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(Tukey).  Results:  SMH indicated significant (p < 0.01) remin-
eralization only with theobromine (38 ± 32%) and tooth-
paste (29 ± 16%). With TMR (Δz/lD), theobromine and tooth-
paste exhibited significantly (p < 0.01) higher mineral gain 
relative to artificial saliva. With SMH and TMR, remineraliza-
tion produced by theobromine and toothpaste was not sig-
nificantly different. With EDS, calcium deposition was signif-
icant in all groups, but not significantly different among the 
groups (theobromine 13 ± 8%, toothpaste 10 ± 5%, and ar-
tificial saliva 6 ± 8%).  Conclusion:  The present study demon-
strated that theobromine in an apatite-forming medium can 
enhance the remineralization potential of the medium. 

 Copyright © 2013 S. Karger AG, Basel 

 Dental caries in its early stage of formation (noncavi-
tated) can be remineralized [ten Cate and Featherstone, 
1991; Featherstone, 2008], and this remineralization can 
be facilitated by such agents as fluoride delivered via ei-
ther mouth rinse or dentifrice [Schafer, 1989; Wefel et al., 
1995]. However, extensive use of fluoride mainly in the 
form of dentifrice has contributed to a rising incidence of 
dental fluorosis, particularly in preschool children, due to 
chronic ingestion of these products [Pendrys and Stamm, 
1990]. Furthermore, the ability of fluoride to promote 
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 Abstract 

  Objective:  This study investigated the remineralization po-
tential of theobromine in comparison to a standard NaF den-
tifrice.  Methods:  Three tooth blocks were produced from 
each of 30 teeth. Caries-like lesion was created on each block 
using acidified gel. A smaller block was cut from each block 
for baseline scanning electron microscopy imaging and 
electron-dispersive spectroscopy (EDS) analysis for surface 
Ca level. A tooth slice was cut from each lesion-bearing block 
for transverse microradiography (TMR) quantification of 
baseline mineral loss (Δz) and lesion depth (LD). Then base-
line surface microhardness (SMH) of each lesion was mea-
sured. The three blocks from each tooth were assigned to 
three remineralizing agents: (1) artificial saliva; (2) artificial 
saliva with theobromine (0.0011 mol/l), and (3) NaF tooth-
paste slurry (0.0789 mol/l F). Remineralization was conduct-
ed using a pH cycling model with storage in artificial saliva. 
After a 28-day cycle, samples were analyzed using EDS, TMR, 
and SMH. Intragroup comparison of pre- and posttest data 
was performed using t tests (p < 0.05). Intergroup compari-
sons were performed by post hoc multistep comparisons 
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remineralization and inhibit caries formation in the oral 
environment is limited by the availability of calcium and 
phosphate in saliva, and ultimately in plaque fluid; thus 
in salivary dysfunction conditions, remineralization rate 
is not sufficient enough to prevent caries process with 
consequent rampant caries [Mandel, 1989].

  The consumption of chocolate, as a sugar-containing 
confectionery, has been associated with dental caries 
[Gustafsson et al., 1954]. However, series of studies sug-
gested that cocoa powder and chocolate might contain 
some caries-inhibitory substances [Strålfors, 1966a, b, c, 
1967]. Studies in hamsters showed that pure cocoa pow-
der inhibited dental caries by 84, 75, 60, and 42% when 
the percentage in the hamster diet was 20, 15, 10 and 2%, 
respectively, with defatted cocoa exhibiting higher signif-
icant anticaries effect than the fat-containing cocoa [Strål-
fors, 1966a]. These reports suggest that cocoa extract, the 
main component of chocolate, could contain an agent 
with anticaries potential.

  While studying the effect of caffeine on the mineraliza-
tion of the teeth, it was found that caffeine decreases the 
crystal size on enamel when exposed early at the critical 
period of growth [Falster et al., 1993]. In the subsequent 
study, it was demonstrated that these phenomena of de-
creased crystallinity lead to increased dental caries in rats, 
which was demonstrated with the significantly higher 
caries score in the caffeine group compared to the noncaf-
feine control group [Nakamoto et al., 1993], as the small-
er crystal size increased dissolution of the minerals [Fal-
ster et al., 1992]. However, during this caffeine study, it 
was serendipitously discovered that theobromine, which 
is the same xanthine family, showed entirely opposite 
properties, i.e. theobromine enhances crystallinity [Na-
kamoto et al., 1999, 2001]. The newborn rats exposed to 
theobromine while growing up showed that less calcium, 
phosphorus and magnesium were dissolved from apatite 
of the enamel of rats exposed to theobromine compared 
to the control rats when the teeth were exposed to the 
weak acid solution [Nakamoto et al., 1999, 2001]. Theo-
bromine (3,7-dimethylxanthine), a white crystalline pow-
der, is an alkaloid readily available in cocoa (240 mg/cup) 
and chocolate (1.89%). Its levels are higher in dark choc-
olates (approximately 10 g/kg) than in milk chocolates 
(1–5 g/kg). Higher-quality chocolate tends to contain 
more theobromine than lower-quality chocolate. The 
mean theobromine content of cocoa beans is approxi-
mately 20.3 mg/g [Craig and Nguyen, 1984].

  In view of the above animal studies [Nakamoto et al., 
1999, 2001] that demonstrated less ‘net’ dissolution of the 
various minerals from the enamel surface exposed to 

theobromine compared to the nontheobromine group, 
further studies using human teeth were conducted to in-
vestigate how theobromine exposure may alter the enam-
el surface in vitro [Sadeghpour and Nakamoto, 2011; Kar-
gul et al., 2012]. The results indicated that the microhard-
ness of the enamel surface of the theobromine group was 
greatly enhanced compared to the fluoride group. The 
present study investigated the remineralizing potential of 
theobromine in comparison with a standard sodium flu-
oride dentifrice by determining the enamel lesion remin-
eralization in an established in vitro remineralization/de-
mineralization pH cycling model [White, 1987]. Our null 
hypotheses were that (a) each of the three treatments pro-
motes enamel lesion remineralization, as determined by 
surface microhardness (SMH), transverse microradiog-
raphy (TMR) and Ca deposit analyses, which is signifi-
cantly greater than zero, and (b) remineralization of 
enamel lesions would not differ between artificial saliva 
with theobromine and fluoride dentifrice.

  Materials and Methods 

 Production of Artificial Enamel Lesions 
 Following consent from the donors, freshly extracted human 

molar teeth were collected from various clinics of the Dental 
School of the University of Texas Health Science Center at San 
Antonio. The teeth were cleaned of debris/stains, and examined 
with transilluminator. Teeth without caries or enamel malforma-
tions were selected and cleaned with pumice to remove the rem-
nants of pellicle from the buccal surface. Using a water-cooled 
diamond wire saw, 3 tooth blocks were produced from each of 50 
teeth initially selected, with each block measuring approximately 
4 mm in length × 2 mm in width × 1.5 mm in thickness. Then us-
ing plain back diamond lapping film (1 μm) in a MultiPrep TM  
Precision Polishing machine (Allied High Tech, USA), the enam-
el surface of each block was polished to achieve a flat surface. Fol-
lowing this, all surfaces of each block were painted with two coats 
of acid-resistant nail varnish except the buccal surface. Then an 
enamel lesion was created on this exposed buccal surface on each 
block by 7 days’ demineralization in an acidified gel system 
[Amaechi et al., 1998]. The gel was prepared by adding 100 mmol/l 
sodium hydroxide to 100 mmol/l lactic acid to give a final pH 
value of 4.5. To this solution, 6% w/v hydroxyethyl cellulose was 
added whilst vigorously stirring. The final consistency of gel 
achieved had a viscosity in the region of 100 cP. Following lesion 
formation, the nail varnish was carefully and totally removed with 
acetone. So a total of 3 lesion-bearing blocks were obtained from 
each tooth.

  Baseline TMR Data Analysis 
 Following lesion formation, a tooth slice ( ∼ 150 μm thick) was 

cut from each lesion-bearing tooth block using a water-cooled 
diamond wire saw. This slice served as baseline used to determine 
the pretreatment TMR parameters (mineral loss, Δz, and lesion 
depth, LD) of the lesion before remineralization (pretest param-
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eters). Also the parameters of the control slices were used to select 
the lesions/blocks that were suitable for the remineralization 
study. The baseline slices were processed for TMR assessment as 
follows. First, both sides of the slice were polished using adhesive 
back lapping film in a MultiPrep Precision Polishing machine 
(Allied High Tech) to achieve planoparallel surfaces as well as 
reduce the thickness of the slice to 100 μm (the appropriate thick-
ness for TMR). Following this, the slices were microradiographed 
on a type lA high-resolution glass X-ray plate (Microchrome 
Technology, Calif., USA) with a Phillips X-ray generator system 
using a Cu(Kα) X-ray source (Philips B.V., Eindhoven, The Neth-
erlands). The plates were exposed for 10 min at an anode voltage 
of 20 kV and a tube current of 10 mA at a focus-specimen dis-
tance of 30 cm, and then processed. Processing consisted of a 
5-min development in Kodak HR developer and 15-min fixation 
in Kodak Rapid fixer before a final 30-min wash period. After 
drying, the microradiographs were subjected to visualization and 
image analysis using a computer program (TMR2006 version 
3.0.0.6). The hardware was a Leica DMR optical microscope 
linked via a Sony model XC-75CE CCTV camera to a Personal 
Computer. The enhanced image of the microradiograph was an-
alyzed under standard conditions of light intensity and magnifi-
cation and processed, along with data from the image of the step 
wedge, by the TMR program. By this method, the parameters of 
integrated mineral loss (Δz, vol% · μm) and LD were quantified 
for each enamel lesion.

  Baseline Scanning Electron Microscopic Examination of 
Specimens 
 Based on the parameters of the control slices, 90 lesion-bearing 

blocks from 30 of the initially selected and processed 50 teeth (3 
blocks from each tooth) were selected for the remineralization 
study. Following this selection, a smaller block measuring approx-
imately 1.5 mm in length × 2 mm in width × 1.5 mm in thickness 
was cut from each block. This smaller block was used for a baseline 
scanning electron microscopy (SEM) and electron-dispersive 
spectroscopy (EDS) examination of the lesions. Before SEM ex-
amination, the blocks were placed in a Petri dish and air-dried un-
der a laboratory hood for 24 h. Following drying, the blocks were 
sputter-coated with gold palladium (108 Auto Sputter Coater with 
the MTM-20 High Resolution Thickness Controller, Ted Pella) 
less than 50 nm in thickness. Then the samples were placed in a 
scanning electron microscope (JEOL Scanning Electron Micro-
scope, JEOL USA Inc., model JSM-6610LV) vacuum chamber and 
then visualized and analyzed at an accelerated voltage of 15 kV. 
The image was captured and saved at a magnification of ×1,500. 
Each image bore both the magnification and sample Identification 
number. EDS spectrum analysis for calcium content was per-
formed after SEM analysis. All examinations were performed at 
the center of each block.

  Baseline SMH Testing 
 Prior to the microhardness assessment, specimens were stored 

in a moist environment. SMH was tested on each block surface us-
ing a Vickers diamond indenter (Tukon 2100; Wilson-Instron, 
Norwood, Mass., USA) with a load of 200 gf applied for 15 s. Three 
indentations were made at the middle, upper and lower ends of the 
enamel surface (preserving a reasonable sound area between the 
indentations), and the Vickers numbers were calculated and aver-
aged for each block.

  Treatment Procedure 
 The 3 blocks from each tooth were assigned randomly to three 

treatment groups (n = 30) as described below. The 30 blocks for 
each treatment group were distributed into three subgroups of 10 
blocks. Using dental sticky wax, the 10 blocks for each subgroup 
were attached onto a cylindrical rod that is attached to the cover of 
a 100-ml color-coded treatment tube, giving a total of three tubes 
for each dentifrice group.

  The remineralization was conducted using a pH cycling (de-
mineralization/remineralization) model, simulating the activities 
within the oral environment as closely as possible. Artificial saliva 
[MgCl 2  ·6 H 2 O (0.148 mmol/l), K 2 HPO 4  (4.59 mmol/l), KH 2 PO 4  
(2.38 mmol/l), KCl (8.39 mmol/l), calcium lactate (1.76 mmol/l), 
fluoride (0.05 ppm), sodium carboxymethyl cellulose (2.25 
mmol/l), methyl-4-hydroxybenzoate (13.14 mmol/l), pH adjusted 
to 7.2 using KOH] [Amaechi and Higham, 2001] was used as the 
remineralization medium in all treatment regimens, while an acid-
ified buffer [2.2 mmol/l KH 2 PO 4 , 2.2 mmol/l (1,000 mmol/l) 
CaCl 2 , 50 mmol/l acetic acid, 0.5 μg F/l (NaF), pH raised to 4.5 with 
KOH] [Amaechi et al., 1998] was used as the acidic challenge me-
dium. The three treatment groups were produced as follows: 
group 1: artificial saliva; group 2: artificial saliva with theobromine 
(1.1 mmol/l); group 3: slurry of standard fluoride toothpaste with 
0.24% NaF prepared by mixing 1 part dentifrice and 3 parts artifi-
cial saliva (9 g:27 ml) using a laboratory stand mixer until homo-
geneous. Fresh medium for each group was prepared just prior to 
each treatment episode. The cyclic treatment regimen for each day 
consisted of three 1-hour acid challenges, three 2-min test media 
treatment periods, and then storage in artificial saliva for the rest 
of the time ( table 1 ). For treatment, 60 ml of the treatment medium 

Table 1.  pH cycling treatment sequence for the experiment

Daily events Treatment

Day 1 is all-day storage in artificial saliva;
subsequent days’ treatments are as follows:

1 h (start at 8.00 a.m.) acid challenge – all groups
1 h storage in artificial saliva
2 min group 1: no treatment

group 2: theobromine treatment
group 3: toothpaste treatment

1 h storage in artificial saliva
1 h (11.00 a.m.) acid challenge – all groups
1 h storage in artificial saliva
2 min group 1: no treatment

group 2: theobromine treatment
group 3: toothpaste treatment

1 h storage in artificial saliva
1 h (2.00 p.m.) acid challenge – all groups
1 h storage in artificial saliva
2 min group 1: no treatment

group 2: theobromine treatment
group 3: toothpaste treatment

Till 8.00 a.m. next day storage in artificial saliva
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(artificial saliva, artificial saliva with theobromine, slurry of stan-
dard fluoride toothpaste or acidified buffer) was placed into each 
color-coded 100-ml treatment vial. All treatments were stirred at 
350 rpm and were carried out in an incubator at 37   °   C. The pH of 
each medium was measured once daily before treatment. After 
treatment with one medium the specimens were rinsed with run-
ning deionized water, and dried with a paper towel before immer-
sion into the next agent. The daily regimen was repeated for 
28 days.

  Posttreatment SEM 
 Following treatment of the blocks with the products, a smaller 

block measuring approximately 1.5 mm in length × 2 mm in 
width × 1.5 mm in thickness was cut from each block. This small-
er block was used for a postexposure SEM and EDS examination 
of the lesions as described above. This process provided the EDS 
data of the lesions.

  Posttreatment SMH 
 The posttest SMH testing was performed on the remaining 

portion of each block by three indentations on the free (unindent-
ed) surface of the block, and the average value calculated for each 
block. At this point the pretest (SMH 1 ) and posttest (SMH 2 ) SMH 
values of the lesions were available.

  Posttreatment TMR Data Analysis 
 Following SMH testing, a tooth slice ( ∼ 150 μm thick) was cut 

from each block and processed for microradiography as described 
above for the control specimens. Although the control sections had 
been microradiographed and analyzed for selection of the appro-
priate lesions, they were remicroradiographed and analyzed with 
the posttest sections to eliminate variation due to different pro-
cessing conditions. This process yielded the following informa-
tion: the pretest (Δz 1 , LD 1 ) and posttest (Δz 2 , LD 2 ) values for Δz 
and LD.

  Statistical Analysis 
 Statistical analysis of the data was conducted using SPSS statis-

tical software (PASW Statistics 18.0), with the level of significance 
selected at 0.05. Our power analysis and sample size calculation 
were performed using nQuery Advisor software (Statistical Solu-
tions, Cork, Ireland) and were based on the results of our previous 
studies [Amaechi et al., 1998; Amaechi and Higham, 2001], in 
which the mean value (±standard deviation, SD) of pretreatment 

%Δz was 28.5 ± 31.2. For our null hypothesis that enamel lesion 
remineralization will be significantly greater than zero, the pro-
posed sample size of n = 30 will have power greater than 0.95 with 
a one-sided significance level of 0.05 to detect a difference between 
a null hypothesis mean of zero and a sample mean %Δz equal to or 
greater than 10%. The mean and standard error of the SMH, TMR 
and Ca level parameters were calculated for the pre- and posttest 
treatment data. All data were examined for normality and homo-
geneity of variance. Since each selected tooth yielded 3 blocks, this 
means that not all observations are independent, so the data were 
analyzed with consideration of the lack of independence of the 
blocks. The pretest and posttest parameters within each group 
were compared using t tests at the 95% confidence level. Inter-
group comparisons were performed with the percent change in 
SMH, Δz, LD and Ca level using one-way analysis of variance (p < 
0.05), followed by post hoc multistep comparisons (Tukey WSD). 
Percentage change for each measurement (SMH, Δz, LD and Ca 
level) after treatment was calculated for each specimen as: ( pretest – 
posttest)/pretest and expressed as a percentage.

  Results 

 There were no statistically significant differences in 
the mean values for the baseline data between the experi-
mental groups for SMH, Δz and Ca deposit, although the 
mean values were numerically different between the 
groups. With SMH all three groups experienced some de-
gree of remineralization; however, only the theobromine 
and toothpaste groups exhibited significant remineraliza-
tion ( table 2 ), with the pretest and posttest SMH data be-
ing significantly different (p < 0.01). When the groups 
were compared based on their relative percent change in 
SMH ( fig. 1 ), the theobromine (38 ± 32%) and toothpaste 
(29 ± 16%) groups showed significantly (p < 0.01) higher 
percent gain in hardness (remineralization) relative to the 
artificial saliva group (7 ± 20%). The theobromine and 
toothpaste groups were not significantly different from 
each other, although there was a greater hardness gain 

Table 2.  Comparison of pre- and posttreatment data

Treatments SMH, VHN Ca deposit Δz, vol% · μm LD, μm
before
treatment

after
treatment

p 
value

before
treatment

after
treatment

p 
value

before
treatment

after
treatment

p
value

before
treatment

after
treatment

p 
value

Artificial saliva 138±31 145±35 0.216 23±5 24±1 0.045* 737±136 683±144 0.096 40±10 37±9 0.12
Theobromine 119±27 157±30 0.001* 22±1 24±1 0.001* 815±316 584±183 0.001* 46±14 32±11 0.001*
1,100 ppm F dentifrice 114±26 146±32 0.017* 22±2 24±1 0.004* 680±163 493±163 0.01* 38±6 27±8 0.001*

 Absolute data for SMH, Δz and Ca deposit comparing the pre- and posttreatment data expressed as mean ± SD. VHN = Vickers hardness number. * Significantly different.
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(remineralization) in the theobromine group, 31 and 9% 
larger relative to artificial saliva and toothpaste, respec-
tively.

  With both the Δz and LD measured with TMR, the 
same trend was found as in SMH, with the theobromine 
and toothpaste groups exhibiting significantly (p < 0.01) 
higher percent gain in mineral (remineralization) relative 
to the artificial saliva group in terms of percent change in 
Δz and LD ( table 2 ,  fig. 2 ,  3 ). The result of the quantifica-
tion of the calcium level on the tooth surface using EDS 
on SEM images showed that after 28 days of treatment, 
each treatment produced statistically significant (p < 0.05) 
calcium deposition on the tooth surface ( table 2 ). How-

ever, among the three groups, no statistical differences 
were found in the percent change of calcium deposited 
( fig. 4 ).

  Discussion 

 The present study investigated the caries-preventive 
effect of theobromine by examining its ability to cause 
remineralization of enamel lesions and enhance the resis-
tance of the enamel lesion to further acid attack. This was 
conducted using an established in vitro caries pH cycling 
model [White, 1987] that subjected the enamel lesions to 

  Fig. 1.  Percent change in hardness (% remineralization) following 
pH cycling. Different letters are significantly (p < 0.01) different, 
the same letters are not. 

  Fig. 2.  Percent change in mineral loss (% remineralization) follow-
ing pH cycling. Different letters are significantly (p < 0.01) differ-
ent, the same letters are not. 

  Fig. 3.  Percent change in LD following pH cycling. Different letters 
are significantly (p < 0.01) different, the same letters are not. 

  Fig. 4.  Percent change in Ca level on lesion surface following pH 
cycling. 
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remineralization and demineralization cycles equivalent 
to the conditions in the oral environment. The three rem-
ineralization modalities examined in this study contained 
the same artificial saliva as in group 1, the difference in 
composition being the theobromine in group 2, and the 
sodium fluoride and other toothpaste ingredients in 
group 3. The three treatment modalities produced net 
remineralization of the enamel lesions, which was only 
significant and of comparable levels in theobromine and 
NaF dentifrice groups. However, it is pertinent to men-
tion that the fact that both the demineralization and rem-
ineralization buffer contain fluoride could partially mask 
the beneficial effect of the treatments. Although the theo-
bromine and NaF toothpaste exhibited comparable levels 
of remineralization, on a molar level, the current amount 
of theobromine (0.0011 mol/l) required to produce a car-
iostatic effect is 71 times less than that required of fluoride 
(0.0789 mol/l) in a dentifrice to produce a comparable 
effect. The present study is in agreement with previous 
studies that demonstrated the capability of the chosen ar-
tificial saliva [Adam et al., 2011] and sodium fluoride 
dentifrice [Walsh et al., 2010; Zero et al., 2010] to induce 
the remineralization of enamel lesions. The remineraliza-
tion observed with theobromine confirmed the report of 
two previous studies [Sadeghpour and Nakamoto, 2011; 
Kargul et al., 2012], in which regular exposure of a demin-
eralized enamel surface to theobromine induced surface 
recrystallization and increased the enamel SMH com-
pared with sodium fluoride [Sadeghpour and Nakamoto, 
2011]. In their extensive study of theobromine, Sadegh-
pour  and Nakamoto [2011] subsequently subjected the 
remineralized surfaces to further acid challenge and ob-
served that the theobromine-treated teeth had lost 8% less 
calcium than fluoride-treated teeth, when the amount of 
calcium dissolved from each group was measured.

  Observation of significant net remineralization, when 
the rate of demineralization is known to be greater than 
that of remineralization [ten Cate et al., 1988], confirmed 
that the treatments in this study, especially theobromine 
and NaF, enhanced the resistance of the remineralized 
surface to subsequent acid challenge. Thus the remineral-
ization produced by the theobromine treatment signifies 
increased resistance to further acid attack by the enamel 
crystals repaired by the theobromine-containing medi-
um. This is not surprising as it can be attributed to a pre-
vious observation that crystallite size was increased and 
crystallinity of teeth improved by growing hydroxyapatite 
in an apatite-forming system containing an effective 
amount of partially alkylated xanthine (theobromine) ei-
ther in vitro such as in artificial saliva or in vivo like in 

growing rats feeding on theobromine-containing diet 
[Nakamoto et al., 1999, 2001]. Among the various con-
centrations of theobromine (0.0056, 0.0278, 0.0555, 0.139, 
0.278, 0.555, 1.1, 2.78 mmol/l) investigated in these stud-
ies, the effective concentration capable of producing the 
desired increase in crystallite size was 1.1 mmol/l. A crys-
tallite or a cluster of crystallites measuring over 2 μm was 
observed when grown in vitro in the presence of 1.1 
mmol/l of theobromine, while a crystallite measuring 
0.5 μm was obtained in the absence of theobromine [Na-
kamoto et al., 1999, 2001]. Similar results were observed 
in vivo, on analysis of the teeth of animals grown with 
theobromine added to the diet. In addition to enhance-
ment of the crystallinity of the apatite, the acid dissolution 
resistance of the apatite was also found to be improved. 
Crystallite size is one of the major factors that control the 
rate of apatite dissolution. A large crystal has a small spe-
cific surface area and therefore presents a limited surface 
area for chemical reactivity, and hence dissolves slower 
than small crystals that offer an enormous area for reactiv-
ity [Eanes, 1979]. The cariostatic effect of cocoa as shown 
in animal studies [Strålfors, 1966a, b, c, 1967] may now be 
explained by the large crystal formation [Nakamoto et al., 
1999, 2001] within the tooth tissue and increased micro-
hardness [Sadeghpour and Nakamoto, 2011; Kargul et al., 
2012] of the enamel surface in the presence of theobro-
mine as demonstrated in the present study.

  Although EDS quantification of the calcium level in 
mineral deposit on the surface of the lesions did not indi-
cate any significant difference between the three treat-
ment modalities, more mineral, as represented by the cal-
cium content, was deposited with theobromine and NaF 
treatments. This increased calcium deposition may con-
tribute to the increased crystal formation and crystal size 
in an apatite-forming system [Nakamoto et al., 1999, 2001] 
(such as artificial saliva) in the presence of theobromine 
or NaF, and may have contributed to the enhancement of 
lesion resistance to subsequent acid demineralization. 
However, the mechanism by which theobromine will in-
duce increased mineral deposition and increased crystal 
growth still needs to be investigated, and it is the subject 
of the authors’ current studies.

  In conclusion, the present study demonstrated that 
theobromine in an apatite-forming medium can enhance 
the remineralization potential of the medium as deter-
mined using an established in vitro caries cycling model, 
and may be a viable alternative to fluoride additives in 
commercial dentifrices. In this model, theobromine, at a 
molar level 71 times less than that of fluoride, has a rem-
ineralization effect on enamel lesions comparable to that 



 Enamel Lesion Remineralization by 
Theobromine 

 Caries Res  2013;47:399–405
DOI: 10.1159/000348589

405

of fluoride. However, there is a clear need for further hu-
man clinical studies to exploit the benefit of theobromine 
in both oral hygiene and caries-preventive products.

  Acknowledgments 

 This study was supported by a grant from Theodent LLC, New 
Orleans, La., USA to Dr. Bennett Amaechi.

  Disclosure Statement 

 There were no conflicts of interest on the part of any authors 
or investigators; however, Arman Sadeghpour and Tetsuo Naka-
moto are employees of Theodent LLC, New Orleans, La., USA, the 
company that provided the funding to Dr. Bennett Amaechi. 

 References 

 Adam H, Andreas M, Yoav F, Amaechi BT: Quan-
titative remineralization evolution kinetics of 
artificially demineralized human enamel using 
photothermal radiometry and modulated lu-
minescence. J Biophotonics 2011;   4:   788–804. 

 Amaechi BT, Higham SM: In vitro remineralisa-
tion of eroded enamel lesions by saliva. J Dent 
2001;   29:   371–376. 

 Amaechi BT, Higham SM, Edgar WM: Factors af-
fecting the development of carious lesions in 
bovine teeth in vitro. Arch Oral Biol 1998;   43:  
 619–628. 

 Craig WJ, Nguyen TT: Caffeine and theobromine 
levels in cocoa and carob products. J Food Sci 
1984;   49:   302–303. 

 Eanes ED: Enamel apatite: chemistry structure 
and properties. Proc 3rd Int Symp on Tooth 
Enamel. J Dent Res 1979;   58:   829–833. 

 Falster AU, Hashimato K, Nakamato T, Simmons 
WB: Physical examination of caffeine’s effects 
on the enamel surface of first molar in new-
born rats. Arch Oral Biol 1992;   37:   111–118. 

 Falster AU, Yoshino S, Hashimoto K, Joseph F Jr, 
Simmons WB, Nakamoto T: The effect of pre-
natal caffeine exposure on the enamel surface 
of the first molars of newborn rats. Arch Oral 
Biol 1993;   38:   441–447. 

 Featherstone JDB: Dental caries: a dynamic dis-
ease process. Aust Dent J 2008;   53:   286–291. 

 Gustafsson BE, Quensel CE, Lanke LS, et al: The 
Vipeholm dental caries study; the effect of dif-
ferent levels of carbohydrate intake on caries 
activity in 436 individuals observed for five 
years. Acta Odontol Scand 1954;   11:   232–264. 

 Kargul B, Özcan M, Peker S, Nakamoto T, Sim-
mons WB, Falster AU: Evaluation of human 
enamel surfaces treated with theobromine: a 
pilot study. Oral Health Prev Dent 2012;   10:  
 275–282. 

 Mandel ID: Impact of saliva on dental caries. 
Compend Suppl   1989;   13:S476–S481. 

 Nakamoto T, Cheuk SL, Yoshino S, Falster AU, 
Simmons WB: Cariogenic effect of caffeine 
intake during lactation on first molars of new-
born rats. Arch Oral Biol 1993;   38:   919–922. 

 Nakamoto T, Simmons WB Jr, Falster AU: Prod-
ucts of Apatite-Forming Systems. US Patent 
application number: US 5,919,426: 1999. 
http://patft.uspto.gov/netacgi/nph-Parser? 
Sect2 = PTO1&Sect2 = HITOFF&p = 1&u = /
netahtml/PTO/search-bool.html&r = 1&f = 
G&l = 50&d = PALL&RefSrch = yes&Query = 
PN/5919426 .

 Nakamoto T, Simmons WB Jr, Falster AU: Apa-
tite-Forming Systems: Methods and Products. 
US Patent application number: US 6,183,711 
B1; 2001. http://patft.uspto.gov/netacgi/nph-
Parser?Sect2 = PTO1&Sect2 = HITOFF&p = 
1&u = /netahtml/PTO/search-bool.html&r = 
1&f = G&l = 50&d = PALL&RefSrch = yes&-
Query = PN/6183711. 

 Pendrys DG, Stamm JW: Relationship of total flu-
oride intake to beneficial effects and enamel 
fluorosis. J Dent Res   1990;   69:   556–557. 

 Sadeghpour A, Nakamoto T: Methods and Com-
positions to Improve Mechanical Resistance of 
Teeth. International Patent application num-
ber: PCT/US2011/024734; 2011: http://patent-
scope.wipo.int/search/en/WO2011100671 .

 Schafer F: Evaluation of the anticaries benefit of 
fluoride toothpastes using enamel insert 
model. Caries Res   1989;   23:   81–86. 

 Strålfors A: Inhibition of hamster caries by cocoa: 
the effect of whole and defatted cocoa, and the 
absence of activity in cocoa fat. Arch Oral Biol 
1966a;11:   149–161. 

 Strålfors A: Effect on hamster caries by dialysed, 
detanned or carbon-treated water-extract of 
cocoa. Arch Oral Biol 1966b;11:   609–615. 

 Strålfors A: Inhibition of hamster caries by cocoa: 
caries inhibition of water and alcohol extracts 
of cocoa. Arch Oral Biol 1966c;11:   323–328. 

 Strålfors A: Inhibition of hamster caries by sub-
stances in chocolate. Arch Oral Biol 1967;   12:  
 959–962. 

 ten Cate JM, Featherstone JD: Mechanistic as-
pects of the interactions between fluoride and 
dental enamel. Crit Rev Oral Biol Med   1991;  
 2:   283–296. 

 ten Cate JM, Timmer K, Shariati M, Featherstone 
JDB: Effect of timing of fluoride treatment on 
de- and remineralisation in vitro: a pH-cy-
cling study. Caries Res 1988;   22:   20–26. 

 Walsh T, Worthington HV, Glenny AM, Ap-
pelbe P, Marinho VCC, Shi X: Fluoride 
toothpastes of different concentrations for 
preventing den tal caries in children and ado-
lescents. Cochrane Database Syst Rev 2010;  
 20:CD0076868. 

 Wefel JS, Jensen ME, Triolo PT, Faller RV, Hogan 
MM, Bowman WD: De/remineralization 
from sodium fluoride dentifrices. Am J Dent  
 1995;   8:   217–220. 

 White DJ: Reactivity of fluoride dentifrices with 
artificial caries I. Effects on early lesions: F up-
take, surface hardening and remineralization. 
Caries Res 1987;   21:   126–140. 

 Zero DT, Creeth JE, Bosma JL, Butler A, Guibert 
RG, Karwal R, et al: The effect of brushing 
time and dentifrice quantity on fluoride deliv-
ery in vivo and enamel surface microhardness 
in situ. Caries Res 2010;   44:   90–100.   


