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Abstract Epithelia in lung, skin, and kidney are often
exposed to fluoride, and tissue damage in lung and
kidney due to fluoride is well documented. Neverthe-
less, the biological effects of fluoride on epithelia are
poorly investigated. In the present study, we report
effects of sodium fluoride (NaF) on the differentiation of
a human epithelial cell line, HaCaT. These cells may
serve as a keratinocyte model, because they express a

wide spectrum of keratins (Ks), and they associate into
stratified tissue-like arrangements along with changes in
their keratin pattern. NaF was added to the culture
medium at concentrations of 0.5 and 5 mM. Cell
proliferation remained intact, but cell functions were
altered at high dose, and HSP70 was induced. Reverse
transcription-polymerase chain reaction and Western
blotting revealed that keratin (K) 15 mRNA and protein
expression, associated with stratification of epithelia,
were inhibited. Also, expression of keratins typical for
terminal differentiation, K1 and K10, was decreased and
so was the expression of the K1/10 regulating enhancer
binding protein c/EBP alpha. Stratification of HaCaT
cells was abolished at high fluoride dose, as assessed by
electron microscopy. The changes in keratin expression
were not reversed by withdrawal of fluoride. Taken
together, NaF at high dose blocked terminal differenti-
ation of HaCaT cells, visible by keratin expression and
failing stratification. This effect may disturb tissue
formation due to altered cell interactions.
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Ks K Keratin(s)
K1/10 Keratins numbered and classified by (Moll

et al. 1982)
NaF Sodium fluoride
RT-PCR Reverse transcription-polymerase chain

reaction
RNA Ribonucleic acid
SDS Sodium dodecyl sulfate
Ta Annealing time
UV Ultraviolet

Introduction

Application of fluoride is a major reason for the
decline of dental caries during the last century.
Fluoride increases the resistance of mineralized
tissues towards acid demineralization, interferes with
the formation of dental plaque microorganisms, and
promotes mineralization of incipient lesions. The
carioprotective effect of fluorides was found to be
dual at pre-eruptive (systemic) and post-eruptive
(topical) conditions (Hellwig and Lennon 2004).
Fluoride-containing products for topic use range up
to 100 mg/100 g of excipient and above. These high
fluoride concentrations were innocuous for oral soft
tissue in clinical studies (Walsh et al. 2010), because
the contact with fluoride lasts only for a few minutes.
On the other hand, overexposure to fluoride may have
dramatic effects ranging from acute, life-threatening
poisoning to chronic dental or skeletal fluorosis
encompassing tissue malformations. In the domain
of epithelial cell biology, fluoride at high doses was
shown to have deleterious effects on pulmonary,
gastrointestinal, and renal cell functions (Whitford
1990; Thrane et al. 2001; Partanen 2002). Exposure
doses depend on the fluoride concentrations in
drinking water and nutrients, on local applications
for dental care, and on consumption of medical
products and anesthetics.

On the cell level, low fluoride doses promote
osteoblast proliferation, stimulating bone formation in
vitro and in vivo (Farley et al. 1988; Wergedal et al.
1988; Lau et al. 1991). The proliferative activity of
fluoride in osteoblasts and also in ameloblasts is
biphasic, being mitogenic at micromolar doses but
inhibitory for mitosis at millimolar levels. Cell
responses to fluoride depend on the cell type; thus,

human keratinocytes survive doses up to 10 mM,
whereas ameloblasts at doses as low as 10 μM show
significant increase in apoptosis (Dogan et al. 2002;
Yan et al. 2007).

Adversary effects of high fluoride doses on tissue
formation were related to cell toxicity, i.e., necrosis,
induction of apoptosis, and reduced cell proliferation,
all having negative influences on the formation and
functioning of tissues. The fluoride-induced regula-
tion of cell proliferation involved the activated protein
kinase (MAPK) mitogenic pathway in osteoblasts as
well as in lung epithelial cells (Thrane et al. 2001).
The influence of fluoride also involved the Rho/
ROCK pathway in murine ameloblasts (Li et al.
2005). It is likely that many protein effectors can be
influenced by fluoride, since multiple enzyme
activities in the cytoplasm of diverse cell types, e.g.,
lactate dehydrogenase anhydrase, serine/threonine
phosphatase, and adenylate cyclase, are affected
(Hodge and Smith 1977; ten Cate 1999). Fluoride
has been associated with cell stress, characterized by
the induction of chaperon proteins and antioxidant
components. The state of stress is thought of as an
intersection, in which the cell decides to proceed to
apoptosis or to revert to the original state (Bevilacqua
et al. 2010). Stress granules appear in the cytoplasm,
containing stored messenger ribonucleic acid
(mRNA) as well as chaperon proteins (Kedersha and
Anderson 2007), in order to help the fast recovery of
cells after stress relieve.

However, fluoride may also change the transcrip-
tome of cultured odontoblasts without the induction
of stress markers and without effects on cell prolifer-
ation or survival. An altered transcription pattern of
tissue-forming components may thereby compromise
cell communication and extracellular matrix forma-
tion (Wurtz et al. 2008).

Beside mineralized tissues, fluoride also affects
epithelial structures, for example, in kidney and lung.
However, effects on epithelium formation in general
and keratinocytes in particular remain largely non-
elucidated. Nevertheless, these cells are often exposed
to high fluoride doses. In the oral cavity, the lining
stratified epithelium is subjected to high doses of
fluoride in different forms including toothpaste,
mouthwash, and chewing gum. Lung epithelia are
exposed to fluoride from the air (Thrane et al. 2001),
and kidney epithelia secrete fluoride that has been
ingested for different reasons (Dominguez et al. 1991;
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Turner et al. 1996; Zager and Iwata 1997; Xu et al.
2005).

Formation of epithelia is accompanied by kera-
tinocyte differentiation, during which the pattern of
keratin synthesis is changed. Keratins form inter-
mediate filaments in a dynamic equilibrium be-
tween a soluble and a fibrillar status. More than 20
keratins have been identified in human tissues
(Moll et al. 1982). In stratified epithelia, K15 is
expressed (Leube et al. 1988; Lloyd et al. 1995;
Waseem et al. 1999; Werner and Munz 2000), as
well as polypeptides K1/K10 and K4/K13 as pairs
(Kirfel et al. 2003; Hatakeyama et al. 2004). K19 is
generally expressed by simple epithelial types,
though it may occasionally be expressed in stratified
epithelia too. The transcriptional regulation of
keratins involves calcium ions, cytokines and growth
factors, and hormones. Specific promoter binding
proteins are identified, including members of the
enhancer binding protein family (c/EBPs; Maytin et
al. 1999; Shim et al. 2005).

Cultured HaCaT cells, derived from human skin,
proliferate in vitro under synthesis of a keratin
pattern that corresponds to the basal cell layer of
epithelia, i.e., proliferating cells of low degree of
differentiation. Notably, K1, K10, and K13 are
expressed just like in normal epidermis (Boukamp
et al. 1988). After having attained confluency,
HaCaT cells spontaneously form stratified layers,
thereby changing their keratin pattern to that of
differentiated keratinocytes, particularly inducing
K15 (Lloyd et al. 1995; Werner and Munz 2000).
Certain pharmacological agents have the capacity to
suppress HaCaT differentiation and alter keratin
expression (Hatakeyama et al. 2004). HaCaT differ-
entiation can be suppressed, and keratin expression
can be altered by external effectors (Pi et al. 2008).
At present, HaCaT cells represent the only clonal cell
line that exhibits this type of differentiation.

Here, we study fluoride effects on HaCaT cells.
Such a model to study fluoride effects on epithelia has
so far not been available. Our results indicated that
fluoride at high dose retarded differentiation of
HaCaT cells. An altered expression pattern of keratin
species was detected, and cells concomitantly failed
to assemble stratified layers. We concluded that
fluoride at high dose could influence cell differenti-
ation, which may help to explain fluoride-induced
tissue disturbances.

Materials and methods

Cell culture

HaCaT cells were kindly provided by Dr. N.E.
Fusenig, Division of Carcinogenesis and Differentia-
tion, German Cancer Research Center, Heidelberg.
The cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) with glutaMax™, supple-
mented with 10% fetal bovine serum (FBS), 100 IU/
ml penicillin, 100 μg/ml streptomycin, and 2.5 μg/ml
amphotericin (GIBCO). Cells were seeded at
10−5 cell/ml, and medium was changed every other
day up to confluence (90% epithelialized dishes).
Sodium fluoride (NaF; Sigma) was added as a stock
solution of 1 M in demineralized sterile water. Cells
were treated at different concentrations from 0.5 to
5 mM of NaF for periods of 1, 2, and 3 days under
serum-free condition, unless otherwise stated. These
concentrations are just lower than the 50% toxicity of
NaF for HaCaT (TC50=6 mM) as reported by
(Dogan et al. 2002).

To test the reversibility of fluoride effects, fluoride
treatment for 24 and 72 h was terminated by changing
the culture medium (DMEM supplemented with 10%
FBS, no fluoride) and allowing further growth for 24 h.

RT-PCR

HaCaT cells were treated with low or high dose of NaF
during 24, 48, and 72 h. Cells were then harvested, and
total RNA was extracted from cell culture with Tri-
Reagent (Molecular Research Center Inc., Cincinnati,
OH, USA) according to the manufacturer's instructions.
RNA concentration was adjusted to 1 μg/μl. Total
RNA was reverse-transcribed using superscript™ II
Reverse Transcriptase (Invitrogen, Groningen, Nether-
lands) according to the manufacturer's instructions,
and complementary deoxyribonucleic acid (cDNA)
was amplified for each keratin, for c/EBP alpha, and
for HSC70 by using specific couple of primers
(Table 1). The polymerase chain reactions (PCR)
contained 2 μl of cDNA in 25 μl reaction solution,
2.5 μl PCR 5× buffer, 250 μM dNTP, 2 mM MgCl2,
0,5 μM forward and reverse primers, and 0.05 U/μl
Taq polymerase (Eurobio, Les Ulis, France). The
thermocycler was programmed for 25 cycles of 30 s
at the specific annealing temperature (Ta in Table 1).
RNA without previous reverse transcription (RT)
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served as a control for absence of genomic DNA
contamination. In addition, amplification of beta-actin
sequences from the same samples served as positive
controls. All PCR reactions were performed with a
Perkin Elmer Gene Amp PCR system 2400 (Boston,
MA, USA). The PCR products were separated on 2%
agarose gel, stained with ethidium bromide, and
photographed under ultraviolet illumination.

Western blot analysis

HaCaT cells were treated with 0.5 and 5 mM NaF
during 24, 48, and 72 h. Cells were harvested, and
total protein was extracted in 2× denaturing buffer
(Prosieve 50 protocol, Cambrex BioScience, Rock-
land, ME, USA). The mix was heated for 15 min at
95°C, sonicated, and centrifuged. Bradford technique
was used for proteins dosage; equal amounts were
electrophoresed on 12% acrylamide sodium dodecyl
sulfate (SDS) gels. The separated bands were trans-
ferred onto PVDF hybond membranes (Amersham
Biosciences, Freiburg, Germany). The first antibody
(Table 2) was incubated for 1 h at 24°C. Actin
antibody was added to each membrane and served as
positive internal control. After washing, the mem-
branes were incubated with goat anti-mouse horse-
radish phosphate labeled immunoglobulins (DAKO,
Glostrup, Denmark) for 1 h at 24°C. After washing,
Super Signal West-Pico Luminol/Enhancer solution
served as chemiluminescent reagent (Pierce, Rock-

ford, IL, USA). The reaction was visualized on Kodak
Biomax XAR film.

Immunocytochemistry

HaCaT cells grown on glass cover slides were treated
with low or high dose NaF during 24, 48, and 72 h.
Treatment was started when cells had attained 90%
confluency. For the reversibility test, cells were kept
with normal growth medium and 10% FBS after the
fluoride treatment. Immunocytochemistry was per-
formed after washing of slides in PBS and fixation
in −20°C precooled methanol/ethanol (1:1 v) for
5 min. Slips were incubated with primary mouse
monoclonal antibodies for 1 h at 37°C (Table 2). The
reaction sites were detected by alexa 594 fluor labeled
donkey anti-mouse immunoglobulin G (Molecular
Probes, USA). Samples were mounted in Fluoprep
aqueous solution (BioMérieux, Marcy l'Etoile,

Name and Gene bank
accession number

Fragment
size (pb)

Sequence Ta (°C)

KRT1 NM 006121 266 P1 Fw TGGATTTGGAAGTCGGAGTC 60
P2 Rv GAGGGAGCAGACGGACCATAA

KRT10 DQ 896675 427 P1 Fw GGCTGCGGTAGGTTTGAATTT 60
P3 Rv GGGTGTTGATCTGACTCAAC

KRT13 DQ 890652 440 P1 Fw CCAGCAGCATCTTGTACTCTTGGT 65
P2 Rv TGAAGGAATTTAGCAACCAGGTGG

KRT15 DQ 896238 390 P3 Fw TGGTTCTGAGCCTCCATCTCGCAT 69
P4 Rv AGGTCAATGTGGAGATGGACGCAG

KRT19 DQ 895373 462 P1 Fw GAGGTGGATTCCGCTCCGGG 66
P2 Rv ATCTTCCTGTCCCTCGAGCAG

HSC70 Y00481 200 P1 Fw AGCATCGTTTAAGACACCGT 55
P2 Rv AAGTTTGCAACCCCATCATC

c/EBP alpha NM4364.2 246 P1 Fw AACCTTGTGCCTTGGAAATG 59
P2 Rv CCCTATGTTTCCACCCCTTT

Actin DQ 894128 350 P1 Fw AAACTGGAACGGTGAAGGTG 60
P2 Rv TCAAGTTGGGGGACAAAAAG

Table 1 Primers used
for reverse transcription-
polymerase chain reaction

Table 2 Antibodies

Antigen Antibody clone MW (kDa) Distributor

K1/10 LH1 68 (K1); 56.5 (K10) Acris

K13 1C7 54 Sigma

K15 LHK15 52 Novocastra

K19 B170 40 Novocastra

Beta-actin AC-74 42 Sigma

HSP70 A5A 70 Abcam
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France) and examined with a Leitz DMRB micro-
scope equipped with epifluorescence illumination.

Ultrastructural analysis

The cells were kept in culture with and without NaF at
low or high dose for 3 weeks on nitrocellulose mem-
branes, in order to allow stratification. All cultures were
supplemented with 1% fetal calf serum (FCS). Ultra-
structural examination was performed as described
previously (Shabana et al. 1994). The cells were
washed in sodium cacodylate buffer containing 0.1 M
sucrose, pH 7.4, fixed for 30 min in 2% glutaraldehyde
in washing buffer, and post-fixed for 30 min in 0.5%
osmium tetroxide in cacodylate buffer. After washing
and dehydration in increasing concentrations of ethanol
solutions and propylene oxide, the samples were
embedded in epon-araldite. The blocks were sectioned
vertically to examine epithelial stratification. Thin
sections were stained with lead citrate for 30 min and
examined with a Philips CM 12 electron microscope.

Results

RNA analysis by RT-PCR

HaCaT cells were treated with NaF at low and high
dose for 24, 48, and 72 h. RNA was extracted,

reverse-transcribed, and specific keratin-coding, c/
EBP alpha-coding, and HSP70-coding segments were
amplified under standard conditions. Non-treated
cultures (C) were processed in parallel. After ampli-
fication, samples were electrophoresed on agarose
gels, and the presence of amplified fragments was
revealed by ethidium bromide staining of bands of the
defined sizes.

In the course of the fluoride treatment, the band
strengths of K13 and K19 remained the same, as did the
actin band (Fig. 1). Bands for K1, K10, and K15 were
reduced in the samples subjected to high dose fluoride
treatment; no significant change occurred when cells
were treated with the low dose at any time period.
Treatments for 24, 48, and 72 h reduced K1, K10, and
K15 RNA similarly (Fig. 1). We also tested the
presence of RNA coding for factors regulating K1 and
K10 expression. RNA for c/EBP alpha, an upstream
enhancer factor, was markedly reduced by the high dose
NaF. c/EBP alpha reduction (Fig. 1) was consistent in
the three time intervals, and thus closely correlated with
K1 and K10 protein and RNA expression.

We also tested the reversibility of the fluoride
effect on keratins 10, 15, and 19. After 24 h of
withdrawal, bands for K19 were unchanged, whereas
K10 and K15 remained at the low level obtained with
fluoride treatment (Fig. 5b). HSC70 expression was
enhanced after 24 and 72 h of treatment with 5 mM
NaF (Fig. 5c). After withdrawal, the HSC70 band

Fig. 1 RNA analysis by reverse transcription-polymerase chain
reaction (RT-PCR). Total RNA was harvested after 24, 48, and
72 h of low (0.5 mM) or high dose (5 mM) NaF treatment as
indicated, followed by semiquantitative RT-PCR analysis of
RNA. C, cells without fluoride treatment. Actin RNA served as
internal control. Keratins 1, 10, 13, 15, and 19 represent the

amplified fragments of the different mRNA keratins. K1/10 and
K15 detection diminished after high dose of NaF treatment.
K13 and K19 remained unchanged at high dose. Transcription
factor c/EBP alpha diminished in cells treated at high dose of
NaF at the three times of treatment
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decreased to the level of control cells. Thus, the
fluoride effect was reversible for HSC70 expression,
but not for that of keratins 10 and 15.

Analysis of expression of keratins by Western blots

Cells from cultures as in Fig. 1 were harvested, and
total protein was extracted. Equal protein amounts
were loaded on SDS polyacrylamide gels and electro-
phoresed. Proteins were transferred to membranes,
and specific keratins were revealed by an antibody
reaction followed by luminescence detection (Fig. 2).
Presence of actin was tested as an internal loading
control; its band strength was unaffected by fluoride.
Also, the band strengths for K13 and K19 were
similar in all samples, suggesting that fluoride did not
influence their synthesis. Bands for K1, K10, and
K15 became fainter or invisible in cells treated with
the high fluoride dose. The low dose did not change
expression of these proteins. Treatment for 24, 48,
and 72 h gave similar results (Fig. 2).

Immunolabeling of cell cultures

Semiconfluent cultures were treated with fluoride for
1, 2, and 3 days and labeled by antisera as indicated.

Similar results were obtained at the three time
intervals; only the 24-h results are shown (Fig. 3).
Anti-keratin antibodies stained the cytoplasm of
HaCaT cells. In parallel, DAPI was added in order
to stain cell nuclei. Any view field in the microscope
was photographed twice: one time for the blue DAPI
fluorescence and one time for the red fluorescence,
indicating presence of the specific keratin. For K19,
antibody and DAPI labeling detected the same pattern
in the cell lawn at both fluoride concentrations and
the control. Anti-K13 serum detected frequent cell
clusters, indicating expression of K13 in neighbor-
hoods of a few cells. Cells outside of these neighbor-
hoods did not display K13. Addition of fluoride at
low or high dose did not change this pattern. With
anti-K1/K10, clustering of positive cells was detected
too. Here, the high fluoride dose suppressed expres-
sion, whereas the low dose had no effect (b in Fig. 3).
K15 was expressed in the control cultures in 30% of
the population in an even distribution (m in Fig. 3).
The low dose of fluoride provoked an uneven
suppression of K15 resulting in a patchy labeling (n
in Fig. 3); the high fluoride dose suppressed all K15
(o in Fig. 3).

Reversibility was assessed during withdrawal for
24 h, following NaF treatment for 24 (Fig. 5a) and

Fig. 2 Analysis of expression of keratins by Western blot.
Total protein was isolated from HaCaT cells after treatment
with low (0.5 mM) or high dose (5 mM) of NaF during 24, 48,
and 72 h and subjected to Western blotting. C, non-treated cells.
Monoclonal antibodies LH1, 1C7, LHK 15, and b 170,
respectively, against keratins 1/10, 13, 15, and 19 reacted with
the expected bands at 56, 52, 62, 57, and 40 kDa, respectively.

Anti-actin serum was added as control, eliciting a band at
40 kDa. Keratins 1/10 (K1/10) and 15 (K15) proteins were not
detected after high dose of NaF treatment during the three times
of observation. Keratin 13 (K13) and keratin 19 (K19)
detection was not modified at any exposure time neither at
low dose and high dose of NaF treatment
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Fig. 3 Immunocyto-
chemistry of keratins.
HaCaT cells were treated
for 24, 48, and 72 h with
sodium fluoride at low
(0.5 mM) or high dose
(5 mM) of NaF. Only the
24-h treatment pattern of
expression is shown; similar
profiles were obtained after
48 and 72 h. Monoclonal
antibodies as in Fig. 2 were
applied. C, non-treated
cells. Nuclear staining with
DAPI was included to show
cell density from all cover
slips. The expression of
K1/10 and K15 was
decreased after low dose
and high dose treatment,
whereas K13 and K19
expression remained
unchanged. Note the
pattern of expression of
K1/10 and K15: positive
cells occur in clusters.
Expression of K15 and K1/
10 decreased substantially
at high dose NaF
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72 h (not shown). The presence of K10 and K15 was
assayed by immunocytochemistry, and cell nuclei
were displayed by DAPI coloration. It was found that
the expression of K10 and K15 was not restored;
therefore, the fluoride effect was irreversible under
our conditions. Fluoride treatment for 24 and 72 h
gave the same results.

The expression of HSP70, a cytoplasmic marker of
oxidative stress, was increased after high dose of
NaF-treated cells. Most HSP70 appeared in granules
that increased in number upon fluoride treatment
(Fig. 4). The size of the granules was similar to those
seen at the EM level in cells treated with the high
fluoride dose (see below). This result suggested that
NaF at high dose induced cellular stress. It should be
noted that indications of apoptosis or necrosis, such as
chromatin condensation and fragmentation, vacuoles,
and cell fragmentation, were not observed (Figs. 3, 4
and 5).

Ultrastructural examination

The cells were kept in culture at low or high dose and
without NaF for 3 weeks in order to provide
information about the stratification capacity and to
examine eventual pathological effects of fluoride
treatment. For this study, all cultures were supple-
mented with 1% FCS. In control cultures (Fig. 6), the
cells formed a stratified epithelium made of cubical
basal cells and overlaid with two to three polygonal
suprabasal cells (Fig. 6a). Desmosomal structures
were rather small and few at sites of cell–cell

contacts. The keratin intermediate filaments were
sparsely scattered in the cytoplasm and associated
with the desmosomes at the cell membrane. NaF
treatment at either dose did not alter vital structures
such as the nucleus, mitochondria, Golgi apparatus,
desmosomes, cytoskeletal morphology, or the cell
membrane (Fig. 6e, f) when compared to control
(Fig. 6d). In the cytoplasm, electron dense bodies
were observed resembling myelin figures or stress
granules with distinct outlines. The number of these
granules increased markedly in the presence of
fluoride (Fig. 4). Stratification was unaffected at the
low fluoride dose; however, at high dose, the
epithelium remained unstratified (Fig. 6c) with flat-
tened cells attached together by small desmosomes.
Apoptotic features such as chromatin condensation,
nuclear fragmentation, or membrane blebbing did not
occur at high fluoride dose, neither were necrotic
characteristics observed, such as large vacuoles or cell
fragments. It was concluded that the high NaF dose
exerted some cell stress, but no apoptosis or toxic
effects leading to necrosis.

Discussion

In this study, treatment of HaCaT keratinocytes with
high dose of NaF resulted in an inhibition of cell
differentiation. The pattern of keratin expression was
changed, maintaining a pattern typical for non-
stratified cells, and cells failed to undergo stratifica-
tion. The proliferation and viability of the cells

Fig. 4 Analysis of HSP
expression. Cells were
cultured on cover slips and
treated with NaF for 24 h.
Immunocytochemistry was
performed with HSP70
antibody (clone 5A5 from
Abcam), revealed by red
fluorescence. Signal appears
in cytoplasmic granules at
high dose of fluoride
treatment
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remained intact, apoptosis features were absent, and
the cellular ultrastructure was preserved after 3 weeks
of NaF treatment albeit with the appearance of stress-
related granules. Cell stress was corroborated by the
induction of HSP70 and its deposition in cytoplasmic
inclusions. In particular, we show for the first time
that the high dose of NaF selectively suppressed
terminal differentiation keratins K1/10 and

stratification-related keratin K15, at both mRNA and
protein levels. Surprisingly, the effect of NaF at high
dose on HaCaT cells seemed to be not reversible. It
seems probable that the fluoride effects on keratin
gene expression are mediated by the CCAAT/enhanc-
er binding protein (c/EBP) family member (Oh and
Smart 1998), because this factor appeared reduced by
fluoride too. Concerning stratification, we suggest

Fig. 5 Reversibility of
fluoride effects. After
treatment with fluoride for
24 and 72 h, fluoride was
withdrawn by changing the
culture medium (Dulbecco's
modified Eagle's medium
supplemented with 10%
fetal bovine serum),
followed by further growth
for 24 h. a Cells were fixed
and subjected to immuno-
cytochemistry for the
presence of K10 and K15.
Cell nuclei were displayed
by DAPI coloration. b RNA
was isolated, reversed
transcribed, and amplified.
Displayed cells had been
treated by fluoride for 24 h;
cells treated for 72 h gave
similar results. K10 and
K15 expression appeared
reduced even after the
withdrawal. c RNA was
isolated after 24 and 72 h of
fluoride treatment, reversed
transcribed, and the HSC70
sequences in the cDNA
were amplified. Expression
of HSC70 was induced
during treatment, albeit after
withdrawal of fluoride
treatment HSC70 did not
changed. K19 expression
remained unchanged
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that cell contacts are compromised by misexpression
of other sensible components. The altered keratins
were expressed in cell clusters, whereas the surround-
ing cells remained unlabeled. Expression of uniformly
distributed keratins K13 and K19 remained un-
changed. We hypothesize that this cell grouping
represents early stages in the stratification process.
Fluoride would interrupt the process, before K1/10
and K15 start to accumulate. Concerning K13, its
expression in parceled small groups of cells was not
influenced by fluoride, which would locate the fluoride-
sensitive state after the initial clustering itself.

Fluoride concentrations in our experiments have
been chosen according to previous work that resulted in
measurable effects on culture cells (Dogan et al. 2002).
They are well below those used for topic application in
the clinic (Walsh et al. 2010); however, the time of
treatment was longer than applied by the dentist.

We used serum-free conditions for fluoride treat-
ment with the rationale to minimize cell proliferation
activity during the assay period. In this way, any
effects of superconfluence on cell vitality, with
possible interference with gene expression and protein
or RNA intactness, were avoided. During the experi-
ments described in Figs. 1, 2, and 3, cells remained

uniformly in a subconfluent state. Clear distinction of
individual cells was essential for Fig. 3 in order to
reveal the heterogeneity of the cultures in a sense that
particular assemblies expressed stratification-specific
keratins. The stratification assay (Fig. 6) required
however superconfluent cultures that proliferated
during the assay period. In this experiment, it is
possible that cell density was influenced by the
presence of fluoride at high dose (Dogan et al.
2002). According to ultrastructural criteria, apoptosis
or necrosis of cells did not occur (compare Wurtz et
al. (2008)). Concerning cell differentiation, we found
a clear difference between basal cell morphology and
that of the stratification layer in the control and low
dose samples, whereas in the high dose sample, cell
morphology was uniform and resembled that of
undifferentiated, growing cells (Fig. 6). HaCaT cells
were earlier employed in tissue engineering systems
(Boelsma et al. 1999) for the development of artificial
skin equivalents, because of their stratification
capacity in monoculture (Raynov et al. 2008). We
confirmed their capability to stratify; however, fluo-
ride at high dose abolished this property. Apparently,
the correct culture conditions are essential for the
maintenance of the cellular phenotype. Low doses did

Fig. 6 Stratification of HaCaT cells. HaCaT cells were treated
at low (0.5 mM) and high (5 mM) of NaF for 3 weeks on a
nitrocellulose membrane to achieve stratification. C, non-
treated cells. In overviews, control (a) and low dose (b)
membrane showed partial stratification with cubic basal cells
and polygonal suprabasal cells. At high dose (c), HaCaT cells

appear as monolayer. Detailed views (d–f) showed normal cells
with intact nucleus (N), nuclear membrane (NM), and desmo-
somes (D). The cytoplasm of treated cells is normal with
normal organelles (Golgi, ER, etc.; not shown), although there
are granules (f, black arrows)
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not alter the cells' properties, which illustrate the
resistance of keratinocytes as compared to other cell
types tested in this respect.

Ultrastructural examination revealed stress-related
granules in fluoride-treated cells. In addition, PCR
confirmed the induction of HSC70, a stress-related
protein, and immunolabeling revealed its presence in
cytoplasmic foci (Fig. 4).

Presence of stress indicators, but absence of
apoptosis and necrosis features, as well as ongoing
cell proliferation in stress conditions, might suggest
that withdrawal of fluoride restores the normal
phenotype of HaCaT cells immediately. However,
we found that the fluoride-related keratin expression
pattern was maintained after the removal of fluoride
and further cell growth. This would suggest that
fluoride-induced changes not only bring about stress
but they also exert in addition an independent effect
on cells. In this sense, the changes of the keratin
pattern may not represent a stress effect.

Concerning effects of keratin misexpression in
vivo, deficient expression of single keratins is
generally compensated by other keratins. However,
for the case of the double KO k18-19, severe
embryonal disturbances have been observed (Arin
2009), and mutations in keratins k1-10 as well as k13
resulted in distinct phenotypes of adult human beings
(Arin 2009), in particular when exposed to environ-
mental stress. If keratin gene expression would be
disturbed by fluoride in vivo in a similar way as
described here, it is conceivable that cell interactions
could be altered. In this way, epithelia formation
might be compromised so that organs like intestine,
kidney, and lung exhibit functional disturbances. In
addition, changes in cell metabolism would be
expected that could further contribute to reduced
organ function.

The observed effects on keratinocytes occurred at
concentrations that were considerably higher than
concentrations affecting osteoblasts, odontoblasts, and
especially ameloblasts. These differences have
repeatedly been observed. Considering tissue growth
and organ development as a whole, the most striking
effects of fluoride occur on the formation of mineralized
tissue. Effects on epithelia during development would
thus only take place if the general development and
tissue formation were totally deranged with catastrophic
consequences for the organism as a whole. Therefore,
consequences of fluoride as described here are likely to

concern renewing epithelia of the adult organism.
Examples of possible local fluoride exposures are lung
epithelia through the air, kidney epithelia due to secreted
fluoride, or mucosal epithelia due to ingested fluoride
(Whitford 1990; Gharzouli et al. 2000).

The mechanism of fluoride action is unknown; the
wide variations of effective fluoride concentrations
suggest that different cell types react in a different
way. It has been proposed that cells may occupy a set
of physiological states, biological attractors (Kitano
2004). These states are discrete, because the total set
of cell products must accommodate metabolic func-
tions, gene regulation, cell communication etc., and it
is likely that only few physiological states can match
all requirements. Robustness towards environmental
changes is favored if cells may switch between
several states. Presence of fluoride might force cells
to occupy states different from control cells, whereby
the synthesis of many cell products may be altered. It
is conceivable that the effective concentration
depends on the cell type; therefore, this hypothesis
is consistent with grossly different fluoride levels
affecting different cell types. It seems likely that cells
of epithelia have been selected during evolution to
support variable ranges of external factors, whereas
less pressure is exerted on mesenchymal cells, not
forming extracorporal surfaces.
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