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Summary

Dental caries is one of the most prevalent diseases in humans, second only to the common cold.
It causes irreversible damage to the grinding machinery involved in the intake of food and hence
causes great distress. The changes in the homeostasis of the oral cavity with an overgrowth of
Streptococcus mutans is recognized as the primary cause of the disease. Most treatments are now
aimed at either elimination of this bacterium or suppression of its virulence. S. mutans strongly ad-
heres and releases acids by the fermentation of carbohydrates, leading to the demineralization of
the tooth. This attachment is mediated mostly by the interaction of surface proteins and bacteri-
al polysaccharides. Ambiguities in the basic treatment of dental caries, such as the use of fluoride
and antibiotics, vitalize the deployment of probiotic therapies for its cure. The growing research
in herbal treatments has led to the discovery of various phytochemicals to limit the virulence of
S. mutans. This review focuses on the properties of S. mutans in cariogenicity and outlines ways to
combat dental caries.
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BACKGROUND

Dental caries is the predominant cause of tooth decay.
Although the affliction is not life threatening, it causes nag-
ging pain and thus possess physical as well as psychological
discomfort. The economic burden of the disease is also very
high. If treatment were available, the costs of dental caries
alone would exceed the total healthcare budget for children
in many low-income countries. The earliest detectable stage
is the appearance of a white spot on the tooth. This may lat-
er advance in steps to form a lesion, cavitations, and then
to complete tooth loss. The cavities caused in dental caries
are usually painless until they damage the vascular system of
the tooth. Sweets often cause cavities and dentists fill them.
However, whether caries is the natural fate of the tooth or
there is a particular preventable factor that leads to it has
been a topic of intense debate. Nevertheless, it is clear that
the condition is complex and multifactorial.

DENTAL CARIES AS AN INFECTION

Is dental caries infectious?

The microbiological study on human dental plaque dates
back to 1924 when Clarke first observed oral Streptococci
[1]. The infectious and transmittable nature of dental car-
ies was brought in focus by the studies by Keyes on gnoto-
biotic rodents in 1960. He found that germ-free hamsters
developed caries when they were caged together with car-
ies-active hamsters. He discovered that certain Streptococci,
later identified as Streptococcus mutans, were the main caus-
ative agent of dental caries [2]. This brought an upsurge
in the microbiology of plaque. In addition, numerous ep-
idemiological data suggest the infectious nature of dental
caries in humans [3].

Role of Streptococcus mutans in dental caries

Human dental plaque harbors nearly 200-300 species [4].
Increasing knowledge from research in this area indicates
that the oral cavity is a complex ecosystem with highly di-
verse acid-tolerant and acid-producing microbiota. The fer-
mentation of carbohydrates by acidogenic oral microorgan-
isms is the key factor in the development of dental caries.
Carious lesions result primarily from the dissolution of min-
eral in enamel and dentin due to acids released by these
microbes [5]. The primary acid-tolerant bacteria associat-
ed with the plaque are S. mutans, S. anginosus, S. constellatus,
S. gordonii, S. intermedius, S. mitis, S. oralis, S. salivarius, and

S. sanguis [6].

Mutans streptococci are the most cariogenic pathogens as
they are highly acidogenic, producing short-chain carboxylic
acids which dissolve hard tissues such as enamel and dentine
[7]. In addition, they ferment sucrose and produce insoluble
extracellular polysaccharides, which enhance their adher-
ence to the tooth surface and encourage biofilm formation
[8]. The two species of mutans streptococci most commonly
isolated from tooth samples are S. mutansand S. sobrinus. S.
mutans is more cariogenic than S. sobrinus because specific
cell-surface proteins of S. mutans aid in its primary attach-
ment to the tooth, while S. sobrinus lacks such proteins [9].
The occurrence of both species together makes the oral en-
vironment more conducive to caries [10]. Colonization of

Figure 1. Stages leading to colonization and infection by S. mutans
on the tooth surface. A — normal oral flora. B — Initial
adhesin-mediated attachment of S. mutans. C — Synthesis
of extracellular polysaccharide by bacteria resulting
in aggregation of S. mutans. D — The acid released by
aggregated cells leads to demineralization and cavitation
of tooth. S. mutans and other oral microbes — @ A, O,
a%mm—&jwmmmmw—ﬁh

tooth by mutans Streptococci occurs soon after tooth erup-
tion. If followed by the colonization of fissures in their
depths, this inevitably leads to caries [9].

VIRULENCE FACTORS OF STREPTOCOCCUS MUTANS

Streptococcus mutans is a member of indigenous oral micro-
flora. What makes this bacterium virulent and cariogenic is
a subject of keen interest (Figure 1). S. mutans, being a fac-
ultative anaerobe, can survive anywhere in the oral cavity. It
can ferment most of the sugars and sugar alcohols present
in food such as glucose, sucrose, lactose, trehalose, manni-
tol, sorbitol, raffinose, and melibiose [11].

Initial and polysaccharide-mediated adherence

The attachment of bacteria to the host tissue is the prelim-
inary step for infection and colonization. Initial adherence
of S. mutans to the tooth is mediated by cell-surface adhesin-
like proteins [12]. The most extensively studied and charac-
terized one is the 180-210 kDa protein present on S. mutans’
cell surface. This protein is designated by various names,
such as PAc, antigen I/1I, P1, and Spa P1. Not only does it
mediate the adhesion of the bacterium to the tooth, but it
also provides the sites for further attachment [13]. Recent
findings indicate a reduction in the virulence of S. mutans
on suppression of this protein [14].

Streptococcus mutans metabolizes sucrose to synthesize wa-
ter-soluble and/or insoluble glucans. The reactions are
catalyzed by three isozymes of glucosyltransferases (GTFs)
(E.C. 2.4.1.5), i.e. GTF-B, GTF-C, and GTF-D. The molec-
ular weight of GTF ranges from 150 to 180 kDa. These en-
zymes catalyze the transfer and addition of a glucosyl moi-
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Figure 2. Microscopic slides (40x) depicting biofilm formation of S. mutans. (A) S. mutans in the absence of glucan. Slide showing unaggregated

cells. (B) Glucan-mediated clumping of cell leading to the biofilm formation.

ety to the terminal site of a primer or elongating glucan
[15] according to the reaction scheme:
sucrose+(1,6-0-D-glucosyl) —D-fructose+(1,6-0-D-glucosyl), |
The glucans consist of a 0-(1-6)-linked glucose polymer with
0-(1-3) branch linkages [16]. The sticky nature of glucan
facilitates the adherence of bacteria to the tooth and resists
its detachment by normal mechanical forces such as mas-
tication, swallowing, and chewing inside the mouth. Also,
S. mutans produces three glucan-binding proteins (Gbps),
GbpA, GbpB, and GbpC. The role of these proteins in me-
diating sucrose-dependent adherence has been proven and
established [17].

In addition to glucan synthesis, bacteria use fructosyltrans-
ferases to synthesize fructans with p-(2-1)-D-fructo-furano-
sidic linkages with average repeating units of 8 and 27 sugar
residues [18]. Fructans are believed to function exclusively
as extracellular storage reservoirs, but a few reports impli-
cate their role in plaque formation as well [19,20]. Since
both GTFs and FTFs utilize the same substrate, i.e. sucrose,
its role in cellular adherence and caries induction cannot
be ignored.

BIOFILM LIFESTYLE

The formation of dental plaque is a multistep mechanism.
Initial attachment of S. mutans is followed by its accumu-
lation and proliferation, leading to the formation of a ses-
sile, exopolymer-shrouded community known as a biofilm
(Figure 2) [21]. Biofilms can tolerate numerous adverse
conditions such as antimicrobial agents, variation in pH,
and nutrient and oxygen deprivation. The physiology of
the organism in such surface-associated communities is
different from that of planktonic cells [22]. The members
of a biofilm confer a reproductive fitness as they have a re-
duced rate of growth relative to their planktonic siblings
[23]. Dental biofilm formation occurs through a series of
stages. The first stage involves deposition of an acquired

enamel pellicle (AEP) on the tooth. This acellular coating
(AEP) includes salivary components and bacterial constit-
uents such as bacterial GTFs and FTF which synthesize exo-
polysaccharides. The second stage involves the adherence
and co-adherence of bacteria from the oral cavity with the
aid of polysaccharides on the AEP. Proliferation occurs in
the third stage, while in the final stage the biofilm reaches
a steady state in relation to the surrounding environment
[23]. All these steps involve the concerted action of a set
of genes [24]. Characterization of the corresponding hypo-
thetical proteins is underway [25].

Aciduricity and acidogenicity

Streptococcus mutans can both produce and tolerate acid to
help its survival in the oral cavity. S. mutans is reported to
be a homofermentative lactic acid bacterium [26,27], but
when the carbohydrate supply is limited, this bacterium also
produce formate, acetate, and ethanol. A considerable de-
crease from pH 7.0 was observed in the oral cavity within
a few minutes after a glucose rinse [28]. This implies that
the bacterium is rapidly acidogenic. This is mediated by a
highly efficient phosphotransferase system for glucose and
sucrose [29]. The aciduricity of S. mutans adds to its cario-
genic potential. This is achieved by upregulation of a pro-
ton-translocating F-F, ATPase that extrudes H* from the
cell [30]. The protein expression in this process resembles
other stress-induced responses, such as salt, heat, starvation,
and oxidative stress [31].

Intracellular polysaccharides

In the presence of extracellular glucose and sucrose,
Streptococcus mutans synthesizes intracellular glycogen-like
polysaccharides (IPSs). These IPSs are similar to those of
other oral streptococci and are glucose homopolymers
with a-(1-4) and a-(1-6) linkages [32]. The synthesis of IPS
is linearly proportional to the extracellular carbohydrate
concentration (glucose or sucrose) [33]. The metabolism
of IPS may foster the development of caries by prolonging
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the exposure time to organic acids when the bacterium is
devoid of an external food source. Numerous reports con-
firm IPS as an important contributor to the cariogenicity
of Streptococcus mutans [34].

Mutacins

Bacteriocins are proteinaceous antibacterial substances
produced by some bacteria to inhibit or interfere with the
growth of other bacteria. Streptococcus mutans produces bac-
teriocin, mutacin, which is active against other streptococ-
cal species and non-streptococcal Gram-positive bacteria
[35]. The production of the bacteriocin helps in the effi-
cient establishment and hence colonization of this bacte-
rium inside the oral cavity [36]. Hillman et al. found that
bacterial strains with increased mutacin production could
colonize the oral flora of an adult even after a single ap-
plication [37]. The stability of such a plaque ecosystem, in
addition to its microbial composition, is also an important
factor [38]. Several mutacins have been purified and char-
acterized biochemically [39].

REMEDIES FOR DENTAL CARIES

Habits and hygiene

In spite of the different causes sought and discovered, the
primary cause of dental caries is still negligence in oral hy-
giene. The oral cavity of a newborn is essentially free of all
microbes. Soon after the birth, numerous bacteria, includ-
ing Streptococcus mutans, start developing niches for them-
selves. Infants with prevalent and frequent bottle or breast
feeding are prone to extensive decay of maxillary anteri-
or teeth, called nursing caries [40]. As the saliva flow dur-
ing sleep is reduced, bacteria gain prolonged access to fer-
mentable substances such as sucrose or lactose and cause
the decay.

Dental caries is correlated with sugar uptake in the diet.
The increase in urbanization has led to the replacement of
crude sugar from natural sources by refined sugar, which
worsened the situation [41]. Numerous studies indicate a
linear correlation of sugar consumption with dental caries
in populations worldwide [42,43]. However, starchy foods
and fresh fruit are reported to be less cariogenic. Foods
that involve extensive mastication stimulate the produc-
tion of saliva and hence have a low cariogenic potential.
Fibrillar and firm fruit such as apples and carrots act as nat-
ural toothbrushes, as they clean the tooth surface during
chewing. Substitution of fermentable carbohydrates by xy-
lilitol, saccharin, and aspartame has been efficiently used
for reducing caries [44]. However, long-term use of artifi-
cial sweeteners is unadvisable due to their probable role as
carcinogens [45,46]. Fluids such as juices and milk seem to
be less cariogenic as they are not retained as much in the
oral cavity. Consumption of carbonated drinks, especially
by children, is a predominant cause of dental caries and
should be strictly discouraged [47].

Oral care, undoubtedly, begins with oral hygiene. Frequent
brushing and flossing of teeth helps remove bacteria and
fermentable substances. The continuous flow of saliva re-
duces the cariogenic flora on the tooth. Saliva also acts as a
buffering agent during the continuous acid production in

the oral cavity [28]. Individuals with dry mouth syndrome
are hence more prone to dental caries. This has been ob-
served with people following radiation treatment of head
and neck cancers, in narcotics users, and in patients with
Sjogren’s syndrome [48,49].

Fluoride uptake

The enamel and dentin of our teeth are comprised of min-
erals, mainly carbonated hydroxyapatite, and can be approx-
imately represented by the formula:

Ca

Na)_(PO,),.(CO,) (OH),_(F), [50].

10-x( (i-y(

Dental caries is essentially a disease of demineralization.
Considerable data support fluoride uptake as a remedy to
demineralization by acting as an active agent in remineral-
ization. The electrostatic interaction between Ca™ and the
F- is greater than that between Ca*? and OH- ions, making
the fluoridated apatite lattice more crystalline and more
stable [51]. As a consequence, it becomes less soluble in
acid [52]. The direct topical administration of fluoride on
the tooth after its eruption appears more effective than its
intake in the diet [53]. It is therefore the most important
component in toothpastes and mouthwashes.

Fluorides may also inhibit bacterial metabolism. Fluorine in
the ionic form (F) cannot cross the cell wall and membrane
of bacteria, but can be taken up readily as HF [54]. When
the pH in the plaque falls, a portion of the F ions combines
with hydrogen ions to from HF and diffuses into the cell.
After entry into the cell, HF acidifies the cell and dissoci-
ates, thereby releasing F~ ions. F~ ions are toxic to cells as
they interfere with the enzyme machinery of the cell [54].
Although the most common first line of defense, no abso-
lute inverse relationship between fluoride-uptake and car-
ies could be observed universally yet [55,56].

Antibiotics

Ever since the establishment of dental caries as an infec-
tious disease, antibiotics are constantly in use for treating
it. Chlorhexidine digluconate (CHX) had been a gold stan-
dard in this field. It has been used with the aim of elimina-
tion or suppression of mulans streptococci in the oral cavity.
CHX damages outer cell layers, but is insufficient in induc-
ing lysis or death [57]. It then crosses the cell wall or out-
er membrane by passive diffusion and attacks the bacteri-
al cytoplasmic membrane [58]. This is followed by leakage
of the cellular constituents. A high concentration of CHX
causes coagulation of the intracellular constituents. As a re-
sult, the cytoplasm becomes congealed, with a consequent
reduction in leakage. Thus there is a biphasic effect on mem-
brane permeabilities: in the presence of CHX, a high rate
of leakage is observed initially, but as CHX concentration
increases, leakage decreases because of the coagulation of
the cytosol [58]. The best results in reducing dental plaque
have been observed with chlorhexidine gels and mouthwash-
es [59]. As disparities in its efficacy against varying subjects
have been observed, CHX cannot be regarded as the sin-
gle line of defense for the cure of caries [60].

The pioneering work of McClure and Hewitt indicates the
usefulness of penicillin in preventing experimentally in-
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duced caries [61]. Many other antibiotics with activity against
Gram-positive bacteria depress the development of dental
caries in experimental animals [62,63]. S. mutans has been
reported to be highly susceptible to penicillin, methicillin,
ampicillin, erythromycin, cephalothin, and many other
antibiotics [64]. As these antibiotics are active only against
planktonic bacteria, more antibiotics are now screened for
their effects against oral bacteria [65].

Rediscovering traditional medicines: Herbal cure

Various chewing sticks have been in use since old times. Due
to the lower occurrence of caries in people using them, their
mode of action is being explored. Extracts from the roots
and stems of Salvadora persica have been used for the treat-
ment of oral infections in animals [66]. Aqueous and eth-
anolic extracts of S. persica proved useful in removing the
smear layer from dentin surfaces [67]. It had been found
that aqueous extracts of S. persica bark, pulp, as well as the
whole of it were effective against various bacteria, including
Streptococcus mutans [68]. The chewing sticks used in India
are usually from Azadiracta indica (Neem). Neem extracts
show antimicrobial effects against Streptococcus mutans and
S. faecalis [69]. A formulation of mucoadhesive dental gel
containing Neem leaves extract (25 mg/g) reduced both
the plaque index and bacterial count [70]. Acacia is also
used as an active constituent in toothpastes in India. The
components of its bark and gum, mainly tannins, show an-
timicrobial and astringent effects [71]. Plant tannins have
the ability to reduce the attachment of S. mutans by bind-
ing to proline rich protein of the salivary pellicle or to the
cellsurface lipoteichoic acid [72].

As most of the commonly used antibiotics are effective
against planktonic bacteria, more studies are now aimed
at targeting biofilms of S. mutans as a whole [73]. Notably,
glucan-mediated bacterial attachment is an important fea-
ture of biofilm formation and a plethora of herbs are being
evaluated for this effect [74-76]. Treatments with extracts
of Andrographis paniculata, Cassia alata, Chinese black tea,
guava, and Harrisonia perforale show decreases in the adher-
ence of S. mutans to a glass surface as well as saliva-coated hy-
droxyapatite beads [77]. Very recently, specific compounds
from guava have been characterized for their anticariogenic
potential [78]. Oolong tea extracts show remarkable inhib-
itory effect on the rate of bacterial acid production along
with retardation in growth of S. mutans. This has been at-
tributed to the polyphenols present in the extracts that
also reduce the cell surface hydrophobicity of the bacte-

a buffering agent and control the acid
production by oral microbes.

rium [79]. Many essential oils in combination with CHX
have been tested for better efficacy in inhibiting growth as
well as biofilms of oral flora. Essential oils from cinnamon,
Leptospermum morrisoni, manuka, and tea tree oil exhibited
growth inhibitory effects against cariogenic bacteria. They
suppress biofilm formation during planktonic growth as
well as growth of preformed biofilms [80]. Chlorhexidine
in combination with cinnamon, L. morrisoni, and manuka
oil resulted in better efficiency of chlorhexidine in inhibit-
ing the growth of S. mutans [80].

Compounds found in propolis affect the growth and glu-
cosyltransferase activity of S. mutans [81]. Topical applica-
tion of propolis twice a day or its inclusion in drinking wa-
ter reduced the incidence of dental caries in rats [82]. Of
the various components of propolis studied earlier, tt-farne-
sol was the most effective antibacterial agent, while apigen-
in was found to be a potent inhibitor of glucosyltransfer-
ase [83].

Probiotic therapies

Great progress has been made in developing a cure for den-
tal caries with the help of genetic engineering [84]. The se-
quencing of the complete S. mutans genome marks the be-
ginning of an era of newer therapies [85]. An ideal drug
for caries prevention should aim at maintaining the normal
homeostasis of the oral cavity and reducing the virulence
of S. mutans (Figure 3).

Vaccines

Immune defense in dental caries is mediated mainly by se-
cretory IgA (sIgA) antibodies present in saliva and gener-
ated by the mucosal immune system. The mode of action
of these antibodies is inhibition of the adherence and pos-
sibly metabolic activities of S. mutans [86]. In view of vac-
cine development against caries, the virulence factors, spe-
cifically the adherence-motivating factors, are recognized
as key antigens. The research focus is mainly on the incor-
poration of these antigens into mucosal immune systems
and delivery with or without adjuvants to mucosal IgA-in-
ductive sites [87]. Novel strategies using antigen I/1I, glu-
cosyltransferases and glucan binding proteins are designed
for pursuing vaccine goals as these are the main proteins
that mediate the attachment of bacteria. Induction of sali-
vary IgA and circulating IgG antibodies have been observed
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by oral or intranasal immunization with these antigens in
many animal models [88]. Similar antigen preparations in
human trials have shown successful induction of salivary
sIgA [89,90]. Tailored vaccines possessing immunogenic
sites of the virulence determinant traits have shown signifi-
cant caries-preventive results [91]. Chimeric proteins incor-
porating both Agl/II and GTF epitopes have shown most
encouraging responses [92]. DNA vaccines based on these
proteins are also being developed and assayed for their an-
ticariogenic activity [93]. Better efficiency of a fusion DNA
vaccine coding for both Agl/II and glucosyltransferases in
rats has also been reported [84]. Numerous approaches for
passive immunization are employed to avoid complications
that might arise from active immunization [94]. Immunity
through antibodies for glucosyltransferases available from
cow’s milk [95], hen’s eggs [96,97], and plantibodies [98,99]
has been reported. Efficient delivery systems are being de-
veloped for a continuous and controlled release of vaccines.
Both animated [100] and non-animated vehicles such as li-
posomes [101] and microparticles [102] have been assessed
in animal models.

Replacement therapy

In the post-genomic era, recombinant DNA technology is
being used to find an answer to dental caries. One of the
promising developments is replacement therapy. Genetic
engineering is being used to tailor the effector strain for
replacement therapy of dental caries, which acts as a vac-
cine and should not be pathogenic. Moreover, it colonizes
the niche, thereby preventing colonization and outgrowth
of wild-type strains. Using this approach, a harmless strain
is permanently implanted in the host’s oral flora. Once es-
tablished, the effector strain competes with the wild-type
strain and prevents its outgrowth [103].

An effector strain with such properties, BCS3-L1, was con-
structed using a clinical isolate, JH1 140, with high muta-
cin activity and genetic stability [104]. The mutagenesis
approach has also been used successfully by constructing
a lactate dehydrogenase mutant which has been reported
to reduce cariogenic potential [105]. The resultant strain
thus produced was deficient in lactic acid production and
had elevated mutacin levels. Colonization studies with the
mutant strain BCS3-L1 shows no pathogenic hazards: his-
topathological examination shows no detectable carious le-
sions [106]. Oragenics (www.oragenics.com) is the compa-
ny that is ready with the first biotic-cmouthwash, although
the therapy still awaits its launch after remaining trials and
final approval.

CONCLUSIONS

Dental caries is a disease that can usually be successfully pre-
vented or controlled. It is an important task for the dental
team to teach individuals to take correct actions to minimize
the risk for the disease. It is also possible to identify and eval-
uate factors of importance for cavity formation. By targeted
actions, such risk factors can usually be minimized, result-
ing in a reduced risk for caries. Due to the fact that dental
caries is a multifactorial disease, a number of methods ex-
ist to prevent it. These apply mainly to patients in industri-
alized countries, although the basic principles are the same
world-wide. Caries can be reduced by eliminating Streptococcus

mutans populations from the oral cavity, increasing the acid-
resistance of teeth, and control of the carbohydrate com-
position of the diet. Apparently safe and efficacious oral
anti-mutant vaccines have been developed in the laborato-
ry. Application of glucan-hydrolyzing enzymes to prevent
the attachment of Streptococcus mutans to hard surfaces has
been evaluated, but so far with little success [107]. Animal
studies suggest that there is great promise in the implanta-
tion of benign oral microbial strains capable of successful-
ly completing with Streptococcus mutans (replacement ther-
apy), but few human trials have been undertaken to date.
Mechanical methods of plaque control, including brush-
ing, flossing, and professional scaling, are only temporari-
ly effective in eliminating Streptococcus mutans. The control
of plaque growth by chemical means has attracted consid-
erable attention and chlorhexidine has been shown to be
effective, although it causes discoloration of the teeth upon
prolonged use. Fluoride is still the best available anti-car-
ies chemical agent; its anti-caries action is attributed to in-
creasing the resistance of the tooth to acid demineraliza-
tion, stimulation of remineralization, and inhibition of S.
mutans’ carbohydrate metabolism. Although sugar substi-
tutes could potentially play an important role in caries con-
trol, consumer preference continues to overwhelmingly fa-
vor the use of sucrose in food products.
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