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A B S T R A C T

Ethanol consumption has been reported to negatively impact on periodontal disease. In particular, oral cavity
disorders occur upon ethanol exposure during adolescence, a life period associated with particular patterns of
short and intense (‘binge-like’) ethanol consumption that is most deleterious to oral health. The hazardous
central effects of ethanol have been linked to the overfunction of adenosine receptors, which are antagonized by
caffeine, a bioactive substance present in numerous natural nutrients, which can also modify bone metabolism.
The aim of this study was to investigate the effects of caffeine on alveolar bone damage induced by an ethanol
binge drinking paradigm during adolescence. Female Wistar rats (35 days old; n = 30) were allocated to six
groups: control (vehicle), ethanol (3 g/kg/day; 3 days On-4 days Off challenge), caffeine (10 mg/kg/day),
caffeine plus ethanol, SCH58261 (0.1 mg/kg/day, an antagonist of A2A receptors), and SCH58261 plus ethanol.
Bone micromorphology and vertical bone loss were analyzed by computed microtomography. Our data showed
that ethanol binge drinking reduced alveolar bone quality, with repercussion on alveolar bone size. This ethanol-
induced alveolar bone deterioration was abrogated upon treatment with caffeine, but not with SCH58261. This
shows that caffeine prevented the periodontal disorder caused by ethanol binge drinking during adolescence, an
effect that was not mediated by adenosine A2A receptor blockade.

1. Introduction

Alcohol consumption among adolescents affects 58 % of individuals
between 17–18 years old [1]. In the United States, near 401,000 ado-
lescents (12–17 years old) suffered from Alcohol Use Disorders (AUD)
in 2018 [2]. Although female consume lower amounts of alcohol per
occasion, young women consume increasing amounts of ethanol in
some countries, with trends of drinking like men but with more medical
problems than men [2–6]. High alcohol consumption is known to affect
the neurobehavioral system [1], with repercussions on other body
systems [7]. In particular, it has previously been proposed that alcohol
consumption is a prominent factor impacting on alveolar bone health
since the exposure to alcohol can trigger or aggravate periodontitis

[8,9]. The amplitude of the damaging effect of alcohol exposure on
bones is dependent on the dose, the drinking pattern, and the age of the
subjects [10,11]. Although little is known about the mechanisms un-
derlying the effects of alcohol exposure on alveolar bone loss in the
absence of other damaging factors [12,13], it is worth noting that an
increased vulnerability to the harmful effects alcohol occurs during
adolescence [14,15]; however, few studies have focused on the ado-
lescence period.

Since 2015, our group has been studying the consequences of dif-
ferent patterns of alcohol exposure on the oral cavity during adoles-
cence in animal models [14,16,17]. First, we employed a heavy
drinking exposure paradigm in adolescent rats (6.5 g/kg/day from 35
days of age until 90 days) and observed that alcohol administration
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induced alveolar bone loss even in the absence of experimentally-in-
duced periodontitis [14]. Next, we tested a binge drinking protocol (3
days on- 4 days off), which models the pattern of alcohol exposure
among adolescent female subjects, and we reproduced the previously
described pattern of deterioration of salivary glands and alveolar bone
health [17–19].

The exact mechanism that underlies the negative influences of al-
cohol intake on alveolar bone health is unclear. Pro-inflammatory ef-
fects, oxidative damage, as well as a negative action on bone re-
modeling have been proposed in the pathogenesis of the alveolar bone
damage [9,10,20,21]. Among several pro-inflammatory pathways, in-
ducible nitric oxide synthase (iNOS) overexpression and its final pro-
duct nitric oxide (NO) have been observed in inflamed periodontal
tissue [22]. One modulation system able to control the formation of NO
is operated by adenosine, as reported in several cells [23–25]. Ac-
cordingly, adenosine can influence inflammatory processes in period-
ontal diseases [26–28]. Gingival tissues of humans have been found to
possess different adenosine receptors, namely A1R, A2AR, and A2BR
[28]. A2AR have been associated with apparently contradictory effects,
triggering or reducing pro-inflammatory signaling [29,30]. In an ex-
perimental periodontitis study, A2AR activation reduced periodontal
inflammation processes, decreasing the release of pro-inflammatory
mediators [31]. On the contrary, the activation of osteoblast A2AR
triggers osteoclastogenic cytokine production, associated with reduced
bone turnover and reduced bone quality [32]. These paradoxical effects
of adenosine receptors on inflammation probably result from the up-
regulation of the adenosine pathways, which trigger pro-inflammatory
cascades and tissue damage in chronic inflammation or upon injury
[33]. Thus, the evidences suggest that the activation of adenosine re-
ceptors may play a pivotal role on epithelial tissues disorders, including
chronic periodontitis [34].

Alcohol intake can also alter adenosine signaling in numerous tis-
sues [35–37]. However, the involvement of adenosine receptors in
ethanol-induced periodontitis has not been tested in spite of the known
presence of adenosine signaling in the oral cavity.

One way to gauge the involvement of the adenosine modulation
system is to study the effect of the bioactive compoud caffeine (1,3,7-
trimethylxanthine), which main mechanism of action is the antagonism

of adenosine receptors (for review see [38]). The effect of caffeine on
bone metabolism has been described, with a negative impact observed
at high doses (equivalent to 6 cups of cofee per day or more [39,40];).
Thus, high doses of caffeine aggravate alveolar bone loss in periodotal
disease, but do not induce alveolar bone resorption in the absence of
experimental periodontitis in adult or aged rats [41,42]. Importantly,
an epidemiological study suggested that the dose of caffeine is a key
variable that determines the positive versus negative effects of caffeine
on periodontal health [43]. However, the impact of lower doses of
caffeine, equivalent to the most common pattern of intake in humans
(i.e. 2–3 cups of coffee/day) on oral health is still to be adequately
characterized, a question of particular relevance, since it is these lower
doses of caffeine (10 mg/kg/day in rodents) that afford a robust pro-
tection against different health treaths (reviewed in [44]).

We now hypothesize that the daily intake of low doses of caffeine in
female rats could dampen the alveolar bone loss caused by alcohol
exposure during adolescence.

2. Material and methods

2.1. Animals

Adolescent female Wistar rats (28 days-old) from Evandro Chagas
Institute (IEC/PA) animal facility, were randomly grouped and kept in
polycarbonate cages (n = 3–4 rats per cage) in a room under controlled
environmental condition (temperature 25±1 °C and 12 h light/dark
cycle, with lights on 6:00 a.m. Animals received food and water ad
libitum. All procedures followed the NIH Guide for the Care and Use of
Laboratory Animal and were approved by the Ethics Committee on
Experimental Animals of the UFPA (license number 8324250716).

2.2. Experimental treatments

Experimental procedures started when rats were 35 days old. The
binge drinking paradigm consisted of 4 sessions of ethanol binge-like
exposure (3 days On-4 days Off; 20 % w/v) or distilled water (control
group) by gavage [45,46]. Ethanol or distilled water was administered
once a day in the morning. Twenty-four hours after the first binge

Fig. 1. Schematic experimental design.
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drinking session, the groups exposed to ethanol or distilled water were
further divided into 3 subgroups. Two subgroups challenged with
ethanol as well the two subgroups exposed to distilled water received
daily by oral route either caffeine (Sigma-Aldrich), at a low to moderate
dose (10 mg/kg/day), or distilled water for 21 days (59-days old). The
final subgroups derived from ethanol or distilled water groups received
intraperitoneally the A2AR antagonist SCH58261 (0.1 mg/kg/day) until
they were 59-days old (30 min before euthanasia; Fig. 1). Body weight
gain (%) was measured throughout the experimental treatments. This
experimental design resulted in 6 groups of rats: control, ethanol, caf-
feine, ethanol plus caffeine, SCH58261, and ethanol plus SCH58261.

The dose of caffeine was based on the relationship established by
[47], defining that a dose of 10 mg/kg in rats is equivalent to 250 mg/
kg in humans (2–3 cups of a beverage). This limits the pharmacological
action of caffeine to the non-selective antagonism of adenosine re-
ceptors [47]. The dose of SCH58261 (0.1 mg/kg) is defined as supra-
maximal and selective to antagonize A2AR [48], affording robust pro-
tective through A2AR antagonism in different animal models (reviewed
in [49]).

On the 59th postnatal day, rats were anesthetized by intraperitoneal
injection of xylazine 2% (2 mg/mL) plus ketamine 10 % (10 mg/mL)
and their jaws were collected. The left hemimandibules were main-
tained in 4% formol solution for micro-computed tomography (micro-
CT) evaluation.

2.3. Micro-computed tomography (micro-CT) analysis

The left hemimandibules were submitted to x-ray micro-CT
(MicroCT.SMX-90 CT; Shimadzu Corp., Kyoto, Japan). Each sample was
positioned vertically on a rotatory device and the images were obtained
under a rotation of 360° (intensity 70 kV; 100 mA) and reconstituted by
inspeXio SMX-90CT software (Shimadzu Corp., Kyoto, Japan), from a
total of 541 images per sample (voxel 10 μm; resolution 1024 × 1024;
thickness 14 μm).

Height evaluation of alveolar bone loss was analyzed using the
RadiAnt DICOM Viewer 5.0.1 (Medixant, Poznan, Poland) software for
3D reconstruction. Tridimensional models were settled on a standard
position (i.e., lingual and vestibular tooth face visible). The vertical
bone loss was measured by the distance between the cementum-enamel
junction and the alveolar bone crest distance. Six points were evaluated
on the first inferior molar, (i.e., mesiolingual, midlingual, distolingual,
mesiovestibular, midvestibular, distovestibular). The average values for
each tooth were considered [50].

Alveolar bone tissue quality was analyzed by ImageJ® software
(National Institutes of Health, Bethesda, MD, USA) on a series of 50
images from the inferior first molar alveolar bone region. The inter-
radicular region of the inferior first molar with a mean length of 0.200
mm2 from the cervical third until the middle third of the root, was

chosen as the region of interest (ROI). Segmentation was performed on
the images with a gray scale threshold ranging from 120 to 250.
Morphometric data was collected by measuring the trabecular number,
trabecular thickness, trabecular separation, and bone volume fraction
(bone volume/tissue volume) using the BoneJ plug-in [51].

2.4. Raman spectroscopy

To analyze the chemical structure of alveolar bone after the treat-
ments, the PO4

3− /AmideI ratio was calculated by Raman spectroscopy.
The hemimandibles were sectioned perpendicularly to the bone at the
center of the inferior first molar. A 1 mm-thick slice was placed on a
Raman spectrometer (Senterra, Bruker Optics, Ettingen, Germany).
Analysis was performed with a 785 nm laser at 100 mW on a stan-
dardized area on the alveolar bone crest. Forty-five points were eval-
uated from the alveolar crest to the center of the alveolar bone with a
standardized distance (100 μm). The Raman spectra were obtained and
the PO4

3− peak at 960 cm-1 as well as the amideI peak at 1660 cm-1

were integrated and used to calculate the PO4
3-:amideI ratio.

2.5. Statistical analyses

Data are shown as mean± S.E.M. (n = 5 animals per group for
micro-CT evaluation and n = 3 for Raman analysis). A Shapiro-Wilk
test was performed to verify normality of data distribution. The test
power was calculated through the difference between two mean by
OpenEpi (Version 2.3.1), with a type I error of 5% and a power of 80 %.
Statistical comparison was conducted by one-way ANOVA followed by
Sidak's multiple comparisons post hoc test. The analyses of body weight
gain (%) were carried out using a two-way ANOVA repeated measure
followed by Tukey’s post hoc test. P< 0.05 was considered as statisti-
cally significant differences.

3. Results

3.1. Ethanol binge drinking and/or caffeine intake during adolescence do
not modify body weight

The exposure to either ethanol binge-like without or with either
caffeine or the A2AR antagonist SCH58261, did not modify the average
body weight gain of female rats during the treatment period (Fig. 2).

3.2. Long-term caffeine intake prevents the decrease of alveolar bone
quality and density caused by ethanol binge drinking during adolescence

Initially, we explore the effects of caffeine on the alveolar bone
detrimental consequences of adolescence binge drinking. Repeated
exposure to ethanol binge intake during adolescence caused a reduction

Fig. 2. Effects of caffeine or of the adenosine A2A receptor
(A2AR) antagonist (SCH58261) on adolescent binge-like
ethanol challenge on the body weight gain of female Wistar
rats (59-days-old, n = 5 animals/group). Experimental groups
consisted of Control group (distilled water; 3 days on-4 days
off; 35th to 59th postnatal days); Ethanol group (3.0 g/kg/
day; 3 days on-4 days off; 35th to 59th postnatal days); A2AR
antagonist group (SCH58261 0.1 mg/kg/day daily; 38th to
59th postnatal days; Ant); A2AR antagonist plus ethanol group
(SCH58261 0.1 mg/kg/day daily plus binge-like treatment;
38th to 59th postnatal days; Ant + Ethanol); Caffeine group
(caffeine 10 mg/kg/day daily; 38th to 59th postnatal days;
CAF); and Caffeine plus ethanol group (caffeine plus binge-
like treatment; CAF + Ethanol). Values are expressed as the
percentage of body weight gain from day 0 (100 %) until the
4th week of treatment. No statistical differences at p<0.05
using a two-way ANOVA repeated measure followed by
Tukey’s post hoc tests.
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of trabecular thickness compared to control rats (p = 0.0037). Caffeine
treatment mitigated this decreased trabecular thickness, which reached
values equivalent to these of control animals (Fig. 3A). In addition, no
statistically significant difference of trabecular thickness (p>0.05)
was found for caffeine group when compared to the control subjects.

Trabecular separation was increased in rats subject to binge ethanol
drinking (p< 0.0001). Chronic administration of caffeine to ethanol-
challenged rats ameliorated trabecular separation increment, but this
parameter did not reach the values measured in the control group (p =
0.0086, ethanol vs. ethanol plus caffeine; p = 0.0279, control vs.
ethanol plus caffeine; Fig. 3C). In addition, no statistically significant
difference of trabecular separation (p>0.05) was found for caffeine
group when compared to the control subjects.

The trabeculae number was not modified by either ethanol binge
drinking or caffeine, since all tested groups presented values similar to
the control group (p>0.05; Fig. 3B).

The percentage of bone volume fraction (BV/TV) was reduced by
ethanol binge drinking (p<0.0001). Notably, caffeine intake by
ethanol-challenged rats attenuated this bone loss caused by ethanol
binge drinking during adolescence, resulting in bone density levels si-
milar to control rats (p< 0.0001, control vs. ethanol; p = 0.0023,
ethanol vs. ethanol plus caffeine; Fig. 3D). In addition, no statistically

significant difference of bone density (p>0.05) was found for caffeine
group when compared to the control subjects.

3.3. The selective antagonism of A2AR does not reproduce the positive
effects of chronic caffeine treatment on binge ethanol drinking during
adolescence

To test if A2AR were mediating the benefits of caffeine on the ne-
gative effects on bone micromorphology caused by ethanol binge intake
during adolescence, we tested the A2AR antagonist SCH58261. Fig. 4
shows that all the parameters of bone quality that were deteriorated by
ethanol binge-drinking (i.e., trabecular thickness, trabecular separation,
and bone density) were not recovered by treatment with the A2AR an-
tagonist, SCH58261. Interesting, SCH58261 per se (i.e. in the absence of
ethanol challenge) reduced trabecular thickness (p = 0.0001), but not
trabecular separation and bone density (Fig. 4).

3.4. Caffeine recovers alveolar bone loss elicited by ethanol binge drinking
during adolescence

Fig. 5(AEe) shows representative 3D reconstructions of hemi-
mandibules from each experimental group, and also displays the

Fig. 3. Effects of caffeine on the impact of adolescent binge-like ethanol challenge on the alveolar bone quality of female Wistar rats (59-days-old, n = 5 animals/
group). Experimental groups consisted of the Control group (distilled water; 3 days on-4 days off; 35th to 59th postnatal days); Ethanol group (3.0 g/kg/day; 3 days
on-4 days off; 35th to 59th postnatal days); Caffeine group (caffeine 10 mg/kg/day daily; 38th to 59th postnatal days; CAF); and Caffeine plus ethanol group (caffeine
plus binge-like treatment; CAF + Ethanol). The representative image of the interradicular region, close to the furcation area, was chosen as the standardized region of
interest (ROI) for the analyses (left position). Above, representative ROI three-dimensional images of the analyzed groups. Values are mean±SEM for micro-CT
parameters: (A) trabecular thickness (Tb.Th; mm); (B) mean number of trabecular per unit length (Tb.N); (C) trabecular separation (Tb.Sp; mm); and (D) the
percentage of bone volume in relation to the total measured area (BV/TV; %). *p< 0.05 compared to control group; **p< 0.01 compared to control group;
****p< 0.0001 compared to control group; ##p<0.01 compared to ethanol group. One-way ANOVA followed by Sidak’s post hoc test, p< 0.05. Scale bar: 1 mm.
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average quantifications of the distance between the cementum-enamel
junction and the alveolar bone crest of the first inferior molar (Fig. 5F).
The data show that ethanol binge drinking during adolescence reduced
these quantified distances, implying that there was an alveolar bone
loss (p = 0.0330). Importantly, chronic administration of caffeine de-
creased this alveolar bone loss induced by binge-like ethanol drinking
(p = 0.0272), whereas there was no modification in the presence of the
selective A2AR antagonist SCH58261 (p>0.005).

3.5. Mineral content was influenced by the presence of ethanol

Fig. 6 shows the mineral:matrix ratio (PO43−:amideI) obtained in
the Raman measurements of the alveolar bone crest of treated animals
(Fig. 6A). Regions with yellow/orange intensity indicate higher values
of the mineral/matrix ratio, whereas regions with blue intensity

represent lower values. In the control group, higher values were more
frequently observed in comparison to the other groups that presented
mostly green/blue regions. However, no statistically significant differ-
ence was observed on the average mineral:matrix ratio between groups
(Fig. 6B). The Raman spectroscopical mapping was used to probe po-
tential differences in the mineral:matrix ratio at the alveolar crest
(Fig. 6C).

4. Discussion

This study assessed the effects of low to moderate caffeine intake on
alveolar bone damage induced by ethanol binge drinking in adolescent
Wistar rats. Our results demonstrate, in an unprecedented way, that
caffeine mitigates the negative effects on alveolar bone induced by
ethanol exposure during adolescence. Our data also indicated that this
beneficial effect of caffeine was unlikely to be mediated by the ade-
nosine A2A receptor pathway.

Although solely based on the analysis of an animal model, our
findings highlight the possible damage of binge-like ethanol intake for
the oral health of adolescents, certainly a problem of societal relevance.
Firstly, the National Institute on Alcohol Abuse and Alcoholism has
stressed the extent of ethanol exposure during adolescence and its ne-
gative repercussion on numerous tissues and organs [2]. In the United
States, nearly 401,000 adolescents (12–17 years old) suffered from
Alcohol Use Disorders (AUD) in 2018 [2]. The consequences of this
overspread intoxication for the stomatognathic system is uncertain. On
the other side, caffeine is present in several beverages consumed in
numerous culturally different societies [52]. Its health benefits have
been broadly reported, which implies that a nutritional style of life can
counterbalance hazardous outcomes elicited by toxicants [52], even-
tually with the exception of pregnancy where caffeine intake has been
reported to alter metabolism [53] and brain wiring [54] in animal
models.

The ability of ethanol exposure to damage alveolar bone has pre-
viously been reported [8,9]. In fact, studies from our group have con-
cluded that alcohol exposure causes damage and alveolar bone loss in
the absence of additional damaging factors upon heavy or binge
drinking paradigms, respectively in rats [14,19]. Our results corrobo-
rate these findings, demonstating that four sessions, each of 3 days ON-
4 days OFF, of ethanol intake during adolescence until adulthood, can
trigger alveolar bone damage in female rats. In addition, the body
weight gain was not modified by ethanol or adenosine receptor ligands
administered in the present study, which excludes malnutrition as a
contributing factor for the observed results.

Alveolar bone presents unique features with specific characteristics
that distinguishes it from other bones, which are required to provide
physiological support for tooth activity [55]. The analysis of micro-
architectural parameters constitutes the main methodology to evaluate
alveolar bone morphology and health [56]. Specifically, alveolar bone
is a compact bone with large trabecular thickness, and reduced trabe-
cular number and trabecular separation, which reflects an high bone
mass and high mineralization [55]. In the present study, binge-like
ethanol intake during adolescence reduced the trabecular thickness and
increased the trabecular separation, which impacted on bone mass
(bone fraction mass). Such alveolar bone alteration may generate ne-
gative reflexes on remodeling processess elicited by local and systemic
stimuli [55].

It is well known that ethanol affects bone remodeling, leading to
changes in the trabecular arrangement but little is known about its
effect on the balance between organic and inorganic content [21].
Changes in the biochemical composition of bones may be explained by
enhanced osteoclastogenesis and reduced osteoblast activity, and these
activities are known to be affected by ethanol in different bone types
(for review see [57]). The regulation of the activity of bone cells could
lead to a lower mineralization of collagen fibrils on the newly formed
bone when remodeling takes place [58]. Raman analysis was used in

Fig. 4. Effects of the adenosine A2A receptor antagonist (SCH58261) on the
impact of adolescent binge-like ethanol challenge on the alveolar bone quality
of female Wistar rats (59-days-old, n = 5 animals/group). Experimental groups
consisted of the Control group (distilled water; 3 days on-4 days off; 35th to
59th postnatal days); Ethanol group (3.0 g/kg/day; 3 days on-4 days off; 35th to
59th postnatal days); A2AR antagonist group (SCH58261 0.1 mg/kg/day daily;
38th to 59th postnatal days; Ant); and A2AR antagonist plus ethanol group
(SCH58261 0.1 mg/kg/day daily plus binge-like treatment; 38th to 59th post-
natal days; Ant + Ethanol). Values are mean± SEM for micro-CT parameters:
(A) trabecular thickness (Tb.Th; mm); (B) trabecular separation (Tb.Sp; mm);
and (C) the percentage of bone volume in relation to the total measured area
(BV/TV; %). **p<0.01 compared to control group; ***p< 0.001 compared to
control group. One-way ANOVA followed by Sidak’s post hoc test, p< 0.05.
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the present study to quantify the mineral content of bone tissue by the
measurement of phosphate vibration on the bone samples, while the
amide peak was used to quantify the organic content [59]. Although the
microstructure of bone was modified by ethanol challenging, the

chemical analyses showed that the organic:inorganic content of the
alveolar crest was not affected by the tested treatments. This leads to
the conclusion that the presently used binge drinking protocol may not
be sufficient to induce modifications of the activity of bone cells to

Fig. 5. Effects of caffeine and of the adenosine
A2A receptor antagonist (SCH58261) on adoles-
cent binge-like ethanol challenge on the alveolar
bone quality of female Wistar rats (59-days-old,
n = 5 animals/group). Representative three-di-
mensional images of hemimandibles of the (A)
Control group (distilled water; 3 days on-4 days
off; 35th to 59th postnatal days); (B) Ethanol
group (3.0 g/kg/day; 3 days on-4 days off; 35th
to 59th postnatal days); (C) A2AR antagonist
group (SCH58261 0.1 mg/kg/day daily; 38th to
59th postnatal days; Ant); (D) A2AR antagonist
plus ethanol group (SCH58261 0.1 mg/kg/day
daily plus binge-like treatment; 38th to 59th
postnatal days; Ant + Ethanol); (E) Caffeine
group (caffeine 10 mg/kg/day daily; 38th to
59th postnatal days; CAF); and (F) Caffeine plus
ethanol group (caffeine plus binge-like treat-
ment; CAF + Ethanol). Panel (G) represents the
distance between the cementum-enamel junction
and alveolar bone crest (CEJ-ABC; mm). Red
dotted lines highlight the differences between
groups. Values are mean±SEM. **p<0.01
compared to control group; ##p<0.01 com-
pared to ethanol group. One-way ANOVA fol-
lowed by Sidak’s post hoc test, p< 0.05. Scale
bar: 1 mm.
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modify bone composition.
We have already reported that the exposure to a 4-periods of binge

drinking protocol in adulthood (starting at 90 days old) resulted in
reduced alveolar bone quality, but not alveolar bone loss [19]. How-
ever, in contrast to what occurs during adulthood, we have now de-
monstrated that ethanol exposure during adolescence elicited alveolar
bone loss. In other words, ethanol binge drinking decreases the quality
of the alveolar bone microstructure both in adolescence and adulthood,
but there is only an alveolar bone loss (i.e., reduction of vertical di-
mension) in adolescent subjects. Here, we cannot infer that in the long-
term, additional binge drinking exposure might further intensify al-
veolar bone loss, since bone quality is already affected at the onset of
adulthood. Besides, this study cannot answer if the impairment of bone
quality can spontaneouly recover upon withdrawal of ethanol. It is
important to stress that the tested ethanol consumption pattern, which
consists of intense and episodic ethanol intake (i.e., high doses during a
few days and hours followed by an abstinence period) represents the
most frequent consumption pattern by adolescents and younger people
[3,60]. Therefore, we believe that alveolar bone microstructure damage
resulting from binge-like ethanol exposure from mid-adolescence into
adulthood is a valuable model to better comprehend the impact of
ethanol intake by adolescents.

Contradictory findings have been reported with respect to the re-
lationship between caffeine intake and bone health. A heavy intake of
caffeine has been linked to hazardous effects on bone, including al-
veolar bone [40–42]. Interestingly, our results demonstrate that low to
moderate doses of caffeine during adolescence not only did not cause
any alveolar bone microstructure damage, but even avoided the re-
duction of alveolar bone quality induced by ethanol exposure in ado-
lescent rats. Since moderate doses of caffeine act through the antag-
onism of adenosine receptors [43], this implies that the adenosine
modulation system is not engaged in physiological conditions in the
alveolar bone system of adolescent rats, but become active under
stressful conditions, in accordance with the predominant allostatic ra-
ther than homeostatic role of the adenosine system [61]. Few studies
have focused on the effects of caffeine on alveolar bone, and all studies
tested caffeine at high doses [41,42]. The present study is the first study
showing that at low to moderate doses, caffeine displays beneficial ef-
fects against an ethanol challenge (i.e., systemic stimuli) concerning
alveolar bone remodeling. In contrast to other skeletal bone that

originates in the mesoderm, alveolar bone is derived primarily from the
neuroectoderm [62]. This embryologic difference confers to alveolar
bone a dynamic metabolism and a different response to nutrition or
bone toxic stimuli [63].

We also directed experimental efforts to investigate the most likely
mechanism operated by caffeine to afford the observed protection of
the integrity of alveolar bone upon exposure to ethanol. The principal
mechanism of action of caffeine, especially at low doses, consists of the
antagonism of adenosine receptors [38,47]. Furthermore, it is well
documented that inflammatory processes underlie periodontal disease,
which can be modulated by the purinergic system [22–24]. Among
these adenosine receptors, adenosine A2A receptors (A2AR) have been
particularly involved in the control of inflammatory processes [64] and
although the impact of ethanol on A2AR expression in periodontal tis-
sues remains unknown, the expression of A2AR has been shown in
chronic periodontitis [30]. Thus, we now hypothesized that caffeine
intake could attenuate alveolar bone damage induced by ethanol binge
drinking in adolescent rats through an antagonism of A2AR controlling
inflammation. To test if A2AR were responsible for the effects of caf-
feine, we would expect that the selective blockade of A2AR using a
potent and selective antagonist, SCH58261, should afford the same
beneficial effects of caffeine against ethanol-induced deterioration of
alveolar bone. We failed to demonstrate this hypothesis, since a pre-
viously validated effective dose of SCH58261 (reviewed in [49]) did not
mimic the protective effect of caffeine

It is noteworthy that the A2AR antagonist did not increase the al-
veolar bone loss elicited by ethanol intake, which also speaks against a
putative beneficial role of the A2AR pathway on ethanol-induced peri-
odontal disease during adolescence. In addition, SCH58261 per se ad-
ministration reduced solely trabecular thickness, with no repercussion
on alveolar bone mass.

Although the exact contribution of A2AR-subtype on the pathophy-
siology of oral diseases is not yet well understood, the adenosine
modulation system is still considered as an important target for oral
health (for review see [65]), as best heralded by the benefits now re-
ported for caffeine. Therefore, it can be speculated that other adenosine
receptors, such as A2BR, may play an important role in periodontal
disease elicited by ethanol exposure during adolescence, a hypothesis
that deserves to be further studied.

Fig. 6. Effects of caffeine and the adenosine A2A receptor antagonist (SCH58261) on adolescent binge-like ethanol challenge on the alveolar bone chemical structure
(PO4

3− /AmideI) of female Wistar rats (59-days-old, n = 3 animals/group). Raman spectroscopic analyzes of alveolar bone crest (panel A) in graphs (panel B) or
colorimetric representative (panel C) of the Control group (distilled water; 3 days ON-4 days OFF; 35th to 59th postnatal days); Ethanol group (3.0 g/kg/day; 3 days
on-4 days off; 35th to 59th postnatal days); A2AR antagonist group (SCH58261 0.1 mg/kg/day daily; 38th to 59th postnatal days; Ant); A2AR antagonist plus ethanol
group (SCH58261 0.1 mg/kg/day daily plus binge-like treatment; 38th to 59th postnatal days; Ant + Ethanol); Caffeine group (caffeine 10 mg/kg/day daily; 38th to
59th postnatal days; CAF); and Caffeine plus ethanol group (caffeine plus binge-like treatment; CAF + Ethanol). Values are mean± SEM. No statistical differences at
p< 0.05 using a one-way ANOVA followed by Sidak’s post hoc test.
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5. Conclusion

The present study revealed that ethanol binge drinking during
adolescence causes alveolar bone damage, even in the absence of ex-
perimental periodontitis in rats. In addition, the daily intake of low to
moderate doses of caffeine prevented the harmful effects on alveolar
bone of ethanol binge drinking during adolescence. We also showed
that the beneficial effects of caffeine do not involve adenosine A2AR
antagonism.
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