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Abstract

Objectives

To verify the protective effect of plant extracts associated with fluoride against dental ero-

sion of dentine, in the presence and absence of a salivary pellicle.

Methods

Dentine specimens (n = 270) were randomly distributed into 9 experimental groups (n = 30/

group): GT (green tea extract); BE (blueberry extract); GSE (grape seed extract); NaF

(sodium fluoride); GT+NaF (green tea extract and NaF); BE+NaF (blueberry extract and

NaF); GSE+NaF (grape seed extract and NaF); negative control (deionized water); and a

positive control (commercialized mouthrinse containing stannous and fluoride). Each group

was further divided into two subgroups (n = 15), according to the presence (P) or absence

(NP) of salivary pellicle. The specimens were submitted to 10 cycles: 30 min incubation in

human saliva (P) or only in humid chamber (NP), 2 min immersion in experimental solutions,

60 min of incubation in saliva (P) or not (NP), and 1 min erosive challenge. Dentine surface

loss (dSL-10 and dSL-total), amount of degraded collagen (dColl) and total calcium release

(CaR) were evaluated. Data were analyzed with Kruskal-Wallis, Dunn’s and Mann-Whitney

U tests (p>0.05).

Results

Overall, the negative control presented the highest values of dSL, dColl and CaR, and the

plant extracts showed different degrees of dentine protection. For the subgroup NP, GSE

showed the best protection of the extracts, and the presence of fluoride generally further

improved the protection for all extracts. For the subgroup P, only BE provided protection,

while the presence of fluoride had no impact on dSL and dColl, but lowered CaR. The pro-

tection of the positive control was more evident on CaR than on dColl.
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Conclusion

We can conclude that the plant extracts showed a protective effect against dentine erosion,

regardless of the presence of salivary pellicle, and that the fluoride seems to improve their

protection.

Introduction

Dental erosion is the loss of dental hard tissues due to the frequent and prolonged contact of

acids on the tooth surfaces, not caused by bacteria. It starts with enamel mineral loss and, con-

sequently, a softening of the surface, advancing to a bulk loss of tissue [1]. Its progression

results in the exposition of the underlying dentine, which can result in pain (dentin hypersen-

sitivity) and, in turn, a negative impact in the quality of life [1, 2]. The estimated mean global

prevalence of dental erosion ranges between 30–50% in deciduous teeth and between 20–45%

in permanent teeth [3], with dentine exposure already observed in children and adolescents

[4].

Saliva is a natural protection for the teeth. It forms a salivary pellicle composed of proteins,

glycoproteins, peptides, lipids and other macromolecules, and it hinders the direct contact of

the acids with the tooth surfaces [5], and brings some protection, albeit limited, to the tooth

surface [6]. The vast majority of studies on salivary pellicle has focused on their effect on

enamel [7], but attention has also been given to the effect of the pellicle on dentine [8–10],

where a limited protection has been observed [8]. After exposure to acid, part of the salivary

pellicle was still observed on the dentine surface, but the underlying dentine was partially

demineralized [9]. Proteomic analyses identified 52 proteins in the dentine salivary pellicle

after immersion in deionized water, and after erosion the number was reduced to only 6 pro-

teins [10], indicating that few proteins are acid-resistant.

Currently, many compounds have been tested in an attempt to modify the salivary pellicle

and increase its resistance against erosion [11, 12]. Among the compounds tested are polyphe-

nol-rich plant extracts, which have affinity for some salivary proteins [13–15] causing the pre-

cipitation and aggregation of these proteins and increasing the thickness of the salivary

pellicle. This, in turn, reduces the permeability of the pellicle and increases its acid resistance

[16, 17]. Until now, these positive results are mainly for pellicles formed on enamel, but our

knowledge regarding pellicles formed on dentine is still very limited.

Investigations on dentine are essential because the organic matrix will greatly influence the

outcome [18, 19]. We need to further our insights on how the organic matrix will influence sal-

ivary pellicle formation, and this, in turn, will influence dental erosion. More specifically, both

the dentine and the saliva contain matrix metalloproteinases (MMPs). These MMPs can get

activated under erosive conditions and, consequently, they can degrade the organic matrix,

advancing the progression of dentine demineralization [20]. Inhibition of the MMPs will

decrease the degradation of the organic matrix and reduce dentine demineralization [21], and

this effect can be obtained with some polyphenol-rich plant extracts [22]. Green tea [23, 24],

grape seed and cranberry extracts have all shown a protective effect against dentine erosion,

probably due to their polyphenol content and to MMP inhibition [25]. Besides, the extracts are

also believed to act as cross-linkers; in other words, they can act cross-linking the exposed col-

lagen, thus increasing its resistance to degrading enzymes [21, 26]. In this context, pellicle

modification with polyphenol-rich plant extracts should be further investigated, especially in

view of dentine biomodification and MMP inhibition.
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Likewise, fluoride can also modify the salivary pellicle [27–29] and inhibit MMPs [30–32],

possibly leading to a protective, albeit limited, effect. This is in addition to its effect on the min-

eral, thus, it would be interesting to investigate if there is a synergistic effect between polyphe-

nol-rich plant extracts and fluoride on dentine protection. Therefore, the aim of the present

study was to verify the protective effect of plant extracts associated with fluoride against dental

erosion on dentine. This was done in the absence and in the presence of a salivary pellicle, to

verify, respectively, the effect of the plant extracts and fluoride directly on the dentine surface

and on the modification of the dentine salivary pellicle.

Materials and methods

Specimen preparation

Human molars were selected from a biobank comprised of teeth extracted by dental practi-

tioners in Switzerland. Before the extraction, the patients were informed about the use of their

teeth for research purposes and their oral consent was retrieved. Because of using pooled teeth,

the local ethics committee categorized the samples as “irreversibly anonymised”, and no previ-

ous ethical approval was necessary. The present experiment was carried out in conformity

with the approved guidelines and regulations of the local ethical committee (Kantonale Ethik-

kommission: KEK).

A total of 270 dentine squares (4x4mm) from the roots of human molars were embedded in

acrylic resin (Paladur, Heraeus Kulzer GmbH). All specimens were ground flat with abrasive

silicon carbide paper discs of decreasing grain size (18.3 μm to 5 μm) and polished with 3 μm

grain size diamond paste (DPStick P, Struers, for 60 s) under constant tap water cooling

(TegraPol-15, Struers). The specimens were rinsed with deionized water in an ultrasound bath

(60 s) between each step. They were prepared shortly before the beginning of the experiment

and kept in tap water at 4˚C. Right before start of the experiment, final polishing was per-

formed with 1 μm grain size diamond pastes (DP-Stick P, Struers, for 60s) under constant

cooling (TegraPol-15, Struers) and rinsed with deionized water in an ultrasound bath for 60 s.

An initial curvature measurement with an optical profilometer (MicroProf 100, FRT the art of

metrology) was performed. Then, two thirds of the surface of each dentine specimen was pro-

tected with a tape to obtain two reference areas, while the middle third (width about 1.5mm)

was let exposed to the treatments.

Stimulated human saliva collection

Clarified stimulated human saliva was used in the present study. The saliva was collected from

adult healthy donors, aged 20–60 years, from both genders, who were informed not to eat or

drink (except water) for at least 60 min before collection. Donors who smoked or used fixed

orthodontic devices were excluded from the collection. The local ethical committee (KEK)

considers pooled samples saliva as irreversibly anonymized samples, so prior ethical approval

was not required. The saliva collection was performed in the morning, always at the same

time. Fifteen donors chewed on paraffin (Paraffin pellets, Ivoclar Vivadent) for 10 min and

collect saliva into ice-chilled vials. The stimulated saliva from all donors was immediately

pooled, centrifuged (3’000 g, 15 min, 4˚C) and the supernatant fraction was collected.

To avoid degradation of the salivary proteins, protease inhibitors (phenylmethanesulfonyl

fluoride; n-ethylmaleimide; 1,10-phenanthroline monohydrate) were added to the previously

prepared human saliva. These inhibitors were initially dissolved in methanol (400 mM) and

then compounded till a final concentration of 100 mM per inhibitor. The solution containing

all inhibitors was added to the clarified human saliva (1:100). Then, aliquots were prepared

and stored at -80˚C until the beginning of the experiment.
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Experimental procedures and dentine surface loss

The dentine specimens were divided into 9 experimental groups: GT (green tea extract); BE

(blueberry extract); GSE (grape seed extract); NaF (500 ppm fluoride, as sodium fluoride—

NaF); GT+NaF (green tea extract and 500 ppm fluoride); BE+NaF (blueberry extract and

500 ppm fluoride); GSE+NaF (grape seed extract and 500 ppm fluoride); negative control

(deionized water); and a positive control (commercialized mouthrinse: elmex1 Ero-

sionsschutz, 800 ppm stannous, as stannous chloride, and 500 ppm fluoride, as NaF and

amino fluoride—AmF). Each of these groups contained 30 dentine specimens. Later, they

were divided into two subgroups (n = 15/subgroup): one with salivary pellicle (P) and another

without salivary pellicle (NP).

For the subgroups P, an aliquot of freshly thawed human saliva containing protease inhibi-

tors was placed on the dentine specimens for 30 min at 37˚C, enabling initial protein adher-

ence and initial pellicle formation on the dentine surface. Then, the specimens were immersed

in one of the experimental solutions for 2 min at 25˚C. Afterwards a new fresh aliquot of saliva

was placed on the specimens for a further 60 min at 37˚C, for an additional pellicle formation.

For the subgroups NP, the specimens remained in a humid chamber at 37˚C for 30 min and,

subsequently were incubated in one of the experimental solutions, as described for subgroup

P. Then, they stayed a further 60 min in the humid chamber (37˚C).

Afterwards, the specimens were individually submitted to an erosion challenge, consisting

of immersion in 1% citric acid (pH 3.6, 25˚C) for 1 min, under constant movement (70 rpm,

travel path 50 mm; shaking water bath, SBS40, Stuart). The citric acid was kept for analysis of

calcium released by the dentine specimens. This experimental sequence was repeated 10 times.

Following the 10th cycle, the tapes were removed, and the same area of the dentine surface was

scanned with the optical profilometer (MicroProf 100, FRT the art of metrology), under

humidity control.

Dentine surface loss (dSL-10) was determined by subtracting the mean height of the

exposed area (1.5 mm) from the mean height of both reference areas, using a specific software

(FRT Mark III, FRT the art of metrology, Germany). Initial values (which correspond to the

initial surface curvature) were subtracted from the final analyses, to counterbalance the initial

surface curvature of each specimen.

Next, the dentine specimens were again protected with the adhesive tape, which were

placed on the same reference areas as previously. The demineralized organic matrix of all spec-

imens was removed by immersing them individually in a saline solution containing type VII

collagenase from the gram-positive bacterium Clostridium histolyticum (100 U/ml; C0773,

Sigma-Aldrich) for 96 h at 37˚C and constant movement (70 rpm). Subsequently, the tapes

were removed, and the same dentine surface area was re-measured with the optical profil-

ometer (MicroProf 100, FRT the art of metrology) as previously. The total dentine surface loss

(dSL-total) was determined. The amount of degraded collagen (dColl) was calculated as the

difference between dSL-10 and dSL-total.

Calcium released to the citric acid

To quantify dentine mineral loss, the calcium released to the citric acid after the erosive cycles

was measured. For the total calcium release, 1 ml of citric acid after each erosive cycle was

mixed per specimen and analyzed with an atomic absorption spectrometer (Aanalyst 400, Per-

kin-Elmer Analytical Instruments). The measured amount of calcium was normalized to the

exposed dentine surface area [33]. The later was measured using a light microscope connected

to a camera (Leica, M420 and Leica DFC495, respectively) under 20x magnification and a
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software program (IM500). The total amount of calcium release (CaR) per specimen was esti-

mated considering all 10 erosive cycles.

Statistical analysis

Data were evaluated with Shapiro-Wilk normality test and due to lack of normal distribution

of some groups, non-parametric tests were used. Kruskal-Wallis for comparison between

groups, considering each subgroup (with and without pellicle) separately, was performed for

each response variable: dentine surface loss after 10 cycles (dSL-10), total dentine surface loss

(dSL-total), amount of degraded collagen (dColl) and calcium released to the citric acid (CaR).

Post hoc Dunn’s test with p corrected for multiple comparisons was performed. Each group

was analyzed with Mann-Whitney U test considering the subgroups (P and NP). Moreover,

the effect of fluoride was analyzed with Mann-Whitney U test for each plant extract, and for

the controls (deionized water and fluoride). Significance level was set at 5% and the analyses

were performed with GraphPad Prism 7 for Mac.

Results

Dentine surface loss–Subgroup without salivary pellicle (NP)

Fig 1 shows the results of dentine surface loss after 10 cycles (dSL-10) for the subgroup NP.

The negative control and NaF showed the highest values of dentine surface loss, differing sig-

nificantly from BE+NaF, GSE+NaF and the positive control. These three groups presented the

lowest values of dentine surface loss after 10 erosive cycles. When considering the factor

Fig 1. Dentine surface loss after 10 erosive cycles for the groups without salivary pellicle (NP). Different letters denote significant differences between the

experimental groups. *Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the factor presence of fluoride.

https://doi.org/10.1371/journal.pone.0285931.g001
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“fluoride”, the presence of fluoride reduced significantly the dentine surface loss for the groups

BE and GSE. Negative control and NaF were not significantly different (p = 0.870).

After removal of the degraded collagen, the dentine surface loss (dSL-total) increased, as

shown in Fig 2 for the subgroup NP. The negative control showed the highest values of dentine

surface loss, not differing significantly from NaF and GTE. The group GSE+NaF presented the

lowest values of dentine surface loss, not differing from the positive control and from GT

+NaF, BE and BE+NaF. When considering the factor “fluoride”, the presence of fluoride

reduced significantly the dentine surface loss for the groups GTE and GSE. Negative control

showed significantly higher surface loss than NaF for the pair comparison (p = 0.021). Regard-

ing the amount of degraded collagen (Fig 3), significant differences between groups were only

observed for the negative control and GSE+NaF (p = 0.012).

Dentine surface loss–Subgroup with salivary pellicle (P)

Fig 4 shows the results of dentine surface loss after 10 cycles (dSL-10) for the subgroup P. The

negative control showed the highest values of dentine surface loss, differing significantly from

BE+NaF and GSE+NaF, which were the groups with the lowest values of surface loss. The posi-

tive control was not significantly different from the negative control nor the NaF. When con-

sidering the factor “fluoride”, the presence of fluoride reduced significantly the dentine surface

loss only for the BE group. Negative control and NaF were not significantly different

(p = 0.161).

Fig 2. Dentine surface loss after 10 erosive cycles and removal of degraded collagen for the groups without salivary pellicle (NP). Different letters denote

significant differences between the experimental groups. **Denotes significant difference between Negative control and NaF groups, for the pair comparison

for the factor presence of fluoride. *Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the factor presence of

fluoride.

https://doi.org/10.1371/journal.pone.0285931.g002
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For the subgroup P, the removal of degraded collagen did not seem to increase the amount of

dentine surface loss. Fig 5 shows the results of dentine surface loss after collagen removal (dSL-

total) for the subgroup P. BE+NaF was the group with the lowest surface loss. However, it did not

differ significantly from NaF, BE, GSE and GSE+NaF. When considering the factor “fluoride”,

the presence of fluoride reduced significantly the dentine surface loss only for the group GTE

(p = 0.037), although this difference was not significant in all groups comparison (p>0.05).

Regarding the amount of degraded collagen (Fig 6), no significant difference was observed.

Dentine surface loss–Comparison of both subgroups without (NP) and

with salivary pellicle (P)

When comparing the effect of the pellicle for each treatment group on dentine surface loss after

10 cycles (Figs 1 and 4), the presence of salivary pellicle significantly decreased surface loss for

all groups excepted for the positive control, which did not present significant difference

(p = 0.533). Regarding the effect of the pellicle for each treatment group on total dentine surface

loss (Figs 2 and 5), significant differences were observed for the negative control, GTE, BE, BE

+NaF and GSE, where the presence of pellicle showed lower loss than without pellicle. For

amount of degraded collagen (Figs 3 and 6), only the deionized water group showed significant

difference between P and NP, the later presenting higher amount of degraded collagen than P.

Calcium released to the citric acid–Subgroup without salivary pellicle (NP)

Dentine mineral loss was analyzed by measuring the calcium released to the citric acid and is

presented as nanomole of calcium per mm2 of exposed dentine surface.

Fig 3. Amount of degraded collagen after 10 erosive cycles for the groups without salivary pellicle (NP). # Denotes significant difference between Negative

control and GSE+NaF.

https://doi.org/10.1371/journal.pone.0285931.g003
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Fig 7 shows the results of total calcium release for the subgroup NP. Negative control

showed the highest values of calcium release, not differing significantly from GTE, GTE+NaF,

BE and GSE. When considering the factor “fluoride”, the presence of fluoride reduced signifi-

cantly the amount of calcium release for the groups BE and GSE. Negative control showed sig-

nificantly higher surface loss than NaF for the pair comparison (p<0.001).

Calcium released to the citric acid–Subgroup with salivary pellicle (P)

In the presence of salivary pellicle (P, Fig 8), GTE and GTE+NaF presented the highest values

of calcium release, without difference between each other and to the negative control. The

group NaF was not significantly different than the negative control, neither for the pair com-

parisons considering the factor “fluoride” (p = 0.461). In this case, the presence of fluoride

reduced significantly the calcium release for all plant extracts: GTE (p<0.001), BE (p = 0.001),

and GSE (p = 0.002).

Calcium released to the citric acid–Comparison of both subgroups without

(NP) and with salivary pellicle (P)

Irrespective of pellicle formation (P or NP), lowest values of calcium release were observed for

positive control, without difference to GSE+NaF. When considering the factor presence of sal-

ivary pellicle, comparisons within each group showed significant differences for groups GSE,

GSE+NaF, negative control and positive control. For groups GSE, GSE+NaF and negative

Fig 4. Dentine surface loss after 10 erosive cycles for the groups with salivary pellicle (P). Different letters denote significant differences between the

experimental groups. *Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the factor presence of fluoride.

https://doi.org/10.1371/journal.pone.0285931.g004
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control, the presence of pellicle (P) significantly reduced calcium release when compared to

NP. As for positive control, higher calcium release was observed for P than for NP.

Discussion

Health benefits from polyphenol-rich plants include protection in the oral cavity, since the

polyphenols can interact with salivary proteins from the pellicle, and they can protect against

caries [34] and erosion [17, 35]. Several studies have already shown the benefits of polyphenols

against erosion, and more specifically on dentine. The present study further explored the effect

on these polyphenol-rich plant extracts, namely green tea, blueberry and grape seed, on the

dentine and on the dentine pellicle, as well as the effect of fluoride, on the protection against

dentine erosion. These extracts were chosen because of their type of polyphenols and because

our findings reveal a positive effect of these polyphenols on pellicle modification for enamel

protection [36] and against dentine erosion. As already described by Niemeyer et al. [37], this

protection mechanism can be three-fold: i) interacting with the dentine (salivary) pellicle, ii)

interacting with the collagen of the dentine itself, iii) inhibiting the proteases, such as the

matrix metalloproteinases (MMPs), both from the saliva and the dentine.

Regarding the first mechanism of action (interacting with dentine pellicle), one must focus

on the molecular structure of the polyphenols. They have a basic chemical structure of phenol

rings and galloyl esters or hydroxyl groups. These moieties can form complexes with salivary

proteins, especially proline-rich proteins (PRP) [38], and statherin [15]. These proteins are

Fig 5. Dentine surface loss after 10 erosive cycles and removal of degraded collagen for the groups with salivary pellicle (P). Different letters denote

significant differences between the experimental groups. *Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the

factor presence of fluoride.

https://doi.org/10.1371/journal.pone.0285931.g005
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especially present in the basal layer of the pellicle, so it is reasonable to assume that the poly-

phenol molecules will interact with this basal layer, aggregating salivary proteins and attracting

even more proteins to the pellicle, ultimately changing its structure and increasing its thickness

[17]. This thicker pellicle can therefore have an increased protective effect against erosion [39,

40]. Furthermore, since polyphenols attract more proteins to the pellicle, they are capable of

changing the proteomic profile of the salivary pellicle [41]. Our results also suggest this

occurred with the polyphenols chosen for this study.

Previous studies have already shown the positive effects of green tea against erosion [23, 36,

42–44]. We similarly observed positive results. This is probably because green tea extract is

obtained from Camelia sinensis leaves, which is rich in polyphenols called catechins, especially

epigallocatechin-3-gallate (EGCG). Other studies have already shown that EGCG can cross-

link proteins in the pellicle, leading to a thicker, more electron-dense pellicle [39, 40], contain-

ing more acid-resistant proteins, such as statherin [41].

Regarding the grape seed extract, it mainly contains purified oligomeric proanthocyanidin

(OPC). This polyphenol has catechin and epicatechin units with partial galloylation [45], and

they can form hydrophobic interactions or hydrogen bonds with proteins, or even oxidation

followed by covalent condensations [14, 38, 46]. So, these molecules will easily bind to pellicle

proteins, especially to PRP and statherin [15]. We therefore speculate that OPC acts in a simi-

lar way to EGCG, where it interacts with the basal layer of the pellicle, attracting even more

proteins to the pellicle, increasing its thickness and, ultimately, changing its structure and

improving its protective effect [39, 40]. The protective effect of Grape seed extract on the pelli-

cle had already been observed for pellicles formed on enamel [36], but not yet for pellicles

Fig 6. Amount of degraded collagen after 10 erosive cycles for the groups without salivary pellicle (NP). No significant difference was observed between

experimental groups.

https://doi.org/10.1371/journal.pone.0285931.g006
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formed on dentine. Now our results support the effect of grape seed extract also on pellicles

formed on dentine.

Regarding the second and third mechanisms of action (interacting with the collagen layer

and inhibiting the MMPs), one must understand the erosion process on dentine. This process

is particularly affected by the organic matrix, in other words, the collagen layer in dentine.

With acid attacks, the dentine surface demineralizes, causing an initial loss of its mineral com-

ponent. With increasing attacks, the demineralized layer exposes the organic component of

the dentine. The amount of exposed collagen layer increases as the erosion process progresses,

but when this layer reaches a certain thickness, it acts as barrier against further acid attacks,

and the demineralization rate decreases. However, this layer can be degraded by MMPs pres-

ent in saliva or in the dentine itself. If the collagen layer is degraded by the MMPs, the mineral

part of the dentine will be further exposed to the acids and the demineralization will progress.

So, if the collagen layer is cross-linked and preserved, and if the MMPs are also inhibited from

degrading the collagen, this organic layer will remain on the surface of the dentine for longer,

protecting it against further demineralization.

The EGCG from green tea has the galloyl moiety, and this can change the conformation of

the MMPs, thus inhibiting the proteases and hindering their effect on the collagen [47]. EGCG

is further able to chelate the zinc atoms present in the MMPs, which is another mechanism of

inhibiting these proteases from degrading the collagen [48–51]. Although EGCG inhibits

MMPs, our results rather suggest that these molecules will act on the collagen layer. The galloyl

moiety in EGCG contains many hydroxyl groups, which can form more hydrogen bonds with

the collagen in the organic layer of the dentine, and this, in turn, improves the mechanical

Fig 7. Total calcium release after 10 erosive cycles for the groups without salivary pellicle (NP). Different letters denote significant differences between the

experimental groups. **Denotes significant difference between Negative control and NaF groups, for the pair comparison for the factor presence of fluoride. *
Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the factor presence of fluoride.

https://doi.org/10.1371/journal.pone.0285931.g007
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properties of the collagen, reducing its degradation [47], and reducing erosive demineraliza-

tion of the dentine.

Likewise, the grape seed extract can also protect the dentine against surface loss by its effect

on the collagen and the MMPs. The OPC can bind to the organic layer in the dentine, they are

also known natural cross-linking agents that easily bind to the collagen fibers [52] and hinder

their degradation, improving the mechanical properties of the dentine surface. This is in agree-

ment with other studies [25, 53].

When observing the two subgroups of our study (solutions with and without fluoride), we

observed generally a significant better protection in the solutions where fluoride was present.

The protection of fluoride against erosion is rather believed to be related to the formation of

CaF2-like particles on the tooth surface, which serve as a physical barrier against the acid chal-

lenges [54]. This depends on the fluoride concentration and pH of the product. However, even

under optimized conditions, the formation of CaF2-like particles does not completely cover

the tooth surface, and the protection from monovalent fluoride products in erosion prevention

might be of limited outcome [55, 56]. The simultaneous effect, however, of fluoride with the

polyphenols lead to increased protection against erosion. Our results, therefore suggest that

the solutions containing both active ingredients will act both on pellicle modification [35],

because they cross-link the proteins and increase the protein-protein interaction, eventually

leading to a more electron-dense and thicker pellicle, on the collagen layer of the dentine, by

crosslinking the fibers and inhibiting the MMPs, and the fluoride can act on the mineral layer

of the dentine, forming more CaF2-like particles.

Fig 8. Total calcium release after 10 erosive cycles for the groups with salivary pellicle (P). Different letters denote significant differences between the

experimental groups. *Denotes significant effect of adding fluoride to the plant extracts, for the pair comparison for the factor presence of fluoride.

https://doi.org/10.1371/journal.pone.0285931.g008
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We therefore conclude that the plant extracts showed a protective effect against dentine

erosion, regardless of the presence of salivary pellicle, and that the fluoride seems to improve

their protection. Future studies should test this combination of plant extracts and fluoride

using in situ models. Besides, these compounds could be formulated using a composition

more closely to a commercial mouthrinse or even as active ingredients in toothpastes. Further-

more, the impact of brushing challenges would also be of interest. Finally, proteomics studies

could be conducted to gain further insight into the exact mechanism of the protection pro-

vided through the treatment with these compounds.
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21. Buzalaf MA, Charone S, Tjäderhane L. Role of host-derived proteinases in dentine caries and erosion.

Caries Res. 2015; 49 Suppl 1:30–7. https://doi.org/10.1159/000380885 PMID: 25871416

22. Seseogullari-Dirihan R, Apollonio F, Mazzoni A, Tjaderhane L, Pashley D, Breschi L, et al. Use of cross-

linkers to inactivate dentin MMPs. Dent Mater. 2016; 32(3):423–32. https://doi.org/10.1016/j.dental.

2015.12.012 PMID: 26764177

23. Magalhaes AC, Wiegand A, Rios D, Hannas A, Attin T, Buzalaf MA. Chlorhexidine and green tea extract

reduce dentin erosion and abrasion in situ. J Dent. 2009; 37(12):994–8. https://doi.org/10.1016/j.jdent.

2009.08.007 PMID: 19733206

24. Kato MT, Leite AL, Hannas AR, Calabria MP, Magalhães AC, Pereira JC, et al. Impact of protease inhib-

itors on dentin matrix degradation by collagenase. J Dent Res. 2012; 91(12):1119–23. https://doi.org/

10.1177/0022034512455801 PMID: 23023765

25. Boteon AP, Kato MT, Buzalaf MAR, Prakki A, Wang L, Rios D, et al. Effect of Proanthocyanidin-

enriched extracts on the inhibition of wear and degradation of dentin demineralized organic matrix. Arch

Oral Biol. 2017; 84:118–24. https://doi.org/10.1016/j.archoralbio.2017.09.027 PMID: 28987724

26. Bedran-Russo AK, Pauli GF, Chen SN, McAlpine J, Castellan CS, Phansalkar RS, et al. Dentin biomo-

dification: strategies, renewable resources and clinical applications. Dent Mater. 2014; 30(1):62–76.

https://doi.org/10.1016/j.dental.2013.10.012 PMID: 24309436

27. Siqueira WL, Bakkal M, Xiao Y, Sutton JN, Mendes FM. Quantitative proteomic analysis of the effect of

fluoride on the acquired enamel pellicle. PLoS One. 2012; 7(8):e42204. https://doi.org/10.1371/journal.

pone.0042204 PMID: 22870302

PLOS ONE Plant extracts and fluoride for dentine erosion protection

PLOS ONE | https://doi.org/10.1371/journal.pone.0285931 May 18, 2023 14 / 16

https://doi.org/10.1080/00016350802183401
http://www.ncbi.nlm.nih.gov/pubmed/18607835
https://doi.org/10.1016/j.archoralbio.2006.10.015
https://doi.org/10.1016/j.archoralbio.2006.10.015
http://www.ncbi.nlm.nih.gov/pubmed/17126806
https://doi.org/10.1016/j.jdent.2015.02.001
https://doi.org/10.1016/j.jdent.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25676181
https://doi.org/10.1159/000499579
http://www.ncbi.nlm.nih.gov/pubmed/31085905
https://doi.org/10.1038/s41598-018-29188-x
http://www.ncbi.nlm.nih.gov/pubmed/30026515
https://doi.org/10.1371/journal.pone.0108372
http://www.ncbi.nlm.nih.gov/pubmed/25264771
https://doi.org/10.1021/acs.langmuir.5b01122
https://doi.org/10.1021/acs.langmuir.5b01122
http://www.ncbi.nlm.nih.gov/pubmed/26162056
https://doi.org/10.1021/jf104975d
https://doi.org/10.1021/jf104975d
http://www.ncbi.nlm.nih.gov/pubmed/21417408
https://doi.org/10.1111/j.1600-0722.2004.00166.x
https://doi.org/10.1111/j.1600-0722.2004.00166.x
http://www.ncbi.nlm.nih.gov/pubmed/15560834
https://doi.org/10.1159/000431294
https://doi.org/10.1159/000431294
http://www.ncbi.nlm.nih.gov/pubmed/26228871
https://doi.org/10.1159/000359939
http://www.ncbi.nlm.nih.gov/pubmed/24993260
https://doi.org/10.1159/000083159
https://doi.org/10.1159/000083159
http://www.ncbi.nlm.nih.gov/pubmed/15741726
https://doi.org/10.1016/j.archoralbio.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26134516
https://doi.org/10.1159/000380885
http://www.ncbi.nlm.nih.gov/pubmed/25871416
https://doi.org/10.1016/j.dental.2015.12.012
https://doi.org/10.1016/j.dental.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26764177
https://doi.org/10.1016/j.jdent.2009.08.007
https://doi.org/10.1016/j.jdent.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19733206
https://doi.org/10.1177/0022034512455801
https://doi.org/10.1177/0022034512455801
http://www.ncbi.nlm.nih.gov/pubmed/23023765
https://doi.org/10.1016/j.archoralbio.2017.09.027
http://www.ncbi.nlm.nih.gov/pubmed/28987724
https://doi.org/10.1016/j.dental.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24309436
https://doi.org/10.1371/journal.pone.0042204
https://doi.org/10.1371/journal.pone.0042204
http://www.ncbi.nlm.nih.gov/pubmed/22870302
https://doi.org/10.1371/journal.pone.0285931


28. Algarni AA, Mussi MC, Moffa EB, Lippert F, Zero DT, Siqueira WL, et al. The impact of stannous, fluo-

ride ions and its combination on enamel pellicle proteome and dental erosion prevention. PLoS One.

2015; 10(6):e0128196. https://doi.org/10.1371/journal.pone.0128196 PMID: 26030135

29. Kensche A, Buschbeck E, Konig B, Koch M, Kirsch J, Hannig C, et al. Effect of fluoride mouthrinses and

stannous ions on the erosion protective properties of the in situ pellicle. Sci Rep. 2019; 9(1):5336.

https://doi.org/10.1038/s41598-019-41736-7 PMID: 30926846

30. Kato MT, Bolanho A, Zarella BL, Salo T, Tjäderhane L, Buzalaf MA. Sodium fluoride inhibits MMP-2

and MMP-9. J Dent Res. 2014; 93(1):74–7. https://doi.org/10.1177/0022034513511820 PMID:

24196489

31. Brackett MG, Agee KA, Brackett WW, Key WO, Sabatini C, Kato MT, et al. Effect of Sodium Fluoride on

the endogenous MMP Activity of Dentin Matrices. J Nat Sci. 2015; 1(6). PMID: 26052548

32. Cvikl B, Lussi A, Carvalho TS, Moritz A, Gruber R. Stannous chloride and stannous fluoride are inhibi-

tors of matrix metalloproteinases. J Dent. 2018; 78:51–8. https://doi.org/10.1016/j.jdent.2018.08.002

PMID: 30081053

33. Carvalho TS, Pham K, Rios D, Niemeyer S, Baumann T. Synergistic effect between plant extracts and

fluoride to protect against enamel erosion: An in vitro study. PLoS One. 2022; 17(11):e0277552. https://

doi.org/10.1371/journal.pone.0277552 PMID: 36383626

34. Cheng L, Li J, He L, Zhou X. Natural products and caries prevention. Caries research. 2015; 49 Suppl

1:38–45. https://doi.org/10.1159/000377734 PMID: 25871417

35. Flemming J, Meyer-Probst CT, Speer K, Kolling-Speer I, Hannig C, Hannig M. Preventive Applications

of Polyphenols in Dentistry-A Review. Int J Mol Sci. 2021; 22(9). https://doi.org/10.3390/ijms22094892

PMID: 34063086

36. Niemeyer SH, Baumann T, Lussi A, Meyer-Lueckel H, Scaramucci T, Carvalho TS. Salivary pellicle

modification with polyphenol-rich teas and natural extracts to improve protection against dental erosion.

Journal of dentistry. 2021; 105:103567. https://doi.org/10.1016/j.jdent.2020.103567 PMID: 33387569

37. Niemeyer SH, Baumann T, Lussi A, Scaramucci T, Carvalho TS. Plant extracts have dual mechanism

on the protection against dentine erosion: action of the dentine substrate and modification of the salivary

pellicle. 2022—submitted.

38. McRae JM, Kennedy JA. Wine and grape tannin interactions with salivary proteins and their impact on

astringency: a review of current research. Molecules. 2011; 16(3):2348–64. https://doi.org/10.3390/

molecules16032348 PMID: 21399572

39. Rehage M, Delius J, Hofmann T, Hannig M. Oral astringent stimuli alter the enamel pellicle’s ultrastruc-

ture as revealed by electron microscopy. J Dent. 2017; 63:21–9. https://doi.org/10.1016/j.jdent.2017.

05.011 PMID: 28619693

40. Zimmermann R, Delius J, Friedrichs J, Stehl S, Hofmann T, Hannig C, et al. Impact of oral astringent sti-

muli on surface charge and morphology of the protein-rich pellicle at the tooth-saliva interphase. Col-

loids Surf B Biointerfaces. 2019; 174:451–8. https://doi.org/10.1016/j.colsurfb.2018.11.028 PMID:

30497006

41. de Souza ESCM, da Silva Ventura TM, de Pau L, la Silva C, de Lima Leite A, Buzalaf MAR. Effect of

gels containing chlorhexidine or epigallocatechin-3-gallate on the protein composition of the acquired

enamel pellicle. Arch Oral Biol. 2017; 82:92–8. https://doi.org/10.1016/j.archoralbio.2017.05.024 PMID:

28622550

42. Buzalaf MA, Kato MT, Hannas AR. The role of matrix metalloproteinases in dental erosion. Advances in

dental research. 2012; 24(2):72–6. https://doi.org/10.1177/0022034512455029 PMID: 22899684

43. Kato MT, Hannas AR, Cardoso CAB, Cassiano LPS, Naves PA, Magalhaes AC, et al. Dentifrices or

gels containing MMP inhibitors prevent dentine loss: in situ studies. Clin Oral Investig. 2021; 25

(4):2183–90. https://doi.org/10.1007/s00784-020-03530-y PMID: 32975705

44. Hannas AR, Kato MT, Cardoso Cde A, Magalhaes AC, Pereira JC, Tjaderhane L, et al. Preventive

effect of toothpastes with MMP inhibitors on human dentine erosion and abrasion in vitro. J Appl Oral

Sci. 2016; 24(1):61–6. https://doi.org/10.1590/1678-775720150289 PMID: 27008258

45. Spranger I, Sun B, Mateus AM, Freitas V, Ricardo-da-Silva JM. Chemical characterization and antioxi-

dant activities of oligomeric and polymeric procyanidin fractions from grape seeds. Food Chem. 2008;

108(2):519–32. https://doi.org/10.1016/j.foodchem.2007.11.004 PMID: 26059130

46. Shi J, Yu J, Pohorly JE, Kakuda Y. Polyphenolics in grape seeds-biochemistry and functionality. J Med

Food. 2003; 6(4):291–9. https://doi.org/10.1089/109662003772519831 PMID: 14977436

47. Vidal CM, Aguiar TR, Phansalkar R, McAlpine JB, Napolitano JG, Chen SN, et al. Galloyl moieties

enhance the dentin biomodification potential of plant-derived catechins. Acta Biomater. 2014; 10

(7):3288–94. https://doi.org/10.1016/j.actbio.2014.03.036 PMID: 24721612

PLOS ONE Plant extracts and fluoride for dentine erosion protection

PLOS ONE | https://doi.org/10.1371/journal.pone.0285931 May 18, 2023 15 / 16

https://doi.org/10.1371/journal.pone.0128196
http://www.ncbi.nlm.nih.gov/pubmed/26030135
https://doi.org/10.1038/s41598-019-41736-7
http://www.ncbi.nlm.nih.gov/pubmed/30926846
https://doi.org/10.1177/0022034513511820
http://www.ncbi.nlm.nih.gov/pubmed/24196489
http://www.ncbi.nlm.nih.gov/pubmed/26052548
https://doi.org/10.1016/j.jdent.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30081053
https://doi.org/10.1371/journal.pone.0277552
https://doi.org/10.1371/journal.pone.0277552
http://www.ncbi.nlm.nih.gov/pubmed/36383626
https://doi.org/10.1159/000377734
http://www.ncbi.nlm.nih.gov/pubmed/25871417
https://doi.org/10.3390/ijms22094892
http://www.ncbi.nlm.nih.gov/pubmed/34063086
https://doi.org/10.1016/j.jdent.2020.103567
http://www.ncbi.nlm.nih.gov/pubmed/33387569
https://doi.org/10.3390/molecules16032348
https://doi.org/10.3390/molecules16032348
http://www.ncbi.nlm.nih.gov/pubmed/21399572
https://doi.org/10.1016/j.jdent.2017.05.011
https://doi.org/10.1016/j.jdent.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28619693
https://doi.org/10.1016/j.colsurfb.2018.11.028
http://www.ncbi.nlm.nih.gov/pubmed/30497006
https://doi.org/10.1016/j.archoralbio.2017.05.024
http://www.ncbi.nlm.nih.gov/pubmed/28622550
https://doi.org/10.1177/0022034512455029
http://www.ncbi.nlm.nih.gov/pubmed/22899684
https://doi.org/10.1007/s00784-020-03530-y
http://www.ncbi.nlm.nih.gov/pubmed/32975705
https://doi.org/10.1590/1678-775720150289
http://www.ncbi.nlm.nih.gov/pubmed/27008258
https://doi.org/10.1016/j.foodchem.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26059130
https://doi.org/10.1089/109662003772519831
http://www.ncbi.nlm.nih.gov/pubmed/14977436
https://doi.org/10.1016/j.actbio.2014.03.036
http://www.ncbi.nlm.nih.gov/pubmed/24721612
https://doi.org/10.1371/journal.pone.0285931


48. Demeule M, Brossard M, Page M, Gingras D, Beliveau R. Matrix metalloproteinase inhibition by green

tea catechins. Biochim Biophys Acta. 2000; 1478(1):51–60. https://doi.org/10.1016/s0167-4838(00)

00009-1 PMID: 10719174

49. Cheng XW, Kuzuya M, Kanda S, Maeda K, Sasaki T, Wang QL, et al. Epigallocatechin-3-gallate binding

to MMP-2 inhibits gelatinolytic activity without influencing the attachment to extracellular matrix proteins

but enhances MMP-2 binding to TIMP-2. Archives of biochemistry and biophysics. 2003; 415(1):126–

32. https://doi.org/10.1016/s0003-9861(03)00221-2 PMID: 12801521

50. Garbisa S, Sartor L, Biggin S, Salvato B, Benelli R, Albini A. Tumor gelatinases and invasion inhibited

by the green tea flavanol epigallocatechin-3-gallate. Cancer. 2001; 91(4):822–32. https://doi.org/10.

1002/1097-0142(20010215)91:4<822::aid-cncr1070>3.0.co;2-g PMID: 11241252

51. Madhan B, Krishnamoorthy G, Rao JR, Nair BU. Role of green tea polyphenols in the inhibition of col-

lagenolytic activity by collagenase. Int J Biol Macromol. 2007; 41(1):16–22. https://doi.org/10.1016/j.

ijbiomac.2006.11.013 PMID: 17207851

52. Han B, Jaurequi J, Tang BW, Nimni ME. Proanthocyanidin: a natural crosslinking reagent for stabilizing

collagen matrices. J Biomed Mater Res A. 2003; 65(1):118–24. https://doi.org/10.1002/jbm.a.10460

PMID: 12635161

53. Hiraishi N, Sono R, Sofiqul I, Yiu C, Nakamura H, Otsuki M, et al. In vitro evaluation of plant-derived

agents to preserve dentin collagen. Dental materials: official publication of the Academy of Dental Mate-

rials. 2013; 29(10):1048–54. https://doi.org/10.1016/j.dental.2013.07.015 PMID: 23942145

54. Ganss C, Klimek J, Schaffer U, Spall T. Effectiveness of two fluoridation measures on erosion progres-

sion in human enamel and dentine in vitro. Caries research. 2001; 35(5):325–30. https://doi.org/10.

1159/000047470 PMID: 11641567

55. Lussi A, Carvalho TS. The future of fluorides and other protective agents in erosion prevention. Caries

research. 2015; 49 Suppl 1:18–29. https://doi.org/10.1159/000380886 PMID: 25871415

56. Koeser J, Carvalho TS, Pieles U, Lussi A. Preparation and optimization of calcium fluoride particles for

dental applications. J Mater Sci Mater Med. 2014; 25(7):1671–7. https://doi.org/10.1007/s10856-014-

5200-x PMID: 24682907

PLOS ONE Plant extracts and fluoride for dentine erosion protection

PLOS ONE | https://doi.org/10.1371/journal.pone.0285931 May 18, 2023 16 / 16

https://doi.org/10.1016/s0167-4838%2800%2900009-1
https://doi.org/10.1016/s0167-4838%2800%2900009-1
http://www.ncbi.nlm.nih.gov/pubmed/10719174
https://doi.org/10.1016/s0003-9861%2803%2900221-2
http://www.ncbi.nlm.nih.gov/pubmed/12801521
https://doi.org/10.1002/1097-0142%2820010215%2991%3A4%26lt%3B822%3A%3Aaid-cncr1070%26gt%3B3.0.co%3B2-g
https://doi.org/10.1002/1097-0142%2820010215%2991%3A4%26lt%3B822%3A%3Aaid-cncr1070%26gt%3B3.0.co%3B2-g
http://www.ncbi.nlm.nih.gov/pubmed/11241252
https://doi.org/10.1016/j.ijbiomac.2006.11.013
https://doi.org/10.1016/j.ijbiomac.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17207851
https://doi.org/10.1002/jbm.a.10460
http://www.ncbi.nlm.nih.gov/pubmed/12635161
https://doi.org/10.1016/j.dental.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23942145
https://doi.org/10.1159/000047470
https://doi.org/10.1159/000047470
http://www.ncbi.nlm.nih.gov/pubmed/11641567
https://doi.org/10.1159/000380886
http://www.ncbi.nlm.nih.gov/pubmed/25871415
https://doi.org/10.1007/s10856-014-5200-x
https://doi.org/10.1007/s10856-014-5200-x
http://www.ncbi.nlm.nih.gov/pubmed/24682907
https://doi.org/10.1371/journal.pone.0285931

	1

