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Review article 1

Role of polyphenols and nonpolyphenols against toxicity
induced by fluoride: a comprehensive review

Samuel R. Claudio?, Bianca A. Handan®, Carolina F. Gomes de Moura®,
Milena de Barros Viana®, Liria Y. Yamauchi®, Odair Aguiar Jr°,

Celina T.F. Oshima?® and Daniel A. Ribeiro?®

Since its discovery as an antimicrobial agent, fluoride has
been used in the control of dental caries. Many studies have
shown that the chronic exposure of fluoride in high
concentrations causes adverse effects in multiple organs;
the use of bioactive compounds present in foods as a tool to
mitigate the effects of fluoride could potentially be useful
for populations in different parts of the world are exposed to
fluoride in a chronic and systemic way. Thus, the aim of this
comprehensive review is to present and discuss the
published papers that focused on the use of polyphenols
and nonpolyphenols that can mitigate the harmful activities
promoted by fluoride exposure. Certainly, these data will
contribute toward a better understanding of the role of food
compounds in the pathological outcomes induced by
fluoride. The new information will be added to that already

Introduction

Since its discovery as an antimicrobial agent, fluoride has
been used in the control of dental caries. As the proce-
dure of fluoridation involves low cost, fluoride has been
added to several sources such as toothpaste, water,
restorative materials, and mouthwash (Petersen e a/.,
2008). Fluoride was also added to soft drinks, juices, and
beverages. It is undeniable that this ion has promoted
oral health worldwide; however, it is known that the
general population is being exposed to high concentra-
tions of fluoride.

In recent decades, with the advancement of public health
policies for the control of dental caries, several countries
have expressed some concern in terms of the consider-
able exposure to fluoride, especially in developed coun-
tries. This is because of the fact that several studies have
shown that chronic exposure to fluoride exerts adverse
effects on oral tissues. For example, exposure to fluoride
interferes with odontogenesis, which in turn promotes
damage to the dental enamel at high concentrations
(Ribeiro ¢z al., 2006). In addition, it has been shown that
fluoride can promote bone loss (Junrui ez a/., 2016). This
condition is called fluorosis.

With an increasing knowledge of the consequences of
systemic exposure of fluoride, it has been shown that
other organs over mineralized tissues are highly affected
by fluoride exposure, such as the liver, kidney, heart, and
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central nervous system (Goodarzi e al., 2016). Such
pathobiological effects are mainly because of the induc-
tion of oxidative stress induced either by lipid perox-
idation or by reduction of levels of antioxidant enzymes,
such as catalase (CAT), and superoxide dismutase (SOD)
or even by interference with the expression of xenobiotic
metabolism enzymes such as for example gluthationes
(Campos-Pereira et al., 2017). Recent studies have con-
firmed that fluoride triggers the apoptotic process
through the activation of caspases (Deng er a/., 2016).
Release of cytochrome C and decreasing ATP synthesis
were also observed (Suzuki ¢z @/, 2015). Thus, in view of
the chronic exposure to fluoride, in high concentrations
in some countries, especially in developing nations, new
strategies for preventing or even mitigating the adverse
effects of fluoride are necessary not only to protect
populations exposed to this condition but also for health
professionals for understanding the real risks posed by
systemic fluoride exposure. Today, fluoride is an envir-
onmental and industrial pollutant that affects various
organs in humans and animals (Choubisa and Choubisa,
2016). It is alarming that fluoride has been categorized as
an environmental carcinogen (Swenberg ¢z a/., 1999).

Accumulating evidence suggests that a balanced nutrient-
rich diet is necessary for promoting health (Shlisky e7 a/.,
2017). In this context, many bioactive food compounds
derived from polyphenolic and nonpolyphenolic origins
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have been shown to be effective as potential therapeutic
agents in various chronic degenerative diseases, such as
hypertension, diabetes, and cancer. Polyphenols are nat-
ural compounds with variable phenolic structures; it is very
common in vegetables, fruits, tea, and wine (Bravo, 1998).
"To date, 8000 polyphenol molecules have been described
in the scientific literature (Cheynier, 2005). All poly-
phenols contain one or more aromatic rings with more than
one hydroxyl group (T'sao, 2010). They are classified into
four groups, because of the number of phenol rings and
chemical groups bound to the rings, as follows: flavonoids,
phenolic acids, stilbenes, and lignants (T'sao, 2010).

Therefore, the use of bioactive compounds present in
foods as a tool to mitigate the effects of fluoride could
potentially be useful for populations in different parts of
the world exposed to this ion chronically. Thus, the aim
of this comprehensive review is to present and discuss
the published papers that have focused on the use of
polyphenols and nonpolyphenols that can mitigate the
harmful activities promoted by fluoride exposure.
Certainly, these data will contribute toward a better
understanding of the role of food compounds in the
pathological outcomes induced by fluoride.

Materials and methods

A comprehensive literature search for studies on ‘fluor-
ide, food, compounds, diet, polyphenols’ was performed
in the last 10 years. In brief, a search of PubMed,
Medline, Embase, and Google Scholar was carried out for
a variety of articles (all publications until January 2017).
Case reports and papers not written in the English lan-
guage were excluded from the review. All papers were
identified and included in this review.

Results

After searching the scientific literature, we identified
many studies investigating the role of food bioactive
compounds derived from polyphenolic and non-
polyphenolic origins against fluoride toxicity. Below, we
critically describe and explain the nature of these studies
in detail.

Polyphenols

Flavonoids

Rutin, also called rutoside, quercetin-3-O-rutinosideandso-
phorin, is the glycoside combining the flavonol quercetin
and the disaccharide rutinose [a-L-rhamnopyranosyl-(1—6)-
B-D-glucopyranose]. It is a citrus flavonoid found in a wide
variety of plants such as citrus fruits. Treatment with rutin
effectively decreased the genetic damage induced by
fluoride exposure in rat heart cells (Umarani e /., 2015).
Epigallocatechingallate (EGCG), which is a green tea
catechin found in a variety of green tea preparations, also
decreased DNA fragmentation and inhibited proapoptotic
markers in rat heart after exposure to fluoride (Miltonprabu
and Thangapandiyan, 2015). In the rat liver, administration

of EGCG restored the histopathological damage and bio-
chemical indices and prevented DNA damage induced by
fluoride (Thangapandiyan and Miltonprabu, 2013).

The levels of antioxidants enzymes such as CAT, SOD
and glutathione (GSH) increased whereas the lipid peri-
oxidation product decreased after rutin treatment in the rat
heart exposed to fluoride (Umarani ez a/., 2015). Moreover,
EGCG increased the levels of mitochondrial enzymes such
as ICDH, SDH, MDH, «-KGDH, and NADH in rat heart
cells (Miltonprabu and Thangapandiyan, 2015). The same
observations were made in the liver (Thangapandiyan and
Miltonprabu, 2013). In-vitro studies using hepatocytes
have shown that EGCG provides significant cellular pro-
tection against oxidative stress induced by excessive
fluoride by means of iron metabolism regulation as a result
of glutathione peroxidase (GSH-Px) content, SOD activity,
and total antioxidant capacity levels (Niu ez a/., 2016). At
the molecular level, EGCG also inhibited Keapl protein
by the activation of Nrf2 translocation into the nucleus in
lung cells (Shanmugam e a/., 2016). In summary, EGCG
potentially abrogates Fl-induced oxidative lung injury by
activation of the Nrf2/Keapl pathway in rats (Shanmugam
et al., 2016). Therefore, it is assumed that rutin and EGCG
have free radical scavenging and antioxidant activities,
which protect rats against NaF-induced oxidative damage.

Anthocyanins are polyphenols and well known for their
biological antioxidant benefits. The treatment with
maize purple plant pigment rich in anthocyanins reduced
the malondyaldehyde levels in blood and liver, and
increased the SOD and GSH-Px activities in the kidney
and GSH levels in the liver and kidney of rats exposed to
increasing concentrations of fluoride (Zhang ez al., 2014).
In addition, maize purple plant pigment decreased Bcl-2
protein expression and increased Bax protein expression
induced by fluoride (Zhang ez al., 2014). Blackberry juice
containing anthyocyanins decreases SOD, CAT and
GSH, TBARS, nitric oxide, total lipids, cholesterol, tri-
glucerides, plasma transaminases and creatine kinease
levels in rat hepatic cells exposed to fluoride. Therefore,
bioactive compounds found in blackberry juice promoted
free radicals scavenging, which led to improved endo-
genous antioxidant status (Hassan and Yousef, 2009). It
seems that anthocyanins protect against fluoride toxicity
by interfering with both the apoptotic process and oxi-
dative stress induced by fluoride.

Quercetin effectively reduced the levels of thiobarbituric
acid-reactive substances and restored the activities of
antioxidant enzymes in the liver, kidney, testis, and brain
of rats (Hamza er al., 2015; Nabavi e al., 2012a,b).
Moreover, quercetin prevented tissue degeneration
(Hamza ez al., 2015). The same results were observed in
rat brain exposed to NaF. Similar results were found on
using a combination of quercetin and blackberry extract
following high fluoride exposure (Hamza er a/., 2015).
The levels of antioxidant enzymes, such as SOD and
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CA'T, GSH, and lipid peroxidation, were modulated in
the cardiac tissue of animals intoxicated with fluoride and
treated with quercetin (Nabavi er @/., 2012b). Certainly,
quercetin protected rat heart tissue from the oxidative
stress induced by fluoride by means of antioxidant
activity (Nabavi ez a/., 2012a).

Until rare bio products, such as methyl-3-O-methyl gal-
late (M3OMG), were able to exert some positive action
against toxicity induced by fluoride in rat erythrocytes.
Rats exposed to NaF with M3OMG protected against
NaF-induced oxidative stress (Nabavi ¢z «/., 2013b). The
same findings were obtained for the brain as M3OMG
treatment mitigated the NaF-induced oxidative stress
through normalization of the level of TBARS and
decreasing GSH activities (Nabavi ¢z a/., 2013b).

Ginkgo biloba extract has been studied extensively in
patients with neurological disorders such as Alzheimer’s
disease and Parkinson’s disease. Some studies have
shown that G. biloba improves learning and memory
abilities, enhances the activities of SOD and ghutationes,
attenuates the level of MDA, upregulates the ratio of Bcl-
2/Bax, and downregulates the level of cleaved caspase 3
in rats exposed to high concentrations of fluoride (Zhang
et al., 2013). G. biloba could also prevent spatial learning
and memory deficits in rats (Jetti ez a/., 2016).

Pomegranates contain a complex mixture of gallotannins,
ellagitannins, ellagic acid, and anthocyanins. To investi-
gate the protective effects of pomegranate (Punica gran-
atum) juice (PG]) on the oxidative damage induced by
fluoride in hepatocytes and erythrocytes (Bouasla e7 a/.,
2016), some authors pointed out that the administration
of PG]J juice led to the re-establishment of the oxidative
status, indicating that PD]J is useful for preventing oxi-
dative damage induced by NaF (Bouasla ez a/., 2016).

Silymarin administration to animals before NaF con-
sumption also altered the levels of biochemical para-
meters (Nabavi e# a/.,, 2012c). Particularly, there was a
significant increase in the levels of thiobarbituric acid-
reactive substances, along with a decrease in antioxidant
enzyme activity (SOD and CA'T), and a decrease in the
GSH level in the tissues exposed to high concentrations
of fluoride 7z vivo (Nabavi ef al., 2012c¢).

Averrhoa carambola L. fruit (star fruit) is very consumed
fruit in tropical countries and is an ingredient in folklore
medicines. As the fruits have high polyphenolic and
antioxidant contents, some authors have investigated
whether some fruits protect against fluoride toxicity
(Vasant and Narasimhacharya, 2012). A 4-week exposure
to fluoride induced sustained hyperglycemia, hyperlipi-
demia, and oxidative stress. When animals were treated
with a diet rich with star fruit, the lipid and antioxidant
statuses were restored significantly (Vasant and
Narasimhacharya, 2012). These findings suggest that star
fruit can be used as a dietary supplement in fluoride-

Polyphenols and nonpolyphenols and fluoride Claudio et al. 3

endemic regions exposed to high concentrations of
fluoride (Vasant and Narasimhacharya, 2012).

According to a phytochemical analysis, tamarind fruit
contains phenolic compounds such as catenin, procyani-
din B2, epicatechin, tartaric acid, mucilage, pectin, ara-
binose, xylose, galactose, glucose, uronic acid, and
triterpen (Harborne and Williams, 1992). Tamarind
extract treatment decreased fluoride content and oxida-
tive status [reactive oxygen species (ROS) generation,
lipid peroxidation, protein carbonyl content, and nitric
oxide] and improved antioxidant activity (SOD, CAT,
GSH-Px and GSH) in lung epithelial cells (Ameeramja
et al., 2016). Furthermore, tamarind fruit modulated
fluoride-activated changes in the mitochondrial mem-
brane potential, permeability transition pore opening,
cytochrome-C release, Bax/Bcl-2 ratio, and caspase-3 and
PARP-1 expressions. In conclusion, these data showed
that tamarind fruit could potentially be protect against
fluoride toxicity, and may be utilized as a nutraceutical
agent (Ameeramja et al., 2016).

Stilbenes

Stilbenes are mainly found in plants and they are
important phytochemicals against fungal infection. The
most important stilbene investigated in the literature is
resveratrol. A search of the literature showed that
resveratrol restored antioxidant status, biogenic amine
level and structural organization of rat brain exposed to
high concentrations of fluoride (Atmaca ez a/., 2014). Such
findings suggest that resveratrol is an antioxidant agent in
different regions of brain (Atmaca er /., 2014; Pal and
Sarkar, 2014). The same findings were obtained in rat
liver (Atmaca ez a/l., 2014). For blood tissue, resveratrol
also improved aminotransferase enzyme activity and
inorganic phosphorus levels (Atmaca ez al., 2014).

Phenolic acids

It has been established that phenolic acids have strong
anticancer activity (Anantharaju ¢z /., 2016). In particular,
some studies have shown that a phenolic acid, such as
gallic plays an important role against gastric cancer (Ho
et al., 2013). Other phenolic acids, such as the caffeic acid
(CA), are considered active antioxidant agents (Chiou
et al., 2017).

In this review, CA significantly prevented hepatic
damage induced by fluoride induced as shown by histo-
pathological evaluation (Kanagaraj ez a/., 2015). Some
liver biomarkers’ enzyme function also modulated by CA
exposure (Kanagaraj ¢z a/. 2015). For example, a sig-
nificant decrease in the levels of enzymatic (SOD, CA'T,
and ghutationes) antioxidants, along with increased ROS,
lipid peroxidation, protein carbonyl content, and nitrate
levels, were detected (Kanagaraj ef a/., 2015).

Caffeic acid phenethyl ester (CAPE) protected endo-
metrial tissue against damage induced by fluoride expo-
sure by increasing antioxidant status in female rats. This
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is because CAPE associated with fluoride treatments
decreased MDA levels and increased SOD and CAT
expression in endometrial tisue (Guney e a/., 2007).

Lignans

Sesamin, a major lignan derived from sesame seeds, has
been reported to have many benefits and medicinal
properties. Sesamin decreased the levels of p-JNK pro-
tein in the kidney, which in turn inhibited proapoptotic
signaling events by restoring the balance between mito-
chondrial pro-apoptotic and anti-apoptotic Bcl-2 and Bax
proteins, and by decreasing the release of mitochondrial
cytochrome c in the kidney of fluoride-exposed fish (Cao
et al., 2015). JNK was also involved in the mitochondrial
extrinsic apoptotic pathways of sesamin effects against
fluoride-induced renal injury by regulating the levels of
p-c-Jun, tumor necrosis factor-a, and Bak proteins (Cao
et al., 2015). These findings suggest that sesamin could
protect kidney against fluoride-induced apoptosis by the
oxidative stress downstream-mediated changes in the
inactivation of the JNK signaling pathway. Taken toge-
ther, sesamin plays an important role as a nutraceutical
agent against fluoride toxicity in kidney cells (Cao ¢z a/.,

2015).

Other polyphenols

Curcumin is a polyphenol derived from Curcuma longa
(turmeric plant). It belongs to the ginger family, which
has long been used in Ayurvedic medicines to treat var-
ious diseases such as asthma, anorexia, coughing, hepatic
diseases, diabetes, heart diseases, wound healing, and
Alzheimer’s disease (Di Martino e a/., 2017). Several
studies have shown that curcumin has anti-infectious,
anti-inflammatory, antioxidant, hepatoprotective, throm-
bosuppressive, cardio protective, antiarthritic, chemo
preventive, and anti-carcinogenic actions (Qadir er al.,
2016). It was able to suppress the initiation—promotion of
carcinogenesis (Qadir ez a/., 2016). The anticancer activity
of curcumin is because of the negative regulation of
inflammatory cytokines, transcription factors, protein
kinases, ROS, and oncogenes (Qadir ¢z a/., 2016).

On searching the literature on the effects of curcumin on
fluoride toxicity, the results showed that curcumin pre-
vented neurodegeneration compared with those treated
with fluoride in mice (Sharma e /., 2014). Moreover,
curcumin was antigenotoxic and antimutagenic by redu-
cing the frequency of structural aberrations, hypoploidy,
and primary DNA damage. Taken as a whole, curcumin
mitigates the genotoxic effects induced by fluoride
exposure 7z vitro (Tiwari and Rao, 2010). Animals treated
with curcumin before NaF intoxication also showed a
significant reduction in MDA levels. Also, pretreatment
with curcumin restored the SOD and CA'T activities and
modified the level of reduced GSH compared with the
control group (Nabavi ez a/., 2012d). Moreover, curcumin
normalized the levels of serum creatinine, serum urea,

and blood urea nitrogen (Nabavi ez a/., 2012¢). Because of
antigenotoxicity and antimutagenicity, curcumin also
represents an antioxidant agent against fluoride toxicity.

Nonphenolic constituintes

Lycopene

Lycopene is a lipid-soluble powerful antioxidant that
scavenges free radicals and ROS. It is plausible to con-
sider that lycopene can be an effective antioxidant agent
that can attenuate fluoride toxicity. To verify the effects
of lycopene on NaF-induced teeth and ameloblast toxi-
city, rats were treated with fluoride for 5 weeks. The
results indicated that the concentrations of fluoride,
MDA and ROS, gene expressions and activities of
caspase-9 and caspase-3, and the gene expressions of Bax
were significantly decreased, whereas the expression of
SOD and GSH-Px, and Bcl-2 were significantly increased
after lycopene treatment (Lui ez @/., 2017). Concentrations
of MDA and ROS, gene expressions and activities of
caspase-9 and caspase-3, and the gene expression of Bax,
and ameloblast apoptosis rate were significantly
decreased, whereas the activities of SOD and GSH-Px,
and the gene expression of Bcl-2 were significantly
increased in rats treated with lycopene (Li ez al., 2017).
These results suggest that lycopene significantly com-
bated genotoxicity and cytotoxicity in ameloblasts by
attenuating oxidative stress and downregulating the cas-
pase pathway (Li ez al., 2017).

In other cellular types, lycopene increased the GSH
level, total antioxidant capacity, and SOD activity in red
blood cells, heart, and brain tissues after the administra-
tion of NaF. The induced oxidative stress and the
alterations in the antioxidant system induced by fluoride
exposure were normalized by the oral administration of
lycopene treatment (Mansour and Tawfik, 2012).

Vitamins

The administration of vitamins C and E and fluoride
treatment decreased MDA levels in endometrial tissue,
whereas SOD, GSHs, and CAT activities increased
(Guney e al., 2007). Vitamins promoted tissue regen-
eration against fluoride-induced endometrial damage as
well (Guney e al., 2007). Lymphocyte and eosinophil
infiltration in the stroma of rats treated with fluoride were
more pronounced compared with that in nonexposed
animals (Guney er /., 2007). It can be concluded that
oxidative endometrial damage plays an important role in
fluoride-induced endometrial toxicity, and the modula-
tion of oxidative stress with vitamins reduces fluoride-
induced endometrial damage both at the biochemical and
at the histological level (Guney er a/., 2007). Vitamin C
improved SOD and CAT activities and modified the
level of reduced GSH in rat liver cells exposed to high
concentrations of fluoride (Nabavi e a/., 2012a).

Rats treated with vitamin C were protected against NaF-
induced oxidative stress (Nabavi 7 /., 2013a). Vitamin C
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also protected against the behavioral deficits caused by
fluoride (Jetti er al., 2016). Taken together, chronic
exposure to high levels of fluoride causes severe
impairment in spatial learning and memory, these
alterations being mitigated by vitamin C (Jetti e /.,
2016).

Other bioactive agents

Taurine is a free intracellular B-amino acid with anti-
oxidant and neuroprotective propertics. Hepatocytes
exposed to taurine, in combination with NaF, increased
the levels of the antioxidant enzymes such as SOD, CAT,
and glutathione-S-transferase (Das er 4/, 2008). There
was a reduction of the level of GSH and total thiols and
increased oxidatized glutathione, lipid peroxidation end
products, protein carbonyl content and DNA damage
(Das ez al., 2008). In the central nervous system, taurine
exerted positive effects as it prevented NaF-induced
increase in hydrogen peroxide and lipid peroxidation
levels, but increased acetylcholinesterase and antioxidant
enzyme activities in the hypothalamus, cerebrum, and
cerebellum of the rats (Adedara ez 4/., 2017).

The beneficial effects of oleanolic acid on fluoride-
induced oxidative stress and certain metabolic dysfunc-
tions were investigated in rat brain. Fluoride increased
the MDA level, free amino acid nitrogen, NO content,
and free OH radical generation. In addition, fluoride
increased GSH content and reduced SOD, GSH-Px, GR,
and CAT activities in brain tissues. Oral supplementation
of oleanolic acid improved brain metabolic functions
significantly. The interesting effects of oleanolic acid
against fluoride-induced changes in protein and nucleic
acid contents, proteolytic enzyme activities, and other
oxidative stress parameters indicate that oleanolic acid
exerts potential antioxidative effects against fluoride-
induced oxidative brain damage (Sarkar ez a/., 2014).

The increased accumulation of fluoride in the brain
observed in the NakF-treated group compared with the
control was decreased in the selenium + NaF-treated
group. Selenium levels increased in the selenium + NaF-
treated group compared with the group that received
NaF treatment (Reddy ez /., 2009). The SOD, CAT and
glutathione levels were decreased in NaF-treated group
being selenium able to increase the expression the
aforementioned enzymes (Reddy e7 a/., 2009). Glucose-
6-phosphate dehydrogenase was decreased, and alkaline
phosphatase and acid phosphatase increased in the brain
of mice after the administration of NaF (Reddy e /.,
2009). All metabolic enzymes were significantly reversed
after the administration of selenium to the NaF-treated
group. Thus, the harmful effects induced by NaF on
oxidative and metabolic enzymes of brain were reversible
by selenium supplementation (Reddy e 4/., 2009).

Polyphenols and nonpolyphenols and fluoride Claudio et al. 5

Fig. 1
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Mechanisms of action induced by polyphenols and nonpolyphenols
against fluoride toxicity. ROS, reactive oxygen species.

Conclusion

In this review, we have highlighted recent advancements
in the effects of polyphenols and nonpolyphenols against
the toxicity induced by fluoride either 2 vitro or in vive. All
published data show some evidence related to mitigation
of the harmful effects induced by fluoride as a result of
antioxidant action and inhibition of the apoptosis process
(Fig. 1). Further studies should be carried out including on
the use of other genotoxicity assays with different end-
points, such as mutation, chromosomal breakage as well as
disruption of the genetic apparatus. Moreover, study of the
role of fluoride in the interference of cellular signal path-
ways, gene-expression profiles closely related to the DNA
repair system and epigenetic mechanisms, or to identify
polyphenols or nonpolyphenols that can act as defluor-
idating agents is fundamental to elucidate the biological
mechanisms of these bioactive compounds following sys-
temic fluoride exposure. Certainly, new information will be
added to that already established for regulatory purposes as
a safe way to promote oral healthcare and prevent oral
carcinogenesis.
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