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The effect of iron on Streptococcus
mutans biofilm and on enamel
demineralization

Abstract: Iron (Fe) may have an anticaries effect by specific inhibition
of glycosyltransferase (GTF) enzymes of Streptococcus mutans, but this
hypothesis has not yet been clarified. In this study, S. mutans biofilms
were formed on blocks of bovine dental enamel of a predetermined sur-
face hardness (SH). These biofilms were exposed eight times/day to 10%
sucrose, and two times/day they were subjected to one of the following
treatments: G1, 0.9% NaCl as a negative control; G2, 0.12% chlorhexi-
dine digluconate (CHX) as a positive antibacterial control; G3, 0.05%
NaF (225 ppm F) as a positive anticaries control; G4, G5, and G6, fer-
rous sulfate (Fe?*) at concentrations of 1.0, 10.0, and 100.0 ug Fe/mL, re-
spectively. The experiment was performed in triplicate and was repeated
three times (n = 9). The pH of the culture medium was determined every
24 h as an indicator of the biofilm’s acidogenicity. The biofilm formed
on each block was collected for determination of the viable bacteria and
concentration of extracellular polysaccharides (EPS). Enamel SH was
again determined and the percentage of SH loss (%SHL) was calculated
as an indicator of demineralization. Iron treatment reduced the number
of viable bacteria formed in the S. mutans biofilm (p = 0.04), in a dose-
dependent manner, and also reduced the enamel’s %SHL (p = 0.005). At
100 ug/mL, Fe reduced enamel demineralization as effectively as CHX
and NaF (p < 0.05), but it did not inhibit EPS production. In conclusion,
the data suggest that the anticaries mechanism of action of Fe may not
involve the oxidative inhibition of GTFs.

Descriptors: Iron; Biofilms; Dental Enamel; Demineralization.

Introduction

Dental caries is a multifactorial, biofilm-sugar-dependent disease.!
While S. mutans is considered one of the most cariogenic bacteria pres-
ent in dental biofilms,? sucrose is considered the most cariogenic dietary
sugar;® and iron (Fe) may have an anticaries effect by interference with
both these factors.

Iron is an essential chemical element for humans,* and experiments
using animal caries models®® and an in situ model” have suggested that
it can also have anticaries potential. However, the mechanism by which
Fe exercises its antibacterial effect, thereby contributing to the control of
caries, remains under discussion.

Iron (Fe) has an antibacterial effect not only in terms of killing Strep-
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tococcus mutans cells® but also by interfering with
the ability of this bacteria to form biofilm.’ In ad-
dition, it has been shown that Fe interferes with the
implantation of streptococcus in the oral cavity of
rats.>®!° Furthermore, it has been shown iz situ that
the dental biofilm formed in humans exposed to Fe
has a lower S. mutans count.’

In terms of its mechanism of action,® it has been
suggested that Fe may have an anticaries effect due
to its ability to inhibit the F-ATPase of S. mutans.
Consequently, Fe may affect the acidogenicity and
aciduricity of S. mutans. On the other hand, by in-
terfering with sucrose metabolism, Fe may reduce
the production of extracellular polysaccharides
(EPS), which are considered virulence factors of S.
mutans."" Moreover, it has been shown that Fe in-
hibits glycotransferase (GTF) enzymes produced
by S. mutans in vitro'? via an oxidative mechanism
involving a Fenton-type reaction.’® However, Fe at
a concentration of 70 ug/mL (1.2 mM) has shown
no in situ effect either on the acidogenicity of dental
biofilm or in terms of reducing the quantity of EPS
in a biofilm exposed to 10% sucrose,” thus suggest-
ing the need for further studies on the mechanism of
action of the anticaries effect of Fe.

Therefore, the objective of this work was to study
the anticaries mechanism of Fe using a S. mutans
biofilm validated model, which allows not only eval-
uation of the antimicrobial effect of the substances
on bacteria organized in the form of a biofilm but
also the consequent enamel demineralization, as an
indicator of the anticaries effect. Also, evaluation of
the mechanism of action of Fe on GTF enzymes or
on EPS production using this biofilm model has ad-
vantages compared to in vitro studies using isolated
GTF or in situ studies with dental biofilm because
the effect was tested, respectively, on the enzymes
in their native cellular state, and EPS was produced
only by S. mutans and not by the other biofilm
streptococci.

Methodology
Experimental design

The experiment was performed in triplicate with
three repetitions (n = 9). Fifty-four blocks of bovine
dental enamel, of a predetermined surface hard-

ness (SH), were randomly divided into the following
treatment groups:
® G1, 0.9% NaCl, as a negative control;
® G2, 0.12% chlorhexidine digluconate (CHX), as
a positive antibacterial control;
® (G3, 0.05% NaF (225 ppm F) as a positive anti-
caries control;
® G4, 1.0 ug/mL Fe (0.018 mM);
® G5, 10.0 ug/mL Fe (0.18 mM); and
* G6, 100.0 pg/mL Fe (1.8 mM).

S. mutans biofilms were formed on bovine dental
blocks suspended vertically in culture medium® us-
ing a validated model, which was previously shown
to have a dose-dependent response for evaluating
the effect of antimicrobial substances on biofilm
formation and on enamel demineralization.” The
biofilms were exposed eight times/day for 2.5 min in
a 10% sucrose solution; after the biofilms were al-
lowed to grow for 48 h, they were treated two times/
day for 1 min according to the treatment groups de-
scribed above. The pH of the culture medium was
determined every 24 h as an indicator of the bio-
film’s acidogenicity. After 120 h of growth, the bio-
film formed on each block was collected so as to de-
termine the number of viable bacteria, biomass (dry
weight and proteins), and composition of the soluble
EPS (SEPS) and insoluble EPS (IEPS). Enamel de-
mineralization was quantified based on the percent-
age of surface hardness loss (%SHL).

Preparation of enamel blocks

One hundred and fifty blocks of enamel
(4 x 7 x 1 mm) were prepared from dental crowns of
bovine incisors as described,' and 54 blocks with a
hardness of between 313.8 and 331.7 kg/mm? were
selected; these were then randomly divided into six
groups of nine blocks each to receive the treatments
described above.

The blocks were sterilized in an autoclave!’ and
pre-treated with clarified human saliva for the for-
mation of salivary acquired pellicles.'

S. mutans biofilm formation
Inoculation for biofilm formation was prepared
using an 18 h culture of S. mutans UA 159 cultivat-

Braz Oral Res., (S3o Paulo) 2012 Jul-Aug;26(4):300-5 301



The effect of iron on Streptococcus mutans biofilm and on enamel demineralization

ed in ultrafiltered culture media containing tryptone
and yeast extract (UTYEB) supplemented with 1%
glucose. Next 0.1 mL of the culture was diluted in
50 mL of UTYEB containing 1% sucrose.'* Aliquots
(2 mL) of this inoculation were transferred to 24-
well culture plates in which enamel blocks were in-
dividually suspended. The plates were incubated in
10% CO, for 8 h at 37°C."

After 8 h, the biofilms were transferred to plates
containing 2.0 mL of UTYEB and 0.1 mM glucose
(the basal concentration of glucose in saliva) and
incubated for another 16 h. On the following day,
24 h after the start of the experiment, the biofilms
were transferred to fresh media and then treated
with 10% sucrose for 2.5 min eight times/day at pre-
determined times (8:00, 9:30, 11:00, 12:30, 14:00,
15:30, 17:00, and 18:30). These first two days were
used for bacterial adhesion and to allow the initial
formation of the biofilm as described previously.!’

After the biofilm had grown for 48 h, the treat-
ments (G1-G6) began, with the eight exposures
to sucrose maintained. The culture medium was
changed every 24 h on the morning of each day.

Treatments

The treatments were performed for 1 min two
times/day, before the first and last exposure to su-
crose. After each treatment, the biofilms were
washed three times in 0.9% NaCl. The CHX (Sig-
ma, Steinheim, Germany) solution was prepared in
sterile distilled water. The 0.05% NaF solution was
prepared in distilled water and sterilized by auto-
claving. The Fe solutions at concentrations from 1
to 100 ug/mL were prepared from FeSO,-7H,O in
distilled water and sterilized by filtration.

Analyses

On the morning of the sixth day, the dental
blocks were washed three times in 0.9% NaCl and
individually transferred to microcentrifuge tubes
containing 1 mL of 0.9% NacCl, with the attached
biofilms removed by sonication.!”” The enamel blocks
were removed for analysis of hardness, and aliquots
from the suspension were withdrawn to determine
dry weight and the amounts of total proteins, viable
bacteria, and polysaccharides.
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The biofilm dry weight was determined from
200 uL of the suspension.'"* As a biomass indicator,
alkali-soluble proteins were determined using 50 uL
of the suspension; and the viable bacteria were de-
termined from 100 uL of the suspension. The results
were expressed in total proteins/mg of the biofilm
dry weight and CFU/mg of the biofilm dry weight,
respectively.”> SEPS and IEPS were determined fol-
lowing published procedures.'®

To evaluate enamel demineralization, the SH of
the enamel blocks was again determined. One row
of three adjacent indentations spaced 100 um apart
was made 100 um from the three baseline measure-
ments. The mean values of the three baseline inden-
tations and the three measurements after treatments
were then averaged and the %SHL was calculated
as follows:

%SHL = (baseline SH — SH after treatment)
x 100 / baseline SH."

Statistical analysis

The blocks were considered as experimental
units (n = 9). After checking the data normality, the
variables concerning viable bacteria and the demin-
eralization of dental enamel showed non-normal
distribution, so they were log transformed.!®

To compare the treatments, an analysis of vari-
ance (ANOVA) was performed, followed by Tukey’s
test. For variables that showed significant difference
between any one of the treatments and the negative
control, a linear regression was performed to evalu-
ate the effect of the Fe concentration (i.e., dose-re-
sponse curve). SAS software was used for all analy-
ses, and the significance threshold was 5%.

Results

As shown in Figure 1, CHX was able to in-
hibit the ability of the biofilm to ferment sucrose
(p < 0.05). In terms of the biofilm formed, only
CHX was able to significantly reduce (p < 0.05) the
biomass and TEPS (Table 1), in comparison to the
negative control.

In terms of the effect on the enamel, Fe (100 pg/
mL) reduced demineralization, as reflected by the
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Figure 1 - Mean pH values (SD; 7.00

n = 9) of the culture medium 6.50
after 48 h of biofilm growth in the g'gg
absence of treatments and at each 500

24 h after beginning the treatments 450
(72, 96, and 120 h data). 4.00

A

pH 3.50
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Table 1 - Biofilm weight and quantities of proteins, viable bacteria, and EPS according to the treatments (mean = SD; n = 9).

Treatment Biofilm Alkali-soluble proteins

reaimen (mg of dry weight) | (ug/mg of dry weight)
NaCl (0.9%) 2.2+0.5° 405.5 £ 152.2¢
CHX (0.12%) 1.0+£0.3 328.2+275.8°
NaF (0.05%) 2.0 £0.4¢ 348.0 £ 135.9¢
Fe (1.0 ug/ml) 2.0£0.2° 293.7 £130.3¢
Fe (10.0 ug/ml) 1.8+0.4¢ 355.8 +221.8°
Fe (100.0 pg/mlL) 2.0£0.5° 258.9 £ 145.2¢

(CFU/mg of dry weight x 107)

Viable bacteria EPS (ug/mg of dry weight)

Soluble Insoluble
2630 +2280° 16.5+4.3% 109.6 + 32.4¢
223 + 2.0° 19.7 £ 4.3° 449 +16.8°
1810 £ 1280¢° 12.7 + 3.4° 100.6 £ 44.7¢
3360 +2650° 14.8 +£3.8%® 79.3 £39.6%
2290 £ 1980° 142 +4.2° 93.6 £ 24,1
760 £ 560° 13.1+4.2° 83.7 £21.8%®

Treatments followed by distinct letters differ statistically (p < 0.05). CHX: chlorhexidine digluconate. EPS: extracellular polysaccharides.

%SHL value when compared with the negative con-
trol group (p < 0.05), but it did not differ from the
positive controls used (CHX and NaF) (Figure 2).
Fe concentrations less than 100 pug/mL did not re-
duce the %SHL (Tukey’s test); however, a signifi-
cant inverse dose-response effect was found for the
relationship between Fe concentration and %SHL
as well as for reduction of biofilm bacterial viability
(Table 2).

Discussion

It is challenging to control diseases caused by
biofilms due to the difficulty in finding substances
able to interfere with factors involved with bacterial
organization in a biofilm as well as the antibacterial
properties of the biofilm structure itself. Fe ions af-
fect the enzymes responsible for bacterial adhesion
to dental biofilms and bacterial metabolism, and
this combination of effects may be responsible for
the anticaries effect.

The results of this study show a dose-response
relationship between Fe concentration and reduc-
tion in enamel demineralization (Table 2). At a
concentration of 100 ug/mL, the effect of Fe on re-
duction of demineralization was similar to that of
0.12% CHX and 0.05% NaF (Table 1). Our results
also show a dose-response relationship between Fe
concentration and reduction of viable bacteria in
the biofilm (Table 2), though only the effect of CHX
was significant on S. mutans reduction when com-
pared to the negative control (Table 1). On the other
hand, we did not observe a dose-response relation-
ship for the EPSs (Table 2), for which only CHX had
a significant effect on reducing IEPS when compared
to the negative control (Table 1).

The present results showing that Fe reduces
enamel demineralization at the highest concentra-
tion tested (100 wg/mL) corroborate previous results
obtained in rats>® and in situ.” On the other hand,
the mechanism for this effect does not seem to be
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Figure 2 - Means (n = 9) of the 80
percentage of enamel surface 70
hardness loss (%SHL) according to '|'
the treatments. (The bars show the 60 |
standard deviation, and the 50 |
capital letters show the 5:' A
statistical difference). @3 40 A
= 3 AB
ABC
20 +—— BCD
10 +— cb 2 -
0 T T T T T 1
Control CHX 0.12% NaF 0.05% Felug/ml  Fe10ug/ml Fe 100 ug/ml
Treatments

Table 2 - Correlation (r) and significance (p) between the Fe
concentration (0-100 ug/ml) and its effect on biofilm and
enamel demineralization (n = 9).

Response variable r p
Viable bacteria -0.34 0.04
Dry weight -0.24 0.158
IEPS -0.21 0.213
%SHL -0.46 0.005

IEPS: Insoluble extracellular polysaccharides. %SHL: percentage of enamel
surface hardness loss

related to inhibition of EPS production by S. mutans
GTFs.!»13 Like prior in situ dental biofilm findings,’
our results suggest that the reduction in deminer-
alization cannot be explained by a direct effect on
GTF activity. This absence of an effect on EPS pro-
duction by S. mutans in the biofilm also cannot be
explained based on the concentration of Fe used in
this experiment, since at the highest concentration
used (100 pug/mL = 1.8 mM), 80% EPS inhibition,
found in previous in vitro studies,' would have been
expected. The lack of EPS inhibition suggests that
reduction in demineralization cannot be explained
by a specific oxidative effect via the Fenton reaction
in the amino acid residues of the active site of GTFs,
as Devulapall and Mooser'® have suggested.

In fact, in the Fenton reaction, Fe reacts with
H,O, to form a hydroxyl radical (OH-), which is a
nonspecific oxidizing agent that provokes irrevers-
ible changes in all proteins. Thus, the antibacterial
effect would not be specific; and in this study, an Fe
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dose-dependent effect was observed in the reduction
of viable bacteria in the S. mutans biofilm (Table 1).
These results are in line with the findings of Dun-
ning et al.,* who showed an Fe dose-dependent ef-
fect from 0 to 10 mM Fe in reducing the number of
planktonic cells of S. mutans. Although by ANOVA
we did not find Fe treatments to have an effect on
viable S. mutans cells compared with the negative
control group, regression analysis and the trend ob-
served in our findings support the results of Pechar-
ki et al.,” who showed in situ that Fe at concentra-
tion of 100 ug/mL was able to reduce the number of
viable S. mutans cells present in dental biofilm.
Enamel demineralization effects, such as those
observed in this study, could potentially be due to
a decrease in the solubility of the enamel in an acid-
ic solution. Such a mechanism was proposed long
ago"” and has been revisited recently.?’ However,
this explanation does not fit with the current study
because, in our protocol, the Fe treatment was ap-
plied to the biofilm on the enamel not to the surface
of the enamel itself. Therefore, it can be deduced
that the effect observed can be attributed to actions
of Fe within the biofilm.” On the other hand, in this
study, 0.05% NaF also reduced enamel deminer-
alization without having any effect on the biofilm
formed. In addition, the physiochemical effect of
fluoride on the process of developing caries lesions,
reducing demineralization, and activating remin-
eralization of the enamel, is well known.?' In fact,
fluoride at the concentration used did not inhibit the
ability of the S. mutans biofilm to transform sucrose
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into acids (Figure 1), confirming our previous study
in which this study model was validated."

Conclusion

In conclusion, the present findings suggest that
the anticaries mechanism of Fe may not involve the
direct oxidative inhibition of GTF enzymes.
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