at the fluoride
concentrations of 0 and 50 mg NaF/L, from Gosner stage 26 to Gosner stage 46.
The periods of tadpoles development were defined according to Gosner’s 1960
classification20 as pre-metamorphosis (Gosner stages 36–37), prometamorphosis
(Gosner stages 39–40), metamorphic climax (Gosner stage 42), and completion of
metamorphosis (complete tail resorption; Gosner stage 46). The sampling plan for
this study was designed to encompass these periods. Thirty tadpoles from both
control and treatment tanks were collected randomly for each of the two species,
weighed, and measured for total length and hindlimb length at Gosner stages 36,
42, and 46, respectively. 

Determination of the skeletal development: The double-staining method with
alizarin red and aleian blue was used to investigate the skeletal development of the
larvae exposed to different concentrations of NaF at different development stages.
Three tadpoles, at Gosner stages 36, 42, and 46, were collected randomly from
each aquarium. Both the control (0.00 mg NaF/L) and fluoride-treated (50 mg
NaF/L) larvae were anaesthetized with 95% alcohol, decolorized with 30% H2O2,
and defatted with acetone. After being eviscerated and cleared, each specimen was
stained using the alizarin red-aleian blue double staining method.21 Bones
(containing calcium) were indicated in red and cartilage (containing chondroitin
sulfate and keratin sulfate) in blue. The osteological terminology used follows
Duellman and Trueb.22 All the descriptions and illustrations were based on
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photographs taken with a Cannon 7D digital camera attached to a Zeiss Discovery
V12 stereoscope.

Statistical analysis: Statistical analyses were performed using the SPSS 16.0.
Differences between treatments were tested by with one-way ANOVA of the total
length, body weight, and hindlimb length as the dependent list, with the dose of
NaF as the variable factor, at Gosner stages 36, 42, and 46. In addition, differences
in the measured variables (mortality and percent metamorphosed) across each
treatment were also tested using one-way ANOVA. The data were reported as
mean±SE. For all analyses, a p<0.05 was considered to be a significant difference.

RESULTS

Mortality and metamorphosis rates in larvae of R. chensinesis and R.
nigromaculata: Exposure to 50 mg NaF/L had a significant effect on the
mortality of R. chensinesis and R. nigromaculata tadpoles (p<0.05). The
mortalities of R. chensinesis tadpoles exposed to the 0 (control) and 50 mg NaF/
L were 11.1% and 34.4%, respectively. Likewise, the mortalities of R.
nigromaculata tadpoles in water with 0 and 50 mg NaF/1 were 17.8% and
42.2%, respectively. For both species, the mortalities of the group exposed to 50
mg NaF/L were significantly greater (p<0.05) than the mortalities of the groups
exposed only to dechlorinated water (Figure 1).

 Compared to the control groups who were exposed to dechlorinated water only,
exposure to 50 mg NaF/L significantly delayed (p<0.05) the rates of
metamorphosis from tadpole to frog of R. chensinesis and R. nigromaculata. The
metamorphosis rates of R. chensinesis exposed to 0 and 50 mg NaF/L were 54.4%
and 28.9%, respectively. Similarly, the metamorphosis rates of R. nigromaculata
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Figure 1. Mortality rate of R. chensinesis and R. nigromaculata tadpoles exposed to control
water (dechlorinated water) and water with 50 mg NaF/L. Values are mean±SE. At the
initiation of the exposure there were 16 tanks (4 control tanks and 4 tanks with 50 mg NaF/
L for each of the two species) with n=90 tadpoles in each tank. Compared to the control
group, *p<0.05. 
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tadpoles, exposed to 0 and 50 mg NaF/L, were 57.8% and 32.2%, respectively.
(Figure 2).

Effect of sodium fluoride on growth and development in larvae of R. chensinesis
and R. nigromaculata: The total length of the R. chensinesis tadpoles was
significantly reduced in the treated group compared with the control group at
Gosner stages 36 and 42 (p<0.01 and p<0.05, respectively, one-way ANOVA).
However, the total length of the individuals that reached completed
metamorphosis at Gosner stage 46 during exposure to 50 mg NaF/L was not
significantly reduced compared to the untreated control group (p= 0.524, Figure
3). 

          Rana                       Rana 
       chensinesis       nigromaculata

 * *

Figure 2. Metamorphosis rate of R. chensinesis and R. nigromaculata tadpoles exposed
to control water (dechlorinated water) and water with 50 mg NaF/L. Values are mean±SE.
At the initiation of the exposure there were 16 tanks (4 control tanks and 4 tanks with 50
mg NaF/L for each of the two species) with n=90 tadpoles in each tank. Compared to the
control group, *p<0.05. 

 *
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Figure 3. Total length of R. chensinesis at Gosner stages 36, 42, and 46. Values are
mean±SE. Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 
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At Gosner stages 36 and 46, significant reductions in weight were observed in
the treated groups of the R. chensinesis tadpoles, relative to untreated control
group, but no significant reductions were observed at Gosner stage 42 (Figure 4). 

There were no signs of reduced hindlimb length in the treated groups of the R.
chensinesis tadpoles compared to the control group at Gosner stages 42 and 46,
but significant diminutions were observed at Gosner stage 36 (p<0.01, Figure 5).

In the R. nigromaculata tadpoles, growth was inhibited with 50 mg NaF/L at
Gosner stages 42 and 46 with significant reductions in total length (p<0.05 for
both stage 42 and 46, one-way ANOVA), compared to the control values, but the
total length for stage 36 was not significantly altered by the treatment (Figure 6). 
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Figure 4. Weight of R. chensinesis at Gosner stages 36, 42, and 46. Values are mean±SE.
Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 
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Figure 5. Hindlimb length of R. chensinesis at Gosner stages 36, 42, and 46. Values are
mean±SE. Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 
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In the R. nigromaculata tadpoles, at Gosner stage 46, the average weight of the
individuals that reached the completion of metamorphosis during exposure to 50
mg NaF/L was significantly reduced relative to that of the individuals in the
control group but no significant reductions were observed at Gosner stages 36 and
42 (Figure 7). 

In the R. nigromaculata tadpoles, the hindlimb length was significantly lower in
the group treated with 50 mg NaF/L compared to the untreated control group, at
Gosner stages 36, 42, and 46 respectively (p< 0.05 for all stages, Figure 8).

           *
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Figure 6. Total length of R. nigromaculata at Gosner stages 36, 42, and 46. Values are
mean±SE. Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 
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Figure 7. Weight of R. nigro maculata at Gosner stages 36, 42, and 46. Values are
mean±SE. Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 
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The morphology of R. chensinesis and R. nigromaculata tadpoles: 
The morphological alterations of R. chensinesis and R. nigromaculata tadpoles

in the control group and the treated group were recorded at the different
developmental stages. Compared to the normal morphology of R. chensinesis from
tadpole to frog in the control group (Figure 9A), exposure to the 50 mg NaF/L
induced significant deformities, involving asymmetric or bent tails in R.
chensinesis (Figure 9B). In contrast, no malformations appeared in R.
nigromaculata with the NaF treatment (Figure 9C).

 Effect of sodium fluoride on bone formation in the larvae of R. chensinesis and
R. nigromaculata: The skeletal systems of the tadpoles were demonstrated using
the double staining method at different developmental stages in the control and
treatment groups. At Gosner stage 36, no ossification was observed in the
chondrocranium of the control R. chensinesis group, suggesting that ossification
was not well developed (Figure 10a). In contrast, ossification of the
parasphenoid bones occurred in the 50 mg NaF/L R. chensinesis group (Figure
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Figure 8. Hindlimb length of R. nigro maculata at Gosner stages 36, 42, and 46. Values
are mean±SE. Compared to the control group (one-way ANOVA): *p<0.05, †p<0.01. 

Figures 9A,B, and C. Photograph illustrating the morphology of R. chensinesis and R.
nigromaculata tadpoles exposed to 0 and 50 mg NaF/L at the different developmental stages.
A: dorsal view of representative developmental stages from the control group in R.
chensinesis; B: dorsal view of representative developmental stages from the treated group in
R. chensinesis; and C: dorsal view of representative developmental stages from the treated
group in R. nigromaculata.
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10b). The parasphenoid and exoccipital bones were well ossified indicated by
red staining in the control R. chensinesis specimen at stage 42 (Figure 10c). In
the 50 mg NaF/L R. chensinesis group, greater ossification was observed in the
parasphenoid, frontoparietal and exoccipital bones compared to control group
(Figure 10d). At stage 46, ossification of the parasphenoid, frontoparietal and
exoccipital bones increased significantly in the 50 mg NaF/L R. chensinesis
group compared with that in the control group (Figures 10e and 10f). 

From the ventral view, the chondrocrania of R. nigromaculata, in the control and
50 mg NaF/L groups, were completely cartilaginous at stage 36, (Figures 10g and
10h). In the crania of larvae at stage 42, the ossified parasphenoid, frontoparietal,
exoccipital, and prootic bones were observed clearly in the specimens in the
control R. nigromaculata group (Figure 10i). In contrast, only the ossified
parasphenoid and exoccipital were found in the 50 mg NaF/L R. nigromaculata

Figure 10. Double staining of the cranial skeleton of R. chensinesis and R. nigromaculata
larvae at different development stages, ventral view. a: the cranial skeleton of R. chensinesis
at stage G36 in the control group; b: the cranium skeleton of R. chensinesis at stage G36
exposed to 50 mg NaF/L; c: the cranial skeleton of R. chensinesis at stage G42 in the control
group; d: the cranial skeleton of R. chensinesis at stage G42 exposed to 50 mg NaF/L; e: the
cranial skeleton of R. chensinesis at stage G46 in the control group; f: the cranial skeleton of
R. chensinesis at stage G46 exposed to 50 mg NaF/L; g: the cranial skeleton of R.
nigromaculata at stage G36 in the control group; h: the cranial skeleton of R. nigromaculata at
stage G36 exposed to 50 mg NaF/L; i: the cranial skeleton of R. nigromaculata at stage G42
in the control group; j: the cranial skeleton of R. nigromaculata at stage G42 exposed to 50 mg
NaF/L; k: the cranial skeleton of R. nigromaculata at stage G46 in the control group; and l: the
cranial skeleton of R. nigromaculata at stage G46 exposed to 50 mg NaF/L.
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group (Figure 10j). At Gosner stage 46, more ossification was visible in the
parasphenoid, frontoparietal, and exoccipital bones in the control group compared
to the 50 mg NaF/L R. nigromaculata group (Figures 10k and 10l). 

In anurans (frogs and toads), the vertebral column is divided into three regions,
namely, presacral, sacral, and postsacral regions. The presacral region consists of
eight discrete vertebrae; the sacral region is composed of a single vertebra, and the
postsacral region is formed by the urostyle. At Gosner stage 42 in the R.
chensinesis tadpoles, there was no distinct difference in the ossification of the
vertebral column between the treated and the control groups (Figures 11a and
11b). At Gosner stage 46 in the R. chensinesis tadpoles, in the control group most
of the arches had begun to ossify with the transverse process remaining
cartilaginous, as indicated by their staining blue, while in the 50 mg NaF/L group
both the arches and the transverse process were completely ossified with no
cartilage remaining (Figures 11c and 11d).

At Gosner stage 42 in the R. nigromaculata tadpoles, most of the arches and
transverse process were ossified in the control group (Figure 11e). However,
compared to the control group, ossification of the vertebral column was obviously
less in the 50 mg NaF/L group (Figure 11f). At Gosner stage 46 in the R.
nigromaculata tadpoles, there was no obvious difference in the ossification of the
vertebral column between the treated and control groups (Figures 11g and 11h). 

The pectoral girdle is composed of the clavicle, the coracoid, the scapula, the
cleithrum, the sternum, and the omosternum. The forelimb bones are the humerus,
the antibrachium, the carpus, the ossa metacarpalia, and the phalanges. At Gosner

Figure 11. The axial skeleton in ventral view. a: the axial skeleton of R. chensinesis at stage
G42 in the control group; b: the axial skeleton of R. chensinesis at stage G42 exposed to 50
mg NaF/L; c: the axial skeleton of R. chensinesis at stage G46 in the control group; d: the axial
skeleton of R. chensinesis G46 exposed to 50 mg NaF/L; e: the axial skeleton of R.
nigromaculata at stage G42 in the control group;. f: the axial skeleton of R. nigromaculata at
stage G42 exposed to 50 mg NaF/L; g: the axial skeleton of R. nigromaculata at stage G46 in
the control group; h: the axial skeleton of R. nigromaculata G46 exposed to 50 mg NaF/L.
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stage 42 in the control group, the ossification centers of the coracoid, the scapula,
the humerus, and the antibrachium were distinctly observed in the R. chensinesis
tadpoles (Figure 12a).

Figure 12. The forelimb and hindlimb skeleton in ventral view. a: the forelimb skeleton of R.
chensinesis at stage G42 in the control group; b: the forelimb skeleton of R. chensinesis at
stage G42 exposed to 50 mg NaF/L; c: the forelimb skeleton of R. chensinesis at stage G46
in the control group; d: the forelimb skeleton of R. chensinesis at stage G46 exposed to 50
mg NaF/L; e: the forelimb skeleton of R. nigromaculata at stage G42 in the control group; f:
the forelimb skeleton of R. nigromaculata at stage G42 exposed to 50 mg NaF/L; g: the
forelimb skeleton of R. nigromaculata at stage G46 in the control group; h: the forelimb
skeleton of R. nigromaculata at stage G46 exposed to 50 mg NaF/L; i: the hindlimb skeleton
of R. chensinesis at stage G42 in the control group; j: the hindlimb skeleton of R. chensinesis
at stage G42 exposed to 50 mg NaF/L; k: the hindlimb skeleton of R. chensinesis at stage
G46 in the control group; l: the hindlimb skeleton of R. chensinesis at stage G46 exposed to
50 mg NaF/L; m: the hindlimb skeleton of R. nigromaculata at stage G42 in the control group;
n: the hindlimb skeleton of R. nigromaculata at stage G42 exposed to 50 mg NaF/L; o: the
hindlimb skeleton of R. nigromaculata at stage G46 in the control group; and p: the hindlimb
skeleton of R. nigromaculata at stage G46 exposed to 50 mg NaF/L.
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At Gosner stage 42 in the R. chensinesis tadpoles, compared with the control
group, more ossification of the pectoral girdle and the forelimb bones was
observed in the 50 mg NaF/L group (Figure 12b). At Gosner stage 46 in the R.
chensinesis tadpoles in the control group, only some bones such as the scapula
were ossified and only slight ossification of the diaphysis was present in the
humerus (Figure 12c). In contrast, at Gosner stage 46 in the R. chensinesis
tadpoles in the 50 mg NaF/L group, the clavicle, the coracoid, the scapula, the
humerus, and the antibrachium were fully ossified in the 50 mg NaF/L group
(Figure 12d)

At Gosner stage 42 in the R. nigromaculata tadpoles in the control group, the
ossification of the coracoid, the scapula, the humerus, and the antibrachium were
distinctly observed (Figure 12e). In contrast, at Gosner stage 42 in the R.
nigromaculata tadpoles in the 50 mg NaF/L group, there was less ossification of
the pectoral girdle and the forelimb bones (Figure 12f). At Gosner stage 46 in the
R. nigromaculata tadpoles, there was significantly less ossification of the pectoral
girdle and the forelimb bones in the 50 mg NaF/L group compared with the control
group (Figures 12g and 12h).

In a typical anuran, the pelvic girdle consists of paired, highly ossified ilia,
ischia, and pubes. The hindlimb bones are the femur, the tibio-fibula, the tibiale,
the fibulare, and the pes. At Gosner stage 42 in the R. chensinesis tadpoles in the
control group, the ossification centers of the ilium, the femur, the tibio-fibula, and
the tarsus were distinctly observed (Figure 12i). In comparison to the control
group, the R. chensinesis tadpoles in the 50 mg NaF/L group had more ossification
of the pelvic girdle and the hindlimb bones (Figure 12j). At Gosner stage 46 in the
R. chensinesis tadpoles in the control group, the ossification of diaphyses appeared
in the ilium, the femur and tibiofibula while, in contrast, the pelvic girdle and the
hindlimb bones were fully ossified in 50 mg NaF/L group (Figures 12k and 12l).

At Gosner stage 42 in the R. nigromaculata tadpoles in the control group, the
ossification of the ilium, the ischia, the femur, the tibio-fibula, and the tarsus were
distinctly observed in control group while less ossification of the pelvic girdle and
the hindlimb bone was present in the 50 mg NaF/L1 group (Figures 12m and 12n).
At Gosner stage 46 in the R. nigromaculata tadpoles, no obvious differences were
found between the treated and the control groups (Figures 12o and 12p).

DISCUSSION

In the present study, the increased mortality in R. chensinesis and R.
nigromaculata tadpoles with exposure to 50 mg NaF/L indicates that NaF may be
seriously hazardous for amphibian survival. In addition, fluoride significantly
inhibited metamorphosis and produced developmental delays in the R. chensinesis
and R. nigromaculata tadpoles, including decreased length and weight. In both
species, exposure to 50 mg NaF/L resulted in reductions, compared to the control
groups, in the total length, the hindlimb length, and the weight, at one or more of
the Gosner stages 36, 42 and 46. Our observations of reduced body weight and
total length with NaF exposure are consistent with the finding by Goh and Neff
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that NaF exposure reduced the head-tail length and the eye diameter of Xenopus
embryos.12

We assessed the effects of NaF on tadpole morphology, in order to explore
whether chronic exposure would induce tadpole deformities, and found that NaF
produced flexural tail deformities in R. chensinesis tadpoles. Developmental and
morphological abnormalities (e.g., visceral, mouth, eye, and limb deformities)
have been observed in anuran tadpoles exposed to several different classes of
compounds.23-26 The increased incidences of deformities could result in reduced
fitness by affecting foraging or predator avoidance, and cause reduced survival
and reproduction of adults.27 In contrast to the deformities found in the R.
chensinesis tadpoles, no malformations appeared in the R. nigromaculata tadpoles
with NaF exposure. The R. nigromaculata embryos metamorphose into frogs
approximately 7–8 weeks postfertilization, whereas the R. chensinesis embryos
need as long as 100 days to complete metamorphosis. As the time for the R.
nigromaculata tadpoles to metamorphose to frogs was significantly shorter than
that required for the R. chensinesis tadpoles, the occurrence of deformities in
tadpoles may be related to duration of the NaF-exposure time. 

Sodium fluoride can also lead to the development of skeletal fluorosis with
effects on bone mineralization, bone cells, and bone architecture.28 The long-term
excessive intake of fluoride can disrupt the balance of bone deposition and
remodeling activities leading to skeletal fluorosis.29 Our results showed that
fluoride can stimulate bone mineralization in R. chensinesis tadpoles. Increased
ossification was observed in the parasphenoid, frontoparietal, and exoccipital
bones in the tadpoles exposed to 50 mg NaF/L, compared to control group. In
addition, most of the arches and transverse process in vertebral column ossified
earlier in the 50 mg NaF/L group compared to control group. 

However, in the R. nigromaculata tadpoles, fluoride can retard deposition of
calcium in bone. In the NaF-treated group, the ossification of the parasphenoid,
frontoparietal, and exoccipital bones was significantly less than that in the control
group. Furthermore, the ossification of the vertebral column was also obviously
less in the NaF group compared to the control group. In a similar experiment on B.
gargarizans, it was found that fluoride delayed the development of the skeleton by
reducing the apposition rates of the calcium ion, leading to a prolongation of the
mineralization lag time and the bone formation period.19

CONCLUSIONS

The present study is the first to examine the effects of fluoride on R. chensinesis
and R. nigromaculata during the entire larval development period. Chronic
exposure to NaF increased the mortality, inhibited metamorphosis, and delayed
development in R. chensinesis and R. nigromaculata tadpoles. Exposure to NaF
increased the incidence of deformities in R. chensinesis but no malformations
appeared in the R. nigromaculata tadpoles. In addition, fluoride can stimulate bone
mineralization in R. chensinesis tadpoles and retard the deposition of calcium in R.
nigromaculata tadpoles. Thus, our study suggests that fluoride has different effects
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in the two species on the ossification of bone. As the postfertilization time to
metamorphosis differed in the two species and the increased ossification occurred
in the species, R. chensinesis, with the longest time to metamorphosis, we
hypothesize that the increased skeletal ossification with NaF in R. chensinesis,
may be associated with an increased sensitivity to fluoride or an increased duration
of the exposure. Thus our study suggests that fluoride may affect skeletal
ossification differently in different frog species due to differences in sensitivity or
the duration of the exposure
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