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Abstract Fluoride is an essential trace element for human body; however, exposure to high
amounts of fluoride has been documented to be correlated with an increasing risk of hair
loss. To date, little is known about the mechanism(s) of how fluoride affects hair follicles.
Here, we demonstrated that middle (1.0 mmol/L) and high (10.0 mmol/L) concentrations of
sodium fluoride (NaF) significantly inhibited hair follicle elongation in vitro, but low NaF
(0.1 mmol/L) showed little influence. Moreover, treatment with high levels of NaF resulted
in a marked increase in terminal dUTP nick end labeling-positive cells in the outer layer of
the outer root sheath, the dermal sheath, and the lower bulb matrix surrounding dermal
papilla. Furthermore, the enhanced apoptosis was coupled with an increased oxidative
stress manifested as higher malondialdehyde content. Additionally, the presence of
selenium considerably antagonized the effects of middle NaF on hair follicles, with regard
to either the suppression of hair growth or the induction of oxidative stress and apoptosis. In
conclusion, exposure to high levels of fluoride compromises hair follicle growth and
accelerate cell apoptosis in vitro. The toxicity of fluoride can be reduced by selenium, at
least partially via the suppression of intracellular oxidative stress.

Keywords Hair follicle . Apoptosis . Sodium fluoride . Lipid peroxidation

Biol Trace Elem Res (2010) 137:280–288
DOI 10.1007/s12011-009-8592-6

Z.-h. Wang (*) :M. Xu
Department of Otolaryngology-Head and Neck Surgery, the Second Hospital, Xi’an Jiao Tong
University, Xi’an 710004, China
e-mail: ehui4298@163.com

X.-l. Li
Department of Dermatology, the Second Hospital, Xi’an Jiao Tong University, Xi’an 710004, China

Z.-q. Yang
Department of Oral and Maxillofacial Surgery, Stomatological Hospital, Xi’an Jiao Tong University,
Xi’an 710004, China



Introduction

Fluoride (F), widely distributed in the environment, is an essential trace element for normal
tooth and bone development. At high concentrations, however, it can cause severe
problems, such as dental fluorosis [1], bone fractures [2], renal toxicity [3], and
reproductive defects [4]. The toxic effects of F have been linked to the inhibition of
protein synthesis and cell cycle progression [5–7] and the induction of lipid peroxidation
and cell apoptosis [8–10]. The underlying molecular mechanisms for F function have been
studied to some extent. Several reports [11–13] have documented that F complexed with
aluminum induces the activation of guanosine triphosphate-binding G-proteins and
activates numerous downstream signaling effector proteins such as protein kinase C, the
kinase p38, and a serum response factor. Fluoride may also elicit some of its effects through
inhibition of phosphatase, thus consequently activating protein kinases [14, 15].

High fluoride intake is also correlated with an increased risk of hair loss [16], which
commonly results from aberrant hair follicle apoptosis [17, 18]. However, the effects of F
on hair follicles are poorly studied. Hence, in this study we aimed to investigate the
influence of different concentrations of sodium fluoride (NaF) on hair follicles in vitro as
well as the underlying mechanism(s). Since selenium can antagonize fluoride-induced lipid
peroxidation [19] and memory damage [20], we also explored whether sodium selenite
(Na2SeO3) counteracted the effects of NaF on cultured hair follicles.

Methods

Culture and Treatment of Human Hair Follicles

Scalp skin specimens were obtained from patients who underwent plastic surgery in the
department of head–neck surgery. Written informed consent was obtained for the study.
Human hair follicles were isolated and cultured as described [21, 22]. Briefly, the intact hair
follicle bulb was removed from the subcutaneous fat, under a stereo dissecting microscope,
using watchmakers' forceps, by gently gripping the outer root sheath of the follicle in the
forceps and pulling the hair follicle from the subcutaneous fat. This results in the isolation
of intact hair follicle bulbs without sustaining any visible damage, which is essential for
successful maintenance of hair follicles in vitro. Isolated anagen follicles were cultured in
serum-free Williams E medium (Gibco,USA) supplemented with 2 nmol/mL L-glutamine,
10 ng/mL hydrocortisone, 10 μg/mL transferrin, 100 U/mL penicillin, and 100 μg/mL
streptomycin at 37°C in a humidified 5% (v/v) CO2 incubator.

The hair follicles were randomly divided into seven groups (n=12 for each group) to be
left untreated (negative control) or be treated with different concentrations of NaF in the
presence or absence of 0.01 mmol/L Na2SeO3: i.e., LF (0.1 mmol/L NaF), MF (1.0 mmol/L
NaF), HF (10.0 mmol/L NaF), LFS (0.1 mmol/L NaF+0.01 mmol/L Na2SeO3), MFS
(1.0 mmol/L NaF+0.01 mmol/L Na2SeO3), and HFS (10.0 mmol/L NaF+0.01 mmol/L
Na2SeO3).

Morphological Observation and Length Measurement

The morphological changes of hair follicles were observed by an inverted microscope
(LEICA, Germany). The length of each hair follicle was measured by ocular micrometer
every day.
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Terminal dUTP Nick End Labeling Assay

The frozen tissue sections were rehydrated and treated by 0.4% pepsin (v/v 0.01 N
hydrochloric acid) at room temperature for 30 min. After washing with phosphate-buffered
saline, sections were incubated with equilibration buffer for 10–15 min and reaction buffer
containing TdT enzyme (Trevigen, Gaithersburg, MD) for 60 min at 37°C. Terminal dUTP
nick end labeling (TUNEL)-positive staining was examined by two independent
investigators who were blind to this study. Three random fields for each slide were
analyzed at ×1,000 magnification using a fluorescent microscope (Olympus, Japan). The
apoptotic index was expressed as a percentage of TUNEL-positive cells.

Lipid Peroxidation Assay

Lipid peroxidation (LPO) was assessed using a lipid peroxidation assay kit (Calbiochem,
San Diego, CA) to measure the formation of malondialdehyde (MDA), the main
decomposition product of peroxides derived from polyunsaturated fatty acids, as described
previously [23]. The products generated by the reaction of thiobarbituric acid with MDA
were quantified at 532 nm with Bio-Tek Instruments Biotrak-2 microplate reader
(Amersham, England). The content of MDA was calculated using the following formula:
MDA nmol=mLð Þ ¼ ΔA532 sampleð Þ �ΔA532 controlð Þ½ �= ΔA532 standardð Þ �ΔA532 controlð Þ½ ��
10 nmol=mL� dilutionmultipleð Þ.

Transmission Electron Microscope

The hair follicles were fixed with 4% paraformaldehyde at 4°C overnight and 1% osmium
tetroxide at 4°C for 1 h, dehydrated in graded acetones, and flat-embedded in Epon plastic
812 in a cross-sectional orientation. Ultrathin sections (approximately 85 nm in thickness)
were stained with 0.25% lead citrate and 5% uranyl acetate in 50% acetone and
photographed using a JEOL 100CX transmission electron microscope (Los Angeles, CA,
USA).

Statistic Analysis

All data were presented as mean ± standard deviation. Differences among multiple groups
were determined using the one-way analysis of variance (ANOVA) test. Content of MDA
was analyzed using the Kruskal–Wallis H test. P<0.05 was considered to be statistically
significant.

Results

Hair Follicle Growth in Vitro

Figure 1a showed the basic structure of an anagen hair follicle. The dermal papilla (DP),
which is composed of specialized fibroblasts located at the bottom of the follicle, is thought
to control the number of bulb matrix cells and thus the size of hair [24]. Hair follicle length
was calculated every day for 8 days. Exposure to low NaF (0.01 mmol/L) had little influence
on hair follicle growth (P>0.05 versus the control; Fig. 1b). After 2 days of culture, the
mean length of hair follicles was significantly lower in both middle (1.0 mmol/L) and high
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(10.0 mmol/L) NaF treatment groups than that in the control group (P<0.05). Additionally,
the presence of Na2SeO3 substantially counteracted the inhibitory effects exerted by middle
NaF but had little influence on the function of high NaF.

TUNEL Staining

In a representative anagen hair follicle, TUNEL-positive cells were detected in the cuticle,
Henle’s layer, and Huxley’s layer of the inner root sheath (IRS) as well as the keratogenous
zone of the upper bulb matrix (Fig. 2a). In a catagen hair follicle, intense TUNEL staining

Fig. 1 The morphology and growth of hair follicles in vitro. a The basic structure of a representative anagen
hair follicle. DP dermal papilla, DS dermal sheath, IRS inner root sheath, KZ keratogenous zone, ORS outer
root sheath. b The growth curve of hair follicles treated with different concentrations of NaF with or without
Na2SeO3. Control no treatment; LF, MF, and HF treatment with 0.1, 1.0, and 10.0 mmol/L NaF, respectively;
LFS, MFS and HFS treatment with 0.1, 1.0, and 10.0 mmol/L NaF in the presence of 0.01 mmol/L Na2SeO3,
respectively
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was detected in the lower bulb matrix cells around the DP and the outer layer cells of the
outer root sheath (ORS) (Fig. 2b), suggesting that apoptosis in catagen hair is different from
that in anagen hair.

Similar to the untreated hair follicles, those treated with low NaF showed apoptotic cells
mainly located in the IRS (Fig. 2c). Notably, middle and high NaF treatment caused a
significant increase in apoptosis in the outer layer of the ORS, the dermal sheath (DS), and
the lower bulb matrix surrounding the DP (Fig. 2d–g). The apoptotic index of each group
was determined and shown in Table 1. Compared to the control group, the treatment with
middle or high NaF substantially increased cell apoptosis in the ORS, hair bulb, DS, and
DP of hair follicles (P<0.05). However, low NaF had little effect on apoptosis.
Interestingly, the presence of Na2SeO3 considerably attenuated the inductive effects of

Fig. 2 The apoptotic cells in hair follicle by TUNEL methods under fluorescent microscopy (×40). a The
TUNEL-positive cells in a representative anagen hair follicle. b The apoptotic cells in a representative
telogen hair follicle. c–g TUNEL staining of hair follicles treated with indicated concentrations of NaF for
4 days. c The TUNEL-positive cells in hair follicles treated with 0.1 mmol/L of NaF. d, f The TUNEL-
positive cells in the outer root sheath (ORS) and dermal papilla (DP) of hair follicles treated with 1.0 mmol/L
of NaF. e, g The TUNEL-positive cells distributed in all the layers of hair follicles treated with 10.0 mmol/L
of NaF (apoptotic body indicated by arrow)
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middle NaF on cell apoptosis (P<0.05). However, the same concentration of Na2SeO3 had
little influence on the effects exerted by high NaF.

Transmission Electron Microscope

Melanocytes and fibers were found in isolated hair follicle by electron microscope (Fig. 3a).
Transmission electron microscope (TEM) analysis of a hair follicle on day5 of culture
revealed the presence of chromatin margination (Fig. 3b) and apoptotic body (Fig. 3c).
Similar to the control hair follicle, low NaF-treated hair follicle showed few apoptotic cells
(Fig. 3d). However, high NaF treatment resulted in a marked increase in apoptosis,
manifested as the presence of vacuoles, disordered cell junctions, and damaged
desmosomes (Fig. 3e and f).

Table 1 The Mean AI of Hair Follicle on the Fifth Day of Different Groups

Hair bulb below Auber line ORS DS and DP

Control 5.1±3.3 24.5±5.1 7.5±4.3

LF 4.4±2.8 23.4±6.0 6.8±5.1

MF 18.9±9.1* 48.7±9.4* 19.4±6.2*

HF 29.3±9.6* 79.5±19.6* 26.4±10.9*

LFS 4.6±2.1 23.8±5.6 8.2±2.9

MFS 11.9±5.6* 33.4±8.8* 15.5±9.5*

HFS 32.5±13.3* 87.0±9.6* 27.9±12.3*

*P<0.05, compared with control group

Fig. 3 TEM analysis of hair follicles. a A representative anagen hair follicle (×6,000). b Chromatin
margination (arrow) and c apoptotic nucleus (arrow) in a hair follicle cultured for 5 days (×6,000). d Few
apoptotic cells in hair follicles treated with 0.1 mmol/L of NaF for 5 days (×2,000). e, f Increased apoptosis
in hair follicles treated with 10.0 mmol/L of NaF for 5 days (×6,000)
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LPO Assay

MDA is a well-established indicator of lipid peroxidation. Middle and high NaF
treatment resulted in a considerable elevation in the MDA levels compared to the control
group (P<0.05; Fig. 4), indicating an increased oxidative stress. Low NaF appeared not to
affect the content of MDA. Importantly, the presence of Na2SeO3 significantly inhibited
the oxidative stress induced by middle NaF, as evidenced by lower MDA levels in the
MFS group compared to the MF group (P < 0.05).

Discussion

Fluoride is an essential trace element, and its insufficiency can cause decayed teeth.
However, ingestion of excessive amounts of fluoride leads to skeletal and dental fluorosis.
Moreover, high levels of fluoride also lead to an increasing risk of hair loss. Following the
investigation of 330 residents who lived in areas with high levels of fluoride, Liu et al.
found an alopecia rate of 83.6% for them [16]. To further study how fluoride affected hair
growth and apoptosis, we isolated and cultured hair follicles in vitro and treated them with
different concentrations of NaF. Although low NaF (0.1 mmol/L) had little effects on hair
follicle growth, middle (1.0 mmol/L) and high (10 mmol/L) NaF significantly inhibited hair
follicle growth. Moreover, high NaF resulted in an almost complete suppression of hair follicle
growth. Besides the inhibition of hair elongation, middle and high NaF also caused an increased
apoptosis in the areas where terminal differentiation never takes place, i.e., in the outer layer of
the ORS, the epithelial strand, and the lower bulb matrix surrounding the DP. The formation of
apoptotic body was confirmed by TEM. This apoptosis triggered by fluoride is similar to that in
catagen hair, suggesting that high amounts of fluoride may promote anagen hair to enter into a
catagen-like state. Together, these data demonstrate that high levels (e.g., >1.0 mmol/L) of
fluoride compromise hair growth and accelerate hair follicle apoptosis, thereby contributing to
hair loss.

Fig. 4 Analysis of the MDA (nmol/ml) levels. The MDA levels were quantified in hair follicles treated with
different concentrations of NaF with or without Na2SeO3. Control no treatment; LF, MF, and HF treatment
with 0.1, 1.0, and 10.0 mmol/L NaF, respectively; LFS, MFS and HFS: treatment with 0.1, 1.0, and
10.0 mmol/L NaF in the presence of 0.01 mmol/L Na2SeO3, respectively. *P<0.05 obtained using the one-
way ANOVA test
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Oxidative stress has been well accepted to be a common trigger of apoptosis [25–27].
Many studies have documented that fluoride can induce oxidative stress and generation of
reactive oxygen species [28–31]. Here, we examined the effects of NaF on intracellular
oxidative stress. Our results showed that middle and high NaF remarkably increased
oxidative stress, as evidenced by an elevation in the formation of MDA, a reliable indicator
of lipid peroxidation [32]. Moreover, the MDA level was positively correlated with the
apoptotic index of hair follicles; higher MDA level was coupled with higher apoptotic
index. These observations suggest that the promotion of hair follicle apoptosis by high
fluoride may be mediated at least partially through the induction of oxidative stress.
However, the exact molecular mechanism(s) for how fluoride initiates oxidative stress in
hair follicles still needs to be further addressed.

Of interest, selenium was found to be able to counteract the effects of middle NaF on
hair follicles; i.e., the presence of Na2SeO3 considerably diminished the suppression of hair
elongation and induction of hair follicle apoptosis by middle NaF. Moreover, the middle-
NaF-induced MDA formation was significantly suppressed by Na2SeO3 treatment,
suggesting that selenium could protect cells from oxidative stress and consequent apoptosis.
The protective role of selenium in fluorosis has also been demonstrated by several earlier
studies [33, 34]. Chen et al. reported that high selenium increases the expression of heat
shock protein (HSP70) and the activities of antioxidant enzymes such as glutathione
peroxidase, superoxide dismutase, and catalase, which subsequently contribute to the
prevention of oxidative damage in Fincoal-type fluorosis [33].

In conclusion, our data demonstrate that high amounts of fluoride can inhibit hair follicle
elongation and induce intracellular oxidative stress and cell apoptosis in vitro. The presence
of selenium is able to antagonize the toxicity of high levels of fluoride, which may be
partially mediated through the suppression of excessive oxidative stress. Nevertheless, more
studies regarding the exact mechanism by which selenite improves the F-induced apoptosis
in hair follicle are required.
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