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Abstract

Objectives Fluoride-based cariostatic agents are commonly used in dental products and are generally considered safe. How-
ever, ongoing discussions about potential adverse effects are driving research into alternative agents, such as lanthanide
salts. This study aims to evaluate the cytotoxic effects of different cariostatic agents, including fluoride compounds (NaF,
Na,PO;F, NH,F) and lanthanide salts (Ce(NO;);, CeCl;, Sm(NO;);, SmCly).

Materials and methods Mouse fibroblasts (L-929) were cultured in Eagle’s Minimum Essential Medium supplemented with
5% fetal bovine serum and 1% penicillin-streptomycin. Cell viability was assessed via MTT assay after 24 h of exposure to
test compounds at concentrations of 0.0128, 0.064, 0.32, 1.6, 8, 40, 200 and 1000 mM, and lactate dehydrogenase (LDH)
release was quantified to assess membrane integrity. The accumulation of reactive oxygen species (ROS) was determined
after 24 h. Data were analyzed by non-parametric methods at a significance level of a=0.05 (Mann-Whitney U and Kruskal-
Wallis tests).

Results Cell viability decreased significantly for NaCl and NaNO; at 200 mM, and for NaF, NH,F, Ce(NO;);, CeCl;,
Sm(NO;); and SmCl; at 1.6 mM, falling below 70% of control (£<0.0178). Similarly, LDH assays indicated a significant
incline in cytotoxicity at a concentration of 200 mM for NaCl, NaNO; and Na,PO,F, and at 8 mM for NaF, NH,F and all
lanthanide compounds (P<0.0016). ROS quantification showed that NaF, NH,F, CeCl;, Sm(NO;); and SmCl, induced oxi-
dative stress at 1.6 mM with statistical significance (P<0.0065).

Conclusions Fluoride and lanthanide compounds exhibited similar in vitro biocompatibility, comparable to that of table salt.
Clinical relevance Both fluoride- and lanthanide-based cariostatic agents appear to pose a low biological risk to surrounding
oral tissues when used at appropriate doses in dental products.
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Introduction

Both caries and erosion are conditions that result in the loss
of dental hard tissue. While caries is caused by bacteria that
produce organic acids that demineralize enamel and dentin,
5< Matthias Widbiller erosive tooth wear is caused by chemical dissolution based

matthias.widbiller@ukr.de on acids from other sources, such as sour beverages or citrus
fruits [1, 2]. Preventive therapeutic approaches therefore aim
to inhibit demineralization and support remineralization.
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hard tissues [4, 5]. Fluorides exert their cariostatic effect
by lowering the solubility product of enamel hydroxyap-
atite, either through conversion to fluorapatite or via sur-
face-limited ionic exchange within the crystal’s hydration
layer or outer 1 to 2 nm [6—11]. A preventive effect could
clinically be seen in terms of children and adolescents
showing significantly lower DMFT (decayed, missing
and filled teeth) scores when using fluoride toothpastes
compared to non-fluoride toothpastes [12], which could
be traced over the last 40 years in Germany [13].

While the caries-preventing effect of fluoride is now undis-
puted, and its effect against dental erosion has been shown
[14], unjustified doubts about possible health risks of fluoride
use have persisted for years. Numerous studies and everyday
practice showed already that there are no adverse health effects
associated with the regular use of fluoride-containing oral care
products [10, 15]. When used correctly, these are not swal-
lowed, but only come into direct contact with the epithelium
of the oral cavity. Toothpaste has only been shown to be swal-
lowed by infants up to 30 months of age [16, 17], which may
be of concern as parents have been found to give toothpaste
in doses exceeding recommended levels by a factor of 5.9 to
7.2 [18]. However, systemic effects such as fluorosis, which
affects bones and teeth, or organ-related toxicity can only be
considered a risk with enteral intake and at correspondingly
high doses, e.g. > 0.1 mg/kg body weight per day for children
aged 1 to 8 years [19-22].

Nevertheless, the continued critical attitude, coupled
with the fact that dental caries remains the most preva-
lent disease worldwide despite the widespread use of fluo-
ride [23], continues to drive the ongoing development of
new potentially cariostatic and anti-erosive agents. These
include lanthanide compounds such as cerium salts, which
were first considered as an alternative or addition to fluo-
ride in 1999 but have not yet found their way into clinical
practice [24, 25]. It has been demonstrated that cerium salts
can accumulate on dental hard tissues, exhibit antibacterial
activity against certain oral bacteria, and penetrate enamel.
Due to their similarity to calcium, cerium ions may occupy
calcium sites within the crystal structure of hydroxyapatite
[24, 26-28]. This enhances the acid resistance of enamel and
dentin, representing a promising cariostatic feature. Inhibi-
tion of demineralization and reduced lesion depth have been
shown for cerium chloride and lanthanum, both alone and in
combination with fluoride [24, 25, 29-31]. However, other
studies have reported that while lanthanides may improve
surface hardness, their effect on acid resistance is most evi-
dent when combined with fluoride [25, 32].

To be considered as a clinical alternative or adjunct to
fluoride-based agents, lanthanide salts should not only offer
advantages in terms of cariostatic performance, but should
also be equivalent or superior in terms of biological safety,
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the latter argument being of particular interest for over-the-
counter dental products used by patients at home. Since
cariostatic agents are used topically in the oral cavity, oral
tissues - particularly the gingival and mucosal layers - are
of primary concern due to their direct exposure to dental
care products. Despite the importance of this issue, few
studies have addressed the cytotoxicity of both fluoride- and
lanthanide-based products, and none have provided direct
comparisons [33-37].

To investigate the biocompatibility of fluorides and lan-
thanide salts, this study aimed to evaluate the effects of NaF,
Na,PO,F, NH,F, Ce(NO;);, CeCl;, Sm(NO;); and SmCl,
on cell survival, metabolism and oxidative stress. The null
hypothesis was that lanthanide compounds do not differ in
cytotoxicity compared to fluoride-based products.

Materials and methods
Cell culture and chemicals

Sodium fluoride (=99.0% purity), sodium nitrate (=99.0%
purity), sodium monofluorophosphate (95% purity), sodium
chloride (>99.0% purity), ammonium fluoride (>99.99%
purity) and cerium (III) chloride heptahydrate (>98.0%
purity) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Samarium (III) chloride hexahydrate (99.9%
purity), samarium (III) nitrate hexahydrate (99.9% purity)
and cerium (III) nitrate hexahydrate (99.9% purity) were
supplied by Chempur (Karlsruhe, Germany). In order to
accurately weigh the chemicals, the amount of crystal
water of the chemicals was determined by thermogravim-
etry (Mettler TG50 with Mettler Toledo STAR® System)
at the Institute of Inorganic Chemistry at the University of
Regensburg.

Mouse fibroblasts of the L-929 line (NCTC clone
929 [L cell, L-929, derivative of strain L], CCL-1) were
obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and used for all experi-
ments according to ISO 10993-5. L-929 cells are sourced
from mouse subcutaneous connective tissue and were
cultured in Eagle’s Minimum Essential Medium (MEM;
Sigma-Aldrich) supplemented with 5% fetal bovine
serum and 1% penicillin-streptomycin (Sigma-Aldrich).
Experiments were performed in 96-well culture plates
with 10,000 cells (passage 10) per well. Cell number was
determined using a TC-20 cell counter after trypan blue
staining (Bio-Rad, Hercules, CA, USA). After 24 h of
cell attachment, the culture medium was replaced with
medium containing test material solutions at varying
concentrations (0.0128, 0.064, 0.32, 1.6, 8, 40, 200 and
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1000 mM). For control, cells were cultured in medium
without supplements.

MTT assay

Cell viability was determined by the MTT assay after 24 h
of exposure to salt solutions. After removal of the culture
medium, cells were incubated with 100 pl per well of MTT
solution (0.5 mg/mL; 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2 H-tetrazoliumbromid; Sigma-Aldrich) in MEM at
37 °C in 5% CO, for 2 h. The converted dye was dissolved
in 100 ul DMSO (dimethyl sulfoxide; Merck Millipore,
Burlington, MA, USA) per well and incubated at 37 °C in
5% CO, with continuous shaking for 20 min. The absor-
bance of MTT-derived formazan was measured on a micro-
plate reader at A=540 nm (Infinite 200; Tecan, Mannedorf,
Switzerland). Three experiments were performed each with
eight replicates (n=24). Medians and interquartile range
(25th-75th percentiles) were calculated and presented rela-
tive to the untreated control, which was set at 100%.

LDH assay

In analogy to the MTT assay, the amount of lactate dehydro-
genase (LDH) released into the culture medium, reflecting cell
membrane integrity was quantified by a colorimetric assay
(CytoTox 96 Non-Radioactive Cytotoxicity Assay; Promega,
Madison, WI, USA) after 24 h. Photometric measurement was
performed on a microplate reader at A=450 nm (Infinite 200;
Tecan, Mannedorf, Switzerland). Experiments were performed
in eight replicates and repeated twice (n=24). According to the
manufacturer’s instructions, cytotoxicity was calculated as a
percentage of the maximum expected LDH release from fully
lysed cells. This maximum release was determined by com-
plete lysis of control cells using 10 pL of 10x lysis solution
added to 100 pL of cell suspension, 45 min before the addition
of CytoTox 96 reagent. Medians and interquartile range (25th-
75th percentiles) were calculated based on LDH release from
the experimental and lysis control groups.

Light microscopy

To gain insight into the changes in cell morphology upon
treatment with different concentrations of fluorides and
lanthanide salts, images of the cultures were taken using
an inverted light microscope and a corresponding camera
system (Axio Vert.Al; Carl Zeiss Microscopy GmbH, Jena,
Germany).

Cell number assay

After 24 h of treatment, cell numbers were determined using
the CyQUANT Cell Proliferation Assay Kit from Invitro-
gen (Waltham, MA, USA) according to the manufacturer’s
instructions. Fluorescence intensity, which reflects the
amount of CyQUANT GR dye bound to cellular nucleic
acid, was measured using a microplate reader with an
excitation at A=485 nm and emission at A=535 nm. Three
experiments were conducted with seven replicates (n=21)
and results were normalized to the untreated control.

ROS assay

The accumulation of reactive oxygen species (ROS) in cells
was determined after 24 h of exposure using a fluorescence
assay with the cell-permeable reagent 2°,7’-dichlorofluorescein
diacetate (DCFDA). The cell culture medium was removed
and cells were washed with 250 pl phosphate-buffered saline
(Sigma-Aldrich), followed by incubation with 100 ul DCFDA
solution (20 mM; Merck Millipore) for 30 minutes. Cellular
esterases deacetylate DCFDA to a non-fluorescent compound,
which is subsequently oxidized by present ROS to the highly
fluorescent 2°,7’dichlorofluorescein (DCF). The resulting fluo-
rescence intensity was measured on a microplate reader with
excitation and emission at A=485 nm and A=535 nm, respec-
tively (Infinite 200; Tecan). Each experiment was performed
three times with seven replicates (n=21). Medians and inter-
quartile range (25th-75th percentiles) were normalized to the
control and related to the corresponding cell number.

Statistical analysis

Data were assessed for normality, followed by analysis using
non-parametric methods at a significance level of a=0.05.
Pairwise comparisons between test and control groups were
performed using the Mann-Whitney U test. The Kruskal-
Wallis test followed by Dunn’s multiple comparison test
was used to compare various concentrations with untreated
control.

All statistical calculations were performed using Graph-
Pad Prism 9 (GraphPad Software; La Jolla, CA, USA).
Results from multiple replicates were pooled, normalized
to the untreated control and reported as medians with inter-
quartile range (25th-75th percentiles). Significantly differ-
ent results (P<0.05) are indicated with an asterisk and test
results are provided in Supplementary File.
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Results
Cell viability

According to ISO standard 10993-5, a viability of less than
70% compared to the control indicates a potential cytotoxic-
ity for both the material and the concentration tested. Analy-
sis of L-929 fibroblast cells treated with control compounds,
namely sodium chloride and sodium nitrate, showed a sig-
nificant decrease in cell viability below 70% when exposed
to concentrations of 200 mM (P<0.0001) (Fig. 1).

Experimental evaluation with fluorides specified a cyto-
toxic potential with statistical significance at concentrations
of 40 mM for Na,POsF and 1.6 mM for NaF and NH,F
(P<0.0178) (Fig. 1). In particular, a significant reduction
in viable cells was observed following exposure to the lan-
thanide salts Ce(NO;);, CeCl;, Sm(NO;);, and SmCl; at
concentrations exceeding 1.6 mM (P<0.0001). However,
viability data for lanthanide salt concentrations above 8§ mM
were not analysed because they exceeded their solubility
limit and formed precipitates (Fig. 1).

Membrane integrity

The quantitative assessment of LDH as a parameter of cytotox-
icity is shown on the right axis in Fig. 1. For NaCl and NaNO;,
no LDH release was detected at concentrations up to 40 mM.
However, at higher concentrations, a significant cytotoxic
effect of up to 45% was observed compared to untreated control
cells (P<0.0001) (Fig. 1). Na,PO;F showed similar behaviour,
inducing approximately 50% cytotoxicity at a concentration of
200 mM with statistical significance (P<0.0001). Conversely,
the application of NaF and NH,F resulted in significantly ele-
vated LDH levels at concentrations at 8 mM (P<0.0016), cor-
responding to toxicity levels also up to 50% (Fig. 1). In the case
of lanthanide salts, Ce(NOj3);, CeCl;, Sm(NO;)5, and SmCls, a
marginal but significant increase in LDH release was noticed
at a concentration of 1.6 mM (P<0.0001), while consider-
able toxicity levels were observed at concentrations of 8 mM
(P<0.0001). Again, lanthanide solutions above 8 mM were not
analysed because they exceeded the solubility limit (Fig. 1).

Cell morphology

Light microscopy revealed morphological changes in cells
exposed to test compounds compared to untreated cells.
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Microscopic images of the untreated control showed an
adherent monolayer of L-929 cells with a spindle-shaped,
fibroblastic morphology (Fig. 2a). Figures 2b-j show cells
incubated with 8 mM of the compounds tested. Cell death
is characterized by spherical shape and loss of adherence,
which was clearly observed for NaF, NH,F, Ce(NO,)s,
CeCl;, Sm(NO;); and SmCl; (Fig. 2e-j). However, cells
exposed to Na,PO;F, NaCl and NaNO; revealed no signs
of cytotoxicity at 8 mM (Fig. 2b-d), but at higher concentra-
tions (data not shown).

Oxidative stress response

Analyses of ROS levels were performed in a concentration
range of interest (0.0064 to 1.6 mM) defined on the basis of
viability and toxicity parameters. ROS levels are indicative
of cellular stress and are related to the corresponding cell
counts (Fig. 3).

While only NaF and NH,F caused a significant reduction
(P<0.0382) in cell number at 0.064 mM (Fig. 3a), a decrease
with statistical significance was observed at 0.32 mM for
NaF, NH,F, SmCl; and Ce(NO;); (P<0.0100). At 1.6 mM,
Na,PO;F significantly reduced cell numbers to approximately
80% of the control (P=0.0044), whereas NaF (56%), NH,F
(54%), and the lanthanide salts (39 to 44%) led to a more pro-
nounced decline (£<0.0001). In contrast, NaCl and NaNO,
did not significantly affect cell counts (P>0.5792).

In general, test material concentrations below 1.6 mM
resulted in ROS levels equal to or slightly lower than
those of untreated cells (Fig. 3b). For NaF, NH,F, CeCl,,
Sm(NO;), and SmCl,, significantly increased ROS levels in
the cells could be detected at salt concentrations of 1.6 mM
(P<0.0065). In contrast, Na,PO;F and Ce(NO;); showed
no significant increase in ROS at 1.6 mM (P>0.2941).

Discussion

Lanthanide compounds have shown promising anti-caries
potential in preclinical studies, suggesting that they may
serve as a viable alternative or adjunct to fluoride applica-
tion strategies [30, 35]. They appear to be advantageous due
to their physicochemical properties, particularly in enhanc-
ing remineralization and reducing demineralization of
dental hard tissues through optimized molecular lattice inte-
gration [30, 38]. For example, cerium ions can adhere to and
accumulate on the enamel surface and have been observed
to integrate into synthesized hydroxyapatite crystal lattice
[26, 27, 38]. Recent studies have further demonstrated that
cerium and samarium nitrates not only accumulate on den-
tin or accumulate on and penetrate into sound enamel sur-
faces, but also exhibit antibacterial activity in planktonic

bacterial cultures [27, 28]. Given their potential for clinical
use in caries prevention and ongoing insecurities regarding
the biocompatibility of oral agents, a comprehensive bio-
logical evaluation needs to be conducted before proceeding
with clinical trials.

There are two aspects to consider when assessing bio-
compatibility or toxicity: the cytotoxic properties of sub-
stances affecting oral tissues during local application and
systemic toxicity following absorption and metabolization
by the organism.

The local cytotoxic effects of fluoride are associated with
oxidative stress, cell cycle arrest and apoptosis, resulting
in nuclear condensation, nuclear membrane rupture, mito-
chondrial vacuolization, fragmentation and mitochondrial
fission [39]. When fluoride is absorbed systemically at high
levels, these effects can cause mineralization disorders,
namely fluorosis, or irreversible damage to the target organs
brain, liver and kidney [40—42]. With regard to the systemic
effects of rare earths, some toxicity to lung, liver and brain
tissues has been observed, although it is reported to be less
severe than that of fluoride [43, 44]. In particular, lanthanum
and cerium have been shown to be less toxic than fluoride,
with a reduced tendency to accumulate in the liver and kid-
neys [44].

In populations consuming 0.08 to 0.12 mg fluoride per kg
body weight per day, the prevalence of moderate dental flu-
orosis of permanent teeth is reported to be less than 5% [22].
Studies indicate that reducing fluoride levels in drinking
water to 0.06 to 0.08 parts per million (ppm) significantly
reduces the incidence of fluorosis [45]. This suggests that
fluorides pose a minimal systemic risk if individuals con-
sume the recommended maximum daily intake. The prob-
able toxic dose (PTD) of fluoride is approximately 5 mg
fluoride per kg body weight per day, while the certainly
toxic dose (CTD) for humans is 32 to 64 mg fluoride per kg
body weight per day [46]. In comparison, the mean lethal
doses of, for example, cerium nitrate (4200 mg/kg bw; rat)
and samarium nitrate (2900 mg/kg bw; rat) exceed even the
mean human lethal dose of sodium chloride (2690 mg/kg
bw) [33, 34].

However, since fluoride products or lanthanide prepa-
rations are used locally as cariostatic agents and are not
intended to be absorbed systemically, the focus of the stud-
ies was not on systemic toxicity but on direct toxicity to
biologically exposed tissues. In addition to fluoride (NaF,
NH,F, Na,PO;F) and lanthanide compounds (Ce(NO)s,
CeCl;, Sm(NO;);, and SmCl;), NaCl and NaNO; were used
as control substances in the present study. Although these do
not play a direct role in dentistry, they are used in the food
sector as flavorings or preservatives, so a reasonable inter-
pretation and realistic classification of the hazard potential
of the substances studied is possible. In addition, both salts
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4 Fig. 2 Light microscopy images of L-929 cells cultured for 24 h with-
out (a) or with (b-j) 8 mM test compounds. While untreated cells (a),
NaCl (b), NaNO; (¢) and Na,PO;F (d) showed normal morphology,
cytotoxic changes were observed for NaF (e), NH,F (f), SmCl; (g),
CeCl; (h), Sm(NO3); (i) and Ce(NO5); (j). Scale bar: 50 um

contain anions and cations that are also part of the fluoride
and lanthanide compounds and may allow conclusions
about the specific effect of individual anions or cations.

Although there are individual studies on the in-vitro-
cytotoxicity of fluorides and cerium salts [35-37, 47, 48],
they do not meet international standards. ISO standard
10993-5 specifies test methods for the evaluation of den-
tal materials, including fluoride varnishes, and is used to
ensure that materials are safe and effective before they are
approved for clinical use. Cariostatic agents are typically
water-soluble or incorporated into chemically curing matri-
ces designed to prolong contact with enamel and dentin. In
addition to dental hard tissues, these agents also come into
direct contact with the gingiva and oral mucosa. To evaluate
their biocompatibility in vitro, cells were therefore directly
exposed to fluoride and lanthanide salts dissolved in culture
medium for 24 h.

Experimental parameters such as test methods, exposure
conditions, biological endpoints and cell lines are critical in
the assessment of cytotoxicity. Continuous cell lines such
as L-929 are commonly used and endorsed by ISO 10993-5
for dental product testing due to their manageable culture
conditions. While cells isolated from target oral tissues may
provide more accurate toxicological data, primary cells tend
to be less sensitive and high donor variability may limit
comparability between studies [49]. Therefore, L-929 fibro-
blasts were chosen for this study. As an immortalized and
commercially available cell line, they allow reproducible
experiments and facilitate comparison of results with other
studies.

Cytotoxic agents can typically induce both apoptosis
and necrosis, two distinct but related forms of cell death.
Apoptosis is a tightly regulated, caspase-dependent process
triggered by intracellular damage sensors or death-receptor
activation. It features cell shrinkage, chromatin condensa-
tion, membrane blebbing and the formation of apoptotic
bodies, with membrane permeabilization releasing small
amounts of LDH [50]. In contrast, necrosis is an uncon-
trolled, lytic form of cell death induced by severe external
insults, such as radiation, heat, chemicals or hypoxia [51].
It involves the upregulation of pro-inflammatory proteins
and chemokines, cytoplasmic swelling, nuclear disinte-
gration and the plasma membrane rupture [51], liberating
intracellular components and provoking inflammation [52,
53]. Under certain conditions, such as high irritant concen-
trations or long exposure times, apoptotic cells may fail to
complete programmed death and instead undergo necrosis.

Although many studies have examined these mechanisms
in isolation, comprehensive biocompatibility testing must
comply with international standards [35-37, 47, 48]. Mul-
tiple cytotoxicity endpoints (cell viability, LDH release,
proliferation, and oxidative stress) were investigated in this
study to capture the full spectrum of cellular responses.

A decrease in cellular metabolism is recognized as an ini-
tial cytotoxic response in cells and is regarded as a surrogate
for cell viability. Even minor shifts in metabolic activity can
lead to significant fluctuations in MTT levels, enabling the
detection of cell stress upon exposure to a cytotoxic com-
pound [54]. The criteria for cytotoxicity defined in ISO stan-
dard 10993-5 define a reduction in cell metabolism of more
than 30% as cytotoxic [55]. Results of this study show an
influence of all test materials on cell viability in a concen-
tration-dependent manner.

For all lanthanide salts, concentrations of 1.6 mM and
above affected cell viability of more than 30% and thus
representing cytotoxicity. However, a study by Schmidlin
et al. found enhanced proliferation, differentiation, viability
and migration of fibroblasts and depressive effects on osteo-
blasts after exposure to CeCl; for 10 s and further incuba-
tion [35]. While up to 100 mM Ce*" still led to an increase
in viability of fibroblasts, a decrease in cell viability for
Cerium concentrations of 50 mM or higher was observed
for osteoblasts [35]. In the present study, a maximum con-
centration of 8 mM was utilized for all lanthanide com-
pounds. Higher concentrations exhibited limited solubility,
resulting in pH levels around 2 upon dilution with media,
which would have been harmful for cell cultures for vari-
ous reasons. These aspects and the differences in cell types,
concentrations and exposure times limit direct comparabil-
ity between these studies.

Likewise, NaF and NH,F caused a reduction in cell
metabolism of more than 30% at 1.6 mM and above, how-
ever, Na,PO,F appeared to be cytotoxic only at 40 mM and
above. This may be due to the different chemical bonding
types of the fluoride compounds. While NaF and NH,F are
ionic compounds that dissolve easily in aqueous solutions,
in Na,PO;F fluoride is covalently bonded to phosphorous
and requires hydrolysis to release the fluoride ion. In the
oral environment, Na,POsF is adsorbed onto the enamel sur-
face, where it may be hydrolyzed by salivary components or
plaque enzymes [56, 57], releasing fluoride ions that may
potentially diffuse into the enamel [58, 59]. However, the
lower toxicity of Na,PO;F, due to its slower fluoride ion
release through hydrolysis, may, under certain circum-
stances, also be associated with reduced cariostatic effec-
tiveness compared to sodium fluoride [60], which releases
fluoride ions immediately upon dissolution [61, 62]. These
findings are consistent with those by Lopez-Garcia et al.,
who reported that fluoride varnishes containing NaF or
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Fig. 3 Cell number (a) and reactive oxygen species production (b) in
L-929 cells after 24 h exposure to test compounds. The dotted line indi-
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NH,F were cytotoxic to human gingival fibroblasts [63].
Other studies found that fluoride concentrations between 0.5
and 12 mM resulted in a reduction of mitochondrial activ-
ity in human dental pulp cells [37] and human oral mucosal
fibroblasts [47].

The careful selection of test materials for this study,
which dissociate in aqueous solution releasing anions and
cations, provides insight into the cytotoxicity of individual
ions. Controls were used to exclude the possibility that
the cation Na' or the anions CI” and NO; were causing
cytotoxicity. These controls, as well as Na,PO;F, caused a
decrease in cell viability at concentrations>200 mM, which
is a significantly higher threshold than 1.6 mM for NaF,
NH,F and all lanthanide salts. This difference may be due to
the specific effects of both lanthanide and fluoride ions on

@ Springer

ans with interquartile range (25-75th percentiles). Asterisks denote
significant differences compared to the untreated control (P<0.05)

cells. Lanthanides are known to affect oxidative metabolism
and induce apoptosis [64—66], whereas fluoride can disrupt
enzyme activity and alter signaling pathways [67, 68]. In
this respect, the same effects have not been described for
Na’, CI" and NO; . Therefore, the cytotoxic effects of lan-
thanide and fluorides on cell viability can be attributed pri-
marily to cerium, samarium, and fluoride ions.

Escalating extracellular stressors can cause damage to
the cell plasma membrane [69]. LDH is a stable enzyme
present in the cytoplasm that is rapidly released into the cell
culture medium upon membrane damage, thus, serving as
a hallmark of cytotoxicity [70]. In this study, all lanthanide
salts and ionically bound fluoride salts showed increased
LDH release at concentrations of 8 mM, whereas controls
and Na,PO;F showed increased release at 200 mM. It is
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conclusive that in the experiments, a decrease in cell viabil-
ity was always accompanied by a concentration-dependent
increase in LDH release, indicating toxicity. The results
align with previous research indicating an increased mem-
brane permeability at concentrations of 2 or 4 mM NaF in
fibroblasts and osteocytes [47, 71]. LDH release was not yet
tested for lanthanide salts, which is why our results cannot
be set in context with other studies.

ROS are highly reactive compounds, often radicals, that
are both toxic to pathogens and act as signaling molecules
in inflammatory processes, whereby their influence on the
immune response is complex and can be either pro- or anti-
inflammatory depending on the context [53, 72]. Increased
abundance of reactive oxygen species is commonly
observed during inflammatory processes. ROS activate pro-
inflammatory pathways like NF-«kB and MAPKs, leading to
cytokine release and immune cell recruitment, while also
triggering inflammasomes to enhance inflammation [73—
75]. Except for Na,PO5F, all fluorides and lanthanide salts
were found to induce oxidative stress in mouse fibroblasts at
concentrations of 1.6 mM and higher. Previous studies also
found increased ROS levels in fibroblasts exposed to lantha-
nide and ionically bound fluoride salts at 1.6 mM, whereas
NaCl and NaNO; had no negative effect. It was reported
that NaF induces ROS production to induce apoptosis by
activating ROS-dependent pathways such as NF-«xB or p53/
DRS signaling pathway [76, 77]. Similarly, lanthanides
were described to induce oxidative injury in neurons and
astrocytes by increasing ROS production and lipid peroxi-
dation and decreasing the activity of key enzymes such as
superoxide dismutase, catalase, ascorbic acid, and glutathi-
one peroxidases, ultimately leading to apoptosis [78, 79].

Overall, concentration-dependent effects were observed,
leading to a reduction in cell viability, membrane dam-
age and intracellular stress with cell death above a certain
threshold, which does not appear to be clinically critical.
In the interpretation of in-vitro-cytotoxicity test results, it’s
important to be aware that both control and test substances
may be present at much higher concentrations in the clini-
cal setting. However, they are typically diluted by body flu-
ids or beverages and, unlike in vitro, interact with tissues
and cells for only a short time. For example, consumption
of table salt (NaCl) involves much higher concentrations,
and fluoride in toothpaste can initially reach levels up to 50
times higher than, for instance, a 1.6 mM solution, yet no
toxic reactions are observed clinically. However, the effects
of ionic fluorides (NaF, NH,F) and lanthanides (Ce(NO;),,
CeCl;, Sm(NOy);, SmCl;) were comparable. In contrast,
Na,PO,F showed a cytotoxic effect comparable to NaCl and
NaNOj only at higher concentrations with the covalently
bound fluoride. Based on the data, the null hypothesis of no

difference in cytotoxicity between lanthanide and fluoride
compounds cannot be rejected.

Conclusion

In conclusion, both fluoride and lanthanide compounds
demonstrated similar biocompatibility in vitro, with cyto-
toxic effects such as reduced viability, oxidative stress, and
membrane damage occurring with increasing concentra-
tion. Given the extensive clinical history of fluoride use and
the limited, low-dose exposure associated with lanthanide
preparations in clinical settings, no significant biological
risk to oral tissues is anticipated from the introduction of
lanthanides. This suggests that lanthanide-based treatments
may offer a safe alternative or complement to traditional
fluoride therapies in dental care.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00784-0
25-06429-8.

Acknowledgements The authors thank Ulrike Schief3l from the Insti-
tute of Inorganic Chemistry at the University of Regensburg for her
technical support.

Author contributions Conceptualization: Tobias Akamp, Sandra Pohl,
Matthias Widbiller; Methodology: Philipp Sigl, Andreas Rosendahl,
Melanie Wolflick; Formal analysis and investigation: Tobias Akamp,
Sandra Pohl, Matthias Widbiller; Writing - original draft preparation:
Tobias Akamp, Sandra Pohl, Matthias Widbiller; Writing - review and
editing: Konstantin J. Scholz, Florian Pielnhofer, Wolfgang Buchalla;
Supervision: Matthias Widbiller.

Funding Open Access funding enabled and organized by Projekt
DEAL. Open Access funding enabled and organized by Projekt DEAL.
This study received no funding from any external sources.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations
Ethical approval Not applicable.

Conflict of interest The authors have no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted

@ Springer


https://doi.org/10.1007/s00784-025-06429-8
https://doi.org/10.1007/s00784-025-06429-8

366

Page 10 of 12

Clinical Oral Investigations (2025) 29:366

use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

17.

Larsen MJ (1990) Chemical events during tooth dissolution. J
Dent Res 69:575-580. https://doi.org/10.1177/00220345900690
S114

Conrads G, About I (2018) Pathophysiology of dental caries.
Monogr Oral Sci. S. 27:1-10. https://doi.org/10.1159/000487826
Volker JF (1939) Effect of fluorine on solubility of enamel and
dentin. Exp Biol Med 42:725-727. https://doi.org/10.3181/00379
727-42-11029P

Luoma H, Nykénen I, Seppé L et al (1989) Protection by F, 1, sr,
and combinations against fermentation attack by Streptococcus
sobrinus artificial plaque on bovine enamel. Caries Res 23:5-13.
https://doi.org/10.1159/000261147

Rugg-Gunn A (2013) Fluoride toothpastes and fluoride mouth-
rinses. ActaMedAcad 42:168-178. https://doi.org/10.5644/ama2
006-124.84

Scholz KJ, Federlin M, Hiller K-A et al (2019) EDX-analysis of
fluoride precipitation on human enamel. Sci Rep 9:13442. https:/
/doi.org/10.1038/s41598-019-49742-5

Hellwig E, Lennon AM (2004) Systemic versus topical fluoride.
Caries Res 38:258-262. https://doi.org/10.1159/000077764

De Leeuw NH (2004) Resisting the onset of hydroxyapatite dis-
solution through the incorporation of fluoride. J Phys Chem B
108:1809—-1811. https://doi.org/10.1021/jp036784v

Dijkman TG, Arenas L (1988) The role of ‘CaF,-like’ material
in topical fluoridation of enamel in situ. Acta Odontol Scand
46:391-397. https://doi.org/10.3109/00016358809004792
Turska-Szybka A, Gozdowski D, Twetman S, Olczak-Kowalczyk
D (2021) Clinical effect of two fluoride varnishes in Caries-
Active preschool children: A randomized controlled trial. Caries
Res 55:137-143. https://doi.org/10.1159/000514168

Zamperini CA, Bedran-Russo AK (2023) Immediate and sus-
tained root caries prevention of fluoride varnish combined with
toothpastes. Caries Res 57:592—601. https://doi.org/10.1159/000
533279

Walsh T, Worthington HV, Glenny A-M et al (2019) Fluoride
toothpastes of different concentrations for preventing dental car-
ies. Cochrane Database Syst Reviews. https://doi.org/10.1002/14
651858.CD007868.pub3

Nomura M (2008) Dental healthcare reforms in Germany and
japan: A comparison of statutory health insurance policy. Japa-
nese Dent Sci Rev 44:109-117. https://doi.org/10.1016/j.jdsr.200
8.06.004

Lagerweij MD, Buchalla W, Kohnke S et al (2006) Prevention of
Erosion and abrasion by a high fluoride concentration gel applied
at high frequencies. Caries Res 40:148—153. https://doi.org/10.11
59/000091062

Garcia RI, Gregorich SE, Ramos-Gomez F et al (2017) Absence
of fluoride Varnish-Related adverse events in caries preven-
tion trials in young children, united States. Prev Chronic Dis
14:160372. https://doi.org/10.5888/pcd14.160372

Franzman MR, Levy SM, Warren JJ, Broffitt B (2006) Fluoride
dentifrice ingestion and fluorosis of the permanent incisors. J Am
Dent Assoc 137:645—652. https://doi.org/10.14219/jada.archive.2
006.0261

Hong L, Levy SM, Warren JJ et al (2006) Fluoride intake levels in
relation to fluorosis development in permanent maxillary central
incisors and first molars. Caries Res 40:494-500. https://doi.org/
10.1159/000095648

@ Springer

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Sudradjat H, Meyer F, Fandrich P et al (2024) Doses of fluoride
toothpaste for children up to 24 months. BDJ Open 10:7. https://
doi.org/10.1038/541405-024-00187-7

Qiao L, Liu X, He Y et al (2021) Progress of signaling pathways,
stress pathways and epigenetics in the pathogenesis of skeletal
fluorosis. Int J Mol Sci IIMS 22:11932. https://doi.org/10.3390/ij
ms222111932

Suzuki M, Bandoski C, Bartlett JD (2015) Fluoride induces oxi-
dative damage and SIRT1/autophagy through ROS-mediated
JNK signaling. Free Radic Biol Med 89:369-378. https://doi.org/
10.1016/j.freeradbiomed.2015.08.015

Burt BA (1992) The changing patterns of systemic fluoride
intake. J Dent Res 71:1228-1237. https://doi.org/10.1177/002203
45920710051601

Opinion of the Scientific Panel on Dietetic Products Nutrition and
allergies (NDA) on a request from the commission related to the
tolerable upper intake level of fluoride. EFSA J. https://doi.org/1

0.2903/j.efsa.2005.192

Wen PYF, Chen MX, Zhong YJ et al (2022) Global burden and
inequality of dental caries, 1990 to 2019. J Dent Res 101:392—
399. https://doi.org/10.1177/00220345211056247

Wegehaupt FJ, Sener B, Attin T, Schmidlin PR (2011) Anti-ero-
sive potential of amine fluoride, cerium chloride and laser irradia-
tion application on dentine. Arch Oral Biol 56:1541-1547. https:
//doi.org/10.1016/j.archoralbio.2011.06.010

Zhang W, Jin H, Liu A (1999) A comparison of the preventive
effects of lanthanides and fluoride on human experimental root
surface carious-like lesions. Chin J Dent Res 2:38—44

Scholz KJ, Hiller K-A, Ebensberger H et al (2022) Surface accu-
mulation of cerium, Self-Assembling peptide, and fluoride on
sound bovine enamel. Bioengineering 9:760. https://doi.org/10.
3390/bioengineering9120760

Motewasselin N, Hiller K-A, Cieplik F et al (2024) Cerium- and
samarium-nitrate interaction and accumulation on human dentin.
Arch Oral Biol 167:106053. https://doi.org/10.1016/j.archoralbio
.2024.106053

Kopp L, Hiller K-A, Cieplik F et al (2024) Nitrates of cerium and
samarium deposit on human enamel independently of a salivary
pellicle. Front Oral Health 5:1455924. https://doi.org/10.3389/fro
h.2024.1455924

Wegehaupt FJ, Buchalla W, Sener B et al (2014) Cerium chloride
reduces enamel lesion initiation and progression in vitro. Caries
Res 48:45-50. https://doi.org/10.1159/000351691

Jaisingh R, Shanbhog R, Nandlal B, Thippeswamy M (2017)
Effect of 10% cerium chloride on artificial caries lesions of
human enamel evaluated using quantitative light-induced fluores-
cence: an in vitro study. Eur Arch Paediatr Dent 18:163—169. http
s://doi.org/10.1007/s40368-017-0270-3

Wegehaupt FJ, Sener B, Attin T, Schmidlin PR (2010) Applica-
tion of cerium chloride to improve the acid resistance of dentine.
Arch Oral Biol 55:441-446. https://doi.org/10.1016/j.archoralbio
.2010.03.016

Collys K, Slop D, De Langhe L, Coomans D (1990) A compari-
son of the influence of lanthanum and fluoride on De- and remin-
eralization of bovine enamel in vitro. J Dent Res 69:458—462. htt
ps://doi.org/10.1177/00220345900690020801

Bruce DW, Hietbrink BE, DuBois KP (1963) The acute mam-
malian toxicity of rare Earth nitrates and oxides. Toxicol Appl
Pharmcol 5:750-759. https://doi.org/10.1016/0041-008X(63)900
67-X

Boyd EM, Abel MM, Knight LM, The chronic oral toxicity of
sodium chloride at the range of the LD (1966) 5¢ 1) Can J
Physiol Pharmacol 44:157—172. https://doi.org/10.1139/y66-017

Schmidlin PR, Tchouboukov A, Wegehaupt FJ, Weber FE (2012)
Effect of cerium chloride application on fibroblast and osteoblast


https://doi.org/10.1038/s41405-024-00187-7
https://doi.org/10.1038/s41405-024-00187-7
https://doi.org/10.3390/ijms222111932
https://doi.org/10.3390/ijms222111932
https://doi.org/10.1016/j.freeradbiomed.2015.08.015
https://doi.org/10.1016/j.freeradbiomed.2015.08.015
https://doi.org/10.1177/00220345920710051601
https://doi.org/10.1177/00220345920710051601
https://doi.org/10.2903/j.efsa.2005.192
https://doi.org/10.2903/j.efsa.2005.192
https://doi.org/10.1177/00220345211056247
https://doi.org/10.1016/j.archoralbio.2011.06.010
https://doi.org/10.1016/j.archoralbio.2011.06.010
https://doi.org/10.3390/bioengineering9120760
https://doi.org/10.3390/bioengineering9120760
https://doi.org/10.1016/j.archoralbio.2024.106053
https://doi.org/10.1016/j.archoralbio.2024.106053
https://doi.org/10.3389/froh.2024.1455924
https://doi.org/10.3389/froh.2024.1455924
https://doi.org/10.1159/000351691
https://doi.org/10.1007/s40368-017-0270-3
https://doi.org/10.1007/s40368-017-0270-3
https://doi.org/10.1016/j.archoralbio.2010.03.016
https://doi.org/10.1016/j.archoralbio.2010.03.016
https://doi.org/10.1177/00220345900690020801
https://doi.org/10.1177/00220345900690020801
https://doi.org/10.1016/0041-008X(63)90067-X
https://doi.org/10.1016/0041-008X(63)90067-X
https://doi.org/10.1139/y66-017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/00220345900690S114
https://doi.org/10.1177/00220345900690S114
https://doi.org/10.1159/000487826
https://doi.org/10.3181/00379727-42-11029P
https://doi.org/10.3181/00379727-42-11029P
https://doi.org/10.1159/000261147
https://doi.org/10.1159/000261147
https://doi.org/10.5644/ama2006-124.84
https://doi.org/10.5644/ama2006-124.84
https://doi.org/10.1038/s41598-019-49742-5
https://doi.org/10.1038/s41598-019-49742-5
https://doi.org/10.1159/000077764
https://doi.org/10.1021/jp036784v
https://doi.org/10.3109/00016358809004792
https://doi.org/10.1159/000514168
https://doi.org/10.1159/000533279
https://doi.org/10.1159/000533279
https://doi.org/10.1002/14651858.CD007868.pub3
https://doi.org/10.1002/14651858.CD007868.pub3
https://doi.org/10.1016/j.jdsr.2008.06.004
https://doi.org/10.1016/j.jdsr.2008.06.004
https://doi.org/10.1159/000091062
https://doi.org/10.1159/000091062
https://doi.org/10.5888/pcd14.160372
https://doi.org/10.14219/jada.archive.2006.0261
https://doi.org/10.14219/jada.archive.2006.0261
https://doi.org/10.1159/000095648
https://doi.org/10.1159/000095648

Clinical Oral Investigations

(2025) 29:366

Page 110of 12 366

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

proliferation and differentiation. Arch Oral Biol 57:892—-897. http
s://doi.org/10.1016/j.archoralbio.2012.01.010

Popov AL, Zholobak NM, Shcherbakov AB et al (2022) The
strong protective action of Ce®>"/F~ combined treatment on tooth
enamel and epithelial cells. Nanomaterials 12:3034. https://doi.or
2/10.3390/nano12173034

Chang Y-C, Chou M-Y (2001) Cytotoxicity of fluoride on human
pulp cell cultures in vitro. Oral Surg Oral Med Oral Pathol Oral
Radiol 91:230-234. https://doi.org/10.1067/moe.2001.111757
Feng Z, Liao Y, Ye M (2005) Synthesis and structure of cerium-
substituted hydroxyapatite. ] Mater Sci: Mater Med 16:417-421.
https://doi.org/10.1007/s10856-005-6981-8

Wei M, Ye Y, Ali MM et al (2022) Effect of fluoride on cytotoxic-
ity involved in mitochondrial dysfunction: A review of mecha-
nism. Front Vet Sci 9:850771. https://doi.org/10.3389/fvets.2022.
850771

Niu R, Chen H, Manthari RK et al (2018) Effects of fluoride on
synapse morphology and Myelin damage in mouse hippocampus.
Chemosphere 194:628—633. https://doi.org/10.1016/j.chemosphe
re.2017.12.027

Liang C, Gao Y, Zhao Y et al (2018) Effects of fluoride and/or
sulfur dioxide on morphology and DNA integrity in rats’ hepatic
tissue. Biol Trace Elem Res 183:335-341. https://doi.org/10.100
7/512011-017-1152-6

Gao'Y, Liang C, Zhang J et al (2018) Combination of fluoride and
SO2 induce DNA damage and morphological alterations in male
rat kidney. Cell Physiol Biochem 50:734—744. https://doi.org/10.
1159/000494239

Pagano G, Guida M, Tommasi F, Oral R (2015) Health effects and
toxicity mechanisms of rare Earth elements—Knowledge gaps
and research prospects. Ecotoxicol Environ Saf 115:40—48. https
://doi.org/10.1016/j.ecoenv.2015.01.030

Shimomura H, Tsutsumi S, Mizobuchi J et al (1980) Experi-
mental studies on acute toxicity of rare Earth elements. Shikwa
Gakuho 80:1303-1307

Wang F, Li Y, Tang D et al (2023) Epidemiological analysis of
drinking water-type fluorosis areas and the impact of fluorosis on
children’s health in the past 40 years in China. Environ Geochem
Health 45:9925-9940. https://doi.org/10.1007/s10653-023-0177
2-9

Whitford GM (1987) Fluoride in dental products: safety consid-
erations. J Dent Res 66:1056—1060. https://doi.org/10.1177/0022
0345870660051501

Jeng JH, Hsieh CC, Lan WH et al (1998) Cytotoxicity of sodium
fluoride on human oral mucosal fibroblasts and its mechanisms.
Cell Biol Toxicol 14:383-389. https://doi.org/10.1023/A:100759
1426267

Palmer RJ, Butenhoff JL, Stevens JB (1987) Cytotoxicity of the
rare Earth metals cerium, lanthanum, and neodymium in vitro:
comparisons with cadmium in a pulmonary macrophage primary
culture system. Environ Res 43:142-156. https://doi.org/10.1016
/S0013-9351(87)80066-X

Schmalz G, Schuster U, Thonemann B et al (2001) Dentin barrier
test with transfected bovine Pulp-Derived cells. J Endod 27:96—
102. https://doi.org/10.1097/00004770-200102000-00009
Wickman GR, Julian L, Mardilovich K et al (2013) Blebs pro-
duced by actin—myosin contraction during apoptosis release
damage-associated molecular pattern proteins before secondary
necrosis occurs. Cell Death Differ 20:1293-1305. https://doi.org/
10.1038/cdd.2013.69

D’Arcy MS (2019) Cell death: a review of the major forms of
apoptosis, necrosis and autophagy. Cell Biol Int 43:582—592. http
s://doi.org/10.1002/cbin. 11137

Chan FK-M, Moriwaki K, De Rosa MJ (2013) Detection of
necrosis by release of lactate dehydrogenase activity. In: Snow

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

AL, Lenardo MJ (eds) Immune homeostasis. Humana, Totowa,
NJ, pp 65-70

Pohl S, Akamp T, Smeda M et al (2024) Understanding dental
pulp inflammation: from signaling to structure. Front Immunol
15:1474466. https://doi.org/10.3389/fimmu.2024.1474466
Kumar P, Nagarajan A, Uchil PD (2018) Analysis of cell viability
by the MTT assay. https://doi.org/10.1101/pdb.prot095505. Cold
Spring Harb Protoc 2018:pdb.prot095505

International Organization for Standardization (2009) DIN EN
ISO 10993-5:2009 biological evaluation of medical devices —
Part, vol 5. Tests for in vitro cytotoxicity https://www.iso.org/
Hellwig E, Klimek J, Wagner H (1987) The influence of plaque
on reaction mechanism of MFP and NaF in vivo. J Dent Res
66:46—49. https://doi.org/10.1177/00220345870660011001
Jenkins GN (1965) The chemistry of plaque. Ann NY Acad Sci
131:786-794. https://doi.org/10.1111/j.1749-6632.1965.tb34843.
X

Ericsson Y (1967) Biologic splitting: of PO;F ions. Caries Res
1:144-152. https://doi.org/10.1159/000259509

Jackson LR (1982) In vitro hydrolysis of monofluorophosphate
by dental plaque microorganisms. J Dent Res 61:953-956. https:/
/doi.org/10.1177/00220345820610071201

Johnson MF (1993) Comparative efficacy of NaF and SMFP den-
tifrices in caries prevention: A Meta-Analytic overview. Caries
Res 27:328-336. https://doi.org/10.1159/000261562

Beiswanger BB, Lehnhoff RW, Mallatt ME et al (1989) A clinical
evaluation of the relative cariostatic effect of dentifrices contain-
ing sodium fluoride or sodium monofluorophosphate. ASDC J
Dent Child 56:270-60

Stookey GK, DePaola PF, Featherstone JDB et al (1993) A
critical review of the relative anticaries efficacy of sodium fluo-
ride and sodium monofluorophosphate dentifrices. Caries Res
27:337-360. https://doi.org/10.1159/000261563

Lopez-Garcia S, Pecci-Lloret MP, Pecci-Lloret MR et al (2021)
Topical fluoride varnishes promote several biological responses
on human gingival cells. Ann Anat 237:151723. https://doi.org/1
0.1016/j.aanat.2021.151723

ZhangY, Fu L-J, Li J-X et al (2009) Gadolinium promoted prolif-
eration and enhanced survival in human cervical carcinoma cells.
Biometals 22:511-519. https://doi.org/10.1007/s10534-009-920
8-5

Todorov L, Kostova I, Traykova M (2019) Lanthanum, gallium
and their impact on oxidative stress. CurrMedChem 26:4280—
4295. https://doi.org/10.2174/0929867326666190104165311
Feng X, Xia Q, Yuan L et al (2010) Impaired mitochondrial func-
tion and oxidative stress in rat cortical neurons: implications for
gadolinium-induced neurotoxicity. Neurotoxicology 31:391-398.
https://doi.org/10.1016/j.neuro.2010.04.003

Adamek E, Pawtowska-Goral K, Bober K (2005) In vitro and in
vivo effects of fluoride ions on enzyme activity. Ann Acad Med
Stetin 51:69-85

Strunecka A, Strunecky O (2020) Mechanisms of fluoride toxic-
ity: from enzymes to underlying integrative networks. Appl Sci
10:7100. https://doi.org/10.3390/app10207100

Ammendolia DA, Bement WM, Brumell JH (2021) Plasma mem-
brane integrity: implications for health and disease. BMC Biol
19:71. https://doi.org/10.1186/s12915-021-00972-y

Kumar P, Nagarajan A, Uchil PD (2018) Analysis of cell viability
by the lactate dehydrogenase assay. https://doi.org/10.1101/pdb.p
rot095497. Cold Spring Harb Protoc 2018:pdb.prot095497
Zhang Y, Dong F, Wang Z et al (2023) Fluoride exposure pro-
vokes Mitochondria-Mediated apoptosis and increases mitoph-
agy in osteocytes via increasing ROS production. Biol Trace
Elem Res 201:3994—4007. https://doi.org/10.1007/s12011-022-0
3450-w

@ Springer


https://doi.org/10.3389/fimmu.2024.1474466
https://doi.org/10.1101/pdb.prot095505
https://www.iso.org/
https://doi.org/10.1177/00220345870660011001
https://doi.org/10.1111/j.1749-6632.1965.tb34843.x
https://doi.org/10.1111/j.1749-6632.1965.tb34843.x
https://doi.org/10.1159/000259509
https://doi.org/10.1177/00220345820610071201
https://doi.org/10.1177/00220345820610071201
https://doi.org/10.1159/000261562
https://doi.org/10.1159/000261563
https://doi.org/10.1016/j.aanat.2021.151723
https://doi.org/10.1016/j.aanat.2021.151723
https://doi.org/10.1007/s10534-009-9208-5
https://doi.org/10.1007/s10534-009-9208-5
https://doi.org/10.2174/0929867326666190104165311
https://doi.org/10.1016/j.neuro.2010.04.003
https://doi.org/10.1016/j.neuro.2010.04.003
https://doi.org/10.3390/app10207100
https://doi.org/10.1186/s12915-021-00972-y
https://doi.org/10.1101/pdb.prot095497
https://doi.org/10.1101/pdb.prot095497
https://doi.org/10.1007/s12011-022-03450-w
https://doi.org/10.1007/s12011-022-03450-w
https://doi.org/10.1016/j.archoralbio.2012.01.010
https://doi.org/10.1016/j.archoralbio.2012.01.010
https://doi.org/10.3390/nano12173034
https://doi.org/10.3390/nano12173034
https://doi.org/10.1067/moe.2001.111757
https://doi.org/10.1007/s10856-005-6981-8
https://doi.org/10.1007/s10856-005-6981-8
https://doi.org/10.3389/fvets.2022.850771
https://doi.org/10.3389/fvets.2022.850771
https://doi.org/10.1016/j.chemosphere.2017.12.027
https://doi.org/10.1016/j.chemosphere.2017.12.027
https://doi.org/10.1007/s12011-017-1152-6
https://doi.org/10.1007/s12011-017-1152-6
https://doi.org/10.1159/000494239
https://doi.org/10.1159/000494239
https://doi.org/10.1016/j.ecoenv.2015.01.030
https://doi.org/10.1016/j.ecoenv.2015.01.030
https://doi.org/10.1007/s10653-023-01772-9
https://doi.org/10.1007/s10653-023-01772-9
https://doi.org/10.1177/00220345870660051501
https://doi.org/10.1177/00220345870660051501
https://doi.org/10.1023/A:1007591426267
https://doi.org/10.1023/A:1007591426267
https://doi.org/10.1016/S0013-9351(87)80066-X
https://doi.org/10.1016/S0013-9351(87)80066-X
https://doi.org/10.1097/00004770-200102000-00009
https://doi.org/10.1038/cdd.2013.69
https://doi.org/10.1038/cdd.2013.69
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1002/cbin.11137

366

Page 12 of 12

Clinical Oral Investigations (2025) 29:366

72.

73.

74.

75.

76.

Bogdan C, Roéllinghoff M, Diefenbach A (2000) Reactive oxygen
and reactive nitrogen intermediates in innate and specific immu-
nity. Curr Opin Immunol 12:64-76. https://doi.org/10.1016/S095
2-7915(99)00052-7

Lingappan K (2018) NF-«B in oxidative stress. Curr Opin Toxi-
col 7:81-86. https://doi.org/10.1016/j.cotox.2017.11.002

Son Y, Cheong Y-K, Kim N-H et al (2011) Mitogen-Activated
protein kinases and reactive oxygen species: how can ROS acti-
vate MAPK pathways? J Signal Transduct 2011:1-6. https://doi.o
rg/10.1155/2011/792639

Abais JM, Xia M, Zhang Y et al (2015) Redox regulation of
NLRP3 inflammasomes: ROS as trigger or effector?? Antioxid
Redox Signal 22:1111-1129. https://doi.org/10.1089/ars.2014.59
94

Deng H, Kuang P, Cui H et al (2017) Sodium fluoride induces
apoptosis in mouse splenocytes by activating ROS-dependent

@ Springer

71.

78.

79.

NF-«B signaling. Oncotarget 8:114428—114441. https://doi.org/
10.18632/oncotarget.22826

Song C, Shi D, Chang K et al (2021) Sodium fluoride activates
the extrinsic apoptosis via regulating NOX4/ROS-mediated p53/
DRS5 signaling pathway in lung cells both in vitro and in vivo.
Free Radic Biol Med 169:137-148. https://doi.org/10.1016/j.free
radbiomed.2021.04.007

Patasz A, Segovia Y, Skowronek R, Worthington JJ (2019) Molec-
ular neurochemistry of the lanthanides. Synapse 73:¢22119. https
://doi.org/10.1002/syn.22119

Zhao H, Cheng Z, Hu R et al (2011) Oxidative injury in the brain
of mice caused by lanthanid. Biol Trace Elem Res 142:174-189.
https://doi.org/10.1007/s12011-010-8759-1

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.18632/oncotarget.22826
https://doi.org/10.18632/oncotarget.22826
https://doi.org/10.1016/j.freeradbiomed.2021.04.007
https://doi.org/10.1016/j.freeradbiomed.2021.04.007
https://doi.org/10.1002/syn.22119
https://doi.org/10.1002/syn.22119
https://doi.org/10.1007/s12011-010-8759-1
https://doi.org/10.1007/s12011-010-8759-1
https://doi.org/10.1016/S0952-7915(99)00052-7
https://doi.org/10.1016/S0952-7915(99)00052-7
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.1155/2011/792639
https://doi.org/10.1155/2011/792639
https://doi.org/10.1089/ars.2014.5994
https://doi.org/10.1089/ars.2014.5994

	﻿In-vitro-cytotoxicity of cariostatic agents based on fluorides and lanthanide salts in L-929 fibroblasts
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture and chemicals
	﻿MTT assay
	﻿LDH assay
	﻿Light microscopy
	﻿Cell number assay
	﻿ROS assay
	﻿Statistical analysis

	﻿Results
	﻿Cell viability
	﻿Membrane integrity
	﻿Cell morphology
	﻿Oxidative stress response

	﻿Discussion
	﻿Conclusion
	﻿References


