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Long-term exposure to low doses of aluminum affects mineral
content and microarchitecture of rats alveolar bone
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Abstract
Aluminum (Al) is one of the most found elements in nature in many forms, and human exposure can be quite common.
Therefore, it is important to investigate the effects of exposure to Al mainly at low doses and for a prolonged period, in order
to simulate human exposure in the periodontium, an important structure for support and protection of the teeth. This investigation
aimed to study the aluminum chloride (AlCl3) toxicological effects in the mineral composition and micromorphology of the
alveolar bone of rats. Two groups of eight male Wistar rats were used for the experiment. AlCl3 group was exposed to AlCl3
orally at a dose of 8.3 mg/kg/day for 60 days, while the control group received only distilled water. After that, the mandibles were
collected and submitted to the following analyses: Fourier transform infrared spectroscopy, Raman spectroscopy, and X-ray
microtomography analysis; blood was also collected for determination of Al circulating levels. Our data showed that AlCl3 was
capable of increasing Al circulating levels in blood. It was able to promote changes in the mineral content and triggers significant
changes in the mineralized bonemicrostructure, such as number and thickness of trabeculae, being associated with alveolar bone-
loss.
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Introduction

Widespread presence of aluminum (Al) is well-known, as this
metal is one of the most common elements on Earth, and due
to its high affinity for oxygen and metals, many chemical
compounds can be formed (Kumar and Gill 2014; Goulléa
and Grangeot-Keros 2019). Even though it is very common,
Al does not seem to have any important role in human and
animal biology (Bondy 2016).

Many applications have been attributed to uses of Al in
our society (Chappard et al. 2016). The addition of Al
salts in vaccines to provoke a stronger immune response
and help vaccine dynamic is an adjuvant technique used
over the years all around the world (Gherardi et al. 2016;
Lin et al. 2018; Principi and Esposito 2018). Al is also
used in large scale in transport, construction, packing, and
machine industries (Chappard et al. 2016; Lewis et al.
2014; Nie 2018) due to its high resistance, ductility, and
capacity to conduct energy and heat (Hirshi 2006; Totten
and Mackenzie 2003).
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Moreover, Al is used in food additives (e.g., E173, E523)
(ESFA 2013; Chappard et al. 2016) and in water purification
(Kumar and Gill 2014) bringing the gastric absorption to the
debate. Previous investigation showed that Al is absorbed in all
forms of exposure (Exley 2013; Ligt et al. 2018) and easily enters
the human body by combining the Al ion with other soluble ions
that can be absorbed through the human stomach with daily
exposure (Yokel et al. 2008; Bojórquez-Quintal et al. 2017).

Al exposure can be also associated with environment contam-
ination (Driscoll and Schecher 1990). Rivers and lakes may be
contaminated by Al particles through sediments erosion, mainly
when the pH is favorable. Acid rain is another source of exposure
due to the solubilization of soil minerals with Al content, which
is highly associated with Al and iron (Fe) involvement (Driscoll
and Schecher 1990; Niu 2018).

Studies have already discussedAl toxicity potential associated
with many biological systems damages such as the renal and
central nervous system (Shirley and Lote 2005; Becaria et al.
2006; Sharma et al. 2013; Willhite et al. 2014; Klotz et al.
2017), but little is known about the toxicity of Al in the oral
cavity. Oxidative imbalance and morphological changes in sali-
vary glands had already been observed after Al chronic exposure
in animals (Costa et al. 2014; Souza-Monteiro et al. 2020).
However, there are no studies in the literature involving Al
toxycodynamic and its effects in the periodontium, an important
set of structures in the stomatognathic system.

The alveolar bone (AB) is part of the periodontium and along
with periodontal fibers and cementum provides the structural
support for the teeth (Chu et al. 2014; Goudouri et al. 2017).
AB is a highly mineralized tissue, and its mineral content is
mostly poorly crystalline hydroxyapatite due to the incorporation
of other elements, such as carbonate, zinc, and magnesium ions
(Goudouri et al. 2017). In pathological conditions of the peri-
odontium, the AB loss can occur, leading to tooth loss (Kinane
et al. 2017).

In this perspective, AlCl3 could be used to assess the Al expo-
sure in the alveolar bone of rats at doses that are equivalent to
those considered as a dietary consumption for humans. The dose
was defined in accordance with the Agency for Toxic Substances
and Disease Registry, selecting factor 3 for extrapolation from
human to animal, and it was about 0.16 mg of Al/kg/day
(ATSDR 2006). Our study aimed to analyze the Al exposure
at low dose and long-term experimental model in a structure
inside the oral cavity, AB, as it displays important roles to the
whole stomatognathic system homeostasis.

Material and methods

Biological model

Sixteen male Wistar rats (Rattus norvegicus, 35 days old)
were obtained from the Federal University of Pará (UFPA,

Belém, Brazil), following all the NIH Guide for the Care
and Use of Laboratory Animal, and the study was approved
by Ethics Committee on Experimental Animals of Federal
University of Pará (under license number CEUA-UFPA
5923210617). The animals were maintained in collective
cages with 4 animals each. The animals received water ad
libitum, balanced pelleted food (Presence, Neovia, Brazil),
and were housed under standard conditions (25 °C and 12 h
dark/light cycle). All experimental steps are summarized in
Fig. 1.

Experimental groups and exposure procedure

The animals were divided into control group and intoxicated
group using a simple randomization, each one with eight an-
imals. The intoxicated group received AlCl3 (8.3 mg/kg) with
distilled water as the vehicle by intragastric gavage for 60
days. The dose was set in accordance with the dietary con-
sumption of Al for humans per day (0.16 mg/kg) (ATSDR
2006), and an extrapolation based on the surface body area
was used (for details, see online resource 1) (Reagan-Shaw
et al. 2008; Martinez et al. 2016). The animals were weighted
weekly, and dose adjustment was made when necessary. The
control group received only distilled water following the same
protocol of the exposed group.

Sample collection

After 60 days of exposure, the animals were euthanized
through intraperitoneal injection of 10% ketamine hydrochlo-
ride (90 mg/kg) and 2% xylazine hydrochloride (9 mg/kg).
Blood (5 mL) was collected individually via cardiac puncture
and stored in plastic vials containing the anticoagulant heparin
(one drop to each mL of blood); mandibles were collected and
divided for different analyses. Left hemi mandibles were
stored in − 20 °C refrigerator for mineral content analyses,
and right hemi mandibles were maintained in 4% formol so-
lution for X-ray computed tomography (MicroCT) evaluation.

Blood aluminum concentration

The blood samples were lyophilized with the aid of a freeze-
dryer model L 101 (Liotop, São Carlos, Brazil). The sample
mass was then digested with dilute nitric acid (HNO3) and
hydrogen peroxide (H2O2) in a cavity microwave oven
(START E, Milestone) at 200 °C for 25 min. A volume of
approximately 20 μL of the digested sample was introduced
into the graphite furnace atomic absorption spectrometer for
the quantification of Al. All samples were analyzed in tripli-
cate. The accuracy of the method was evaluated using the
addition and recovery test. Concentrations of 12–20 μg/L
were added in the digested samples, and thus, Al recoveries
were obtained, and the results were expressed in μg/L.
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Sample preparation for physicochemical analyses

A section of 1 mm of the left hemi mandibles was delimited
between the mesial groove and the distal groove of the first
molar crown. Then, the samples were submitted to a low-
speed precision cutter (IsoMet, Buehler), and the section was
ready for the Raman spectroscopy analysis. The remaining
alveolar bone of the first molar was submitted to the Fourier
transform infrared (FTIR) spectroscopy. For this, the samples
were macerated until fine granulation powder was obtained,
and then they were stored in different microtubes.

FTIR spectroscopy applied to bone characterization

As a pre-treatment, the samples were dried at 60 °C for 24 h.
The infrared spectra of the samples were obtained by attenu-
ated total reflectance (ATR), using a spectrometer (Nicolet
iS50 FT-IR, Thermo Scientific, USA) in the spectral region
of 4000–400 cm-1, with 100 scans, and resolution of 4 cm-1.
Data acquisition was performed using the OMNIC software.

Raman spectroscopy

The Raman mapping was performed in the inter-
radicular alveolar bone of the sample in a standard area
(300 × 300μm; equidistant points measured at each 100
μm) by a spectrometer (SENTERRA, Bruker Optics,
Germany),

The quantification of chemical parameters was performed
using XploRA Raman microscope (Horiba, France) in a near
infrared laser (785 nm) with 1200 lines/mm grating. The spec-
tral range investigated was from 300 to 1800 cm-1 with spec-
tral resolution of 4 cm-1. Using an entrance slit of 100 μm and
a confocal hole of 300 μm, the scattered light collected by the
objective was dispersed into the air-cooled CCD array of an

Andor iDus detector. An × 100 objective (NA = 0.9) was used
to focus in the bone surface, as well as a 50% neutral density
filter rendering an incident power in the sample of 5.0 ± 0.4
mW (lasercheck®, Edmund optics).

Each spectrum was obtained by 4 accumulations of 25
seconds each, and an average of 9 measurements was per-
formed for each sample. Spectra analysis has been performed
using the software LabSpec (v5.58.25, Horiba, France), mak-
ing use of a polynomial baseline correction to remove the
background due to fluorescence.

The bands of interest investigated in the Raman analysis
were the symmetric stretching vibration of phosphate (PO4

3-)
at 960 cm-1, symmetric stretching of carbonate at 1070 cm-1,
and the broadband of the collagen related Amide I centered at
1660 cm-1 and 1690 cm-1, and they were determined by fitting
a Voigt profile to the bands (Carden and Morris 2000; Morris
and Mandair 2010). Quantifications of these Raman bands
were used to evaluate the mineral crystallinity, which reflects
the optimal distribution of different crystal sizes and shape,
and it is calculated as the inverse of full-width half-maximal
(FWHM) of the band at 960 cm-1. Mineral-to-matrix ratio is
calculated by dividing the phosphate band by the Amide I
band (1660 cm-1) and indicates the amount of mineral to the
organic matrix. Carbonate-to-phosphate ratio is calculated as
the carbonate band divided by the phosphate band and reflects
the carbonate substitution. Collagen maturity is calculated by
dividing the areas of Amide I band reflecting the reducible and
non-reducible collagen cross-links (Morris andMandair 2010;
Chappard et al. 2018; Khalid et al. 2018).

To graphically represent mineral content, the intensity of
the PO4

3- was used for the assessment of the amount of phos-
phate present in the area. The results were processed to obtain
digitalized images of the phosphate deposition using the
Sigma Plot version 12.0 for Windows software program
(Systat Software Inc., San Jose, CA, USA), being performed

Fig. 1 Methodological steps of
the study. a Description of
experimental groups and
exposure to aluminum chloride
(AlCl3). b After the exposure
period, the animals were
euthanized, and samples were
collected. c Blood collection for
measurement of total aluminum
levels. Spectroscopics analyses
for bone characterization in (d)
and (e). f Microtomographic
evaluation of alveolar bone
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a descriptive analysis of the levels of phosphate present in the
alveolar bone region of the experimental groups through the
intensity of the colors obtained in the images (Balbinot et al.
2019b).

X-ray computed microtomography

Samples were evaluated by X-ray computed microtomography
(MicroCT.SMX-90 CT; Shimadzu Corp., Kyoto, Japan). Each
hemi mandible was mounted in a rotary stage, where images
were taken in a 360° rotation with a 70 kV intensity and 100
mA. The images were then reconstructed in the inspeXio SMX-
90CT software program (Shimadzu Corp., Kyoto, Japan), with
a 14 μm voxel size in images with a 1024 × 1024-pixel reso-
lution and a 14 μm thickness, which resulted in 541 images per
sample.

Measurements were performed in an image software pro-
gram (ImageJ; National Institutes of Health, Bethesda, MD,
USA), where images were used for the assessment of bone
microarchitecture. The measurements were performed by one
trained examiner, which was submitted to an interclass corre-
lation coefficient (ICC) test, prior to the analyses. The analy-
ses were performed in a selected stack of 50 images compris-
ing the first lower molar alveolar bone. An area was standard-
ized to create a region of interest (ROI), considering the inter-
radicular region in the first molar starting from the coronal to
the apical portion with an area of 0.300 mm2.

A color threshold was applied to the segmentation of dif-
ferent grey values in the images considering the differences in
bone and the other structures in the images. Based on these,
the threshold was set in at 120 to 255. Trabecular thickness
(Tb.Th), trabecular spacing (Tb.Sp), trabecular number
(Tb.N), and bone volume in total volume (BV/TV) were mea-
sured with BoneJ plugin (Doube et al. 2010; Fernandes 2014;
Balbinot et al. 2019a).

3D reconstructions of the hemi mandible were obtained
using the RadiAnt DICOM Viewer 5.0.1 (Medixant,
Poznan, Poland) software. The models were settled in a stan-
dard position (i.e., lingual and buccal tooth face visible).
Thereby, the vertical bone loss was measured by the estima-
tion of the cementum-enamel junction (CEJ), and the alveolar
bone crest (ABC) distance was evaluated at six points of the
first inferior molar (i.e., mesiolingual, midlingual,
distolingual, mesiobuccal, midbuccal, distobuccal), calculat-
ing the average of these regions (Dai et al. 2015).

Statistical analyses

Statistical comparison of body weight gains between control
and AlCl3 groups was performed using one-way analysis of
variance (ANOVA). The values obtained from the blood
quantification, Raman spectroscopy, and MicroCT analysis
were plotted on GraphPad Prism 7.0 software (San Diego,

CA, USA) and were submitted to normality evaluation with
the Shapiro-Wilk method and then compared by Student’s t
test with a significance level of p < 0.05. The results were
expressed as percentage of control and mean ± SEM. The test
power was calculated using the difference between the
“groups” averages with the OpenEpi software (Version
2.3.1), considering the type I error of 5% and a power of 80%.

Results

Body weight measurement and Al concentration on
blood

Although an expected increase in body mass was observed
after the 60 days of experiments, no difference was observed
at the final weight between the groups (Fig. 2a). Our results
also showed, after the 60th day of exposure to AlCl3, that
animals exposed to AlCl3 presented a significantly higher Al
concentration in circulating blood (83.24 ± 13.65 μg/L) when
compared to the control animals (13.29 ± 3.52 μg/L) (p =
0.008) (Fig. 2b).

AlCl3 modulates a response in hydroxyapatite crystals
lattice

The FTIR results are illustrated in Fig. 3, where the vibrational
frequency peaks are shown. In a comparative analysis be-
tween the peaks of both experimental groups, the AlCl3 expo-
sure resulted in a different spectra pattern in alveolar bone.
The peaks around 1660 and 1240 cm-1, corresponding to
Amide I (C=O stretch) and Amide III (C-N stretch and N-H
in plane bend), respectively, exhibited a lower absorbance in
the AlCl3 exposed group. About mineral content, in the range
from 1200 to 550 cm-1

, corresponding to phosphate groups
and carbonate peaks (Paschalis et al. 2011), was also observed
a lower absorbance in the AlCl3 exposed group.

AlCl3 exposure changes the nanostructure and
triggers alterations in mineral and inorganic content
of alveolar bone

Our work revealed that Al was able to modulate a response in
the mineral content of the alveolar bone in the furcation region
of the exposed rats, reducing the presence of the phosphate
component, as shown in Fig. 4a and b. Besides that, spatial
distribution graphic, relevant ratios about bone components
were evaluated through Raman spectral data.

The mineral crystallinity increased in AlCl3 exposed bone
when compared to control bone (control, 0.050 ± 0.0003;
AlCl3, 0.058 ± 0.0005; p < 0.0001) (Fig. 4c). In addition,
significant increase of mineral-to-matrix ratio (control, 3.6 ±
0.36; AlCl3, 5.8 ± 0.38; p = 0.0068) and carbonate-to-
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phosphate ratio (control, 0.15 ± 0.019; AlCl3, 0.21 ± 0.006; p
= 0.0267) were observed in AlCl3 samples (Fig. 4d and e,
respectively). The only ratio that did not show significant
difference between experimental groups was the collagen ma-
turity (control, 9.25 ± 2.83; AlCl3, 7.16 ± 2.37; p = 0.5864)
(Fig. 4f).

Aluminum chloride exposure affects alveolar bone
quality by causing damage in the alveolar bone
microarchitecture

In this study, our MicroCT data showed changes in the alveolar
bonemicromorphology of rats exposed to AlCl3 when compared
to non-exposed rats (Fig. 5). Tb.Th showed a significant reduc-
tion in AlCl3 exposed animals (control, 0.22 ± 0.006 mm; AlCl3,
0.20 ± 0.007 mm; p = 0.0463). AlCl3 exposure also promoted
decrease in Tb.N (control, 5.18 ± 0.17 1/mm; AlCl3, 4.59 ± 0.12

1/mm; p= 0.0242) and in BV/TV (control, 0.33 ± 0.02%;AlCl3,
0.21 ± 0.01 %; p = 0.0012) of AB. In the Tb.Sp parameter, a
significant increase was observed in AB after AlCl3 chronic ex-
posure (control, 0.20 ± 0.004 mm; AlCl3, 0.24 ± 0.010 mm; p =
0.0047).

AlCl3-induced toxicity promoted alveolar bone-loss

The results of Fig. 6 show the measurements between the
cementum-enamel junction to alveolar bone crest (CEJ-
ABC). The aluminum exposed group presented increased
values (control, 0.85 ± 0.007 mm; AlCl3, 0.96 ± 0.013 mm;
p < 0.0001) when compared to the control.

All statistical differences mentioned exhibited a power of
the test above of 80%. For all the mean, standard deviation,
standard error of the mean, and test power values of each
analysis, see online resource 2.

Fig. 2 Effects of AlCl3 exposure on body weight and Al blood levels of
rats. a Effects of AlCl3 exposure (8.3 mg/kg/day) during 60 days on body
weight (g) of rats. Results are expressed as mean ± standard error of the
mean. One-way ANOVA and Tukey’s post hoc test. b Effects of AlCl3

exposure (8.3 mg/kg/day) during 60 days on total Al levels in the blood of
rats (μg/L). Results are expressed as mean ± SEM Student’s t test, *p <
0.05

Fig. 3 FTIR spectra of the
experimental samples. Purple
color represents vibrational data
of control group, and red color
represents vibrational data of
AlCl3 group (8.3 mg/kg/day
during 60 days)
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Discussion

Our study showed evidences that AlCl3 exposure, in low
doses and during a chronic period, modulates alterations in
the hydroxyapatite crystals and in the organic content of the
alveolar bone. Changes in the alveolar bone micromorpholo-
gywere observed after the exposure, and AlCl3 aggravated the
spontaneous alveolar bone loss in rats associated with alter-
ations on bone matrix content.

Environmental exposure to Al has been reported and asso-
ciated with Al-induced diseases (Cheng 2016). Since this met-
al is present in a ubiquitous form on Earth, Al exposure is
almost inevitable, and studies towards its effects are necessary
(Nie 2018). Human exposure is a recurrent process as the
metal can be present in the air or soil by natural phenomena,
and it is widely used in the industry (Chappard et al. 2018; Niu
2018). The establishment of the dose used in this study was

made to simulate daily consumption in rats (Carden and
Morris 2000), using the extrapolated dose method based on
differences between rodents and humans.

This allometric calculation took into account the different
weights, metabolisms, body surface areas, and excretion
mechanisms (Reagan-Shaw et al. 2008). Oral gavage was
used to ensure the Al consumption in a precise individually
exposure. The method accuracy was validated as a higher
concentration of Al was seen on exposed animals, without
mortality and significant alterations on weight between the
experimental groups.

The Al main route of elimination is the urine, and studies
already have shown that renal dysfunction is a major issue for
Al accumulation in the body (Salusky et al. 1991; Schifman
and Luevano 2018), and patients with renal insufficiency are
susceptible to anemia and bone diseases (Colomina and Peris-
Sampedro 2017). One of the explanations for this issue is the

Fig. 4 Effects of AlCl3 exposure
(8.3 mg/kg/day) during 60 days
on the organic and inorganic
content of experimental rats
alveolar bone. Colorimetric
graphics (a,b) represent control
group and aluminum group,
respectively. Higher intensities
are represented by red/yellow/
green and blue regions represent
lower or total absence of
phosphate intensity. c Mineral
crystallinity ratio; d mineral-to-
matrix ratio; e carbonate-to-
phosphate ratio, and f collagen
maturity ratio. Results are
expressed as mean ± SEM.
Student’s t test, *p < 0.05
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protein-bind complexes that Al makes in the plasma (Shirley
and Lote 2005). Eighty to ninety percent of the Al in the
plasma bind to proteins, such as transferrin, which affects
the kidneys filterability, and lead to an excess of Al gastroin-
testinal absorption, increased Al blood levels, and further ac-
cumulation of this metal in other systems, mainly the central
nervous system and the bones (Priest 2004; Shirley and Lote
2005; Bondy 2016; Nie 2018; Rodríguez and Mandalunis
2018).

In this case, the high concentration of Al found in blood
(Fig. 1) for the AlCl3 animals could explain the damage in
bone structure in this group. The bone accumulation can hap-
pen as Al, after its absorption on the body, is able to bind to

phosphate groups in the hydroxyapatite crystals (Chappard
et al. 2016). In bone tissue, AlCl3 can disturb the calcium
and phosphorus metabolism process and decrease the bone
mineral density, promoting an imbalance in the bone homeo-
stasis (Li et al. 2011). Studies showed that AlCl3 inactivated
Wnt/β-catenin signaling pathway, causing bone cells apopto-
sis and a bone formation reduction (Sun et al. 2015, 2017).
However, reports about the effects in alveolar bone are few.

AB is a highly mineralized and trabecular bone, and al-
though it is only a small percentage of tissue situated sur-
rounding the teeth, it displays a fundamental role dissipating
the chewing forces to the rest of the jaw (Zhou et al. 2018).
The local occlusion and orthodontic movement and also

Fig. 5 Effects of AlCl3 exposure (8.3 mg/kg/day) during 60 days on the
alveolar bone quality of rats. In (a) and (b), sagittal and coronal slices of
the animals hemi-mandibles with the region of interest to
microarchitecture parameters analyze in blue. In (c) and (d), a

representative sample of the control group, and in (e) and (f) a represen-
tative sample of the aluminum group. g Trabecular thickness (mm); h
trabecular number (1/mm); i trabecular spacing (mm); and j bone volume
(%). Results are expressed as mean ± SEM. Student’s t test, *p < 0.05
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systemic factors as hormones and nutrition interfere with the
AB remodeling (Krishnan 2006; Zhou et al. 2018). Pathologic
features, as periodontitis and osteoporosis, can cause damage
related to alveolar bone loss, disrupting not only bone health
but also teeth health (Zhou et al. 2018). In this study, the
presence of increased concentrations of Al in the animals’
blood was related to damage in both composition and micro-
structure of alveolar bone.

Studies have claimed that Al can affect osteoblasts activity
and bone mineralization in the trabecular bone of rats
(Rodriguez et al. 1990; Cointry et al. 2005; Yang et al.
2018). Alveolar bone loss has been reported after chronic Al
exposure associated to high levels of Al deposited in the alve-
olar bone (Ferreira et al. 2019). This study corroborates our
data, although different doses were used. Our findings are the
first to demonstrate changes in the alveolar bone content
caused by a dose analogous to human consumption, using
vibrational techniques.

Vibrational spectroscopy techniques (infrared and Raman)
are interesting tools and have been widely used to characterize
bone matrix since its organic and inorganic components

present affinity to infrared radiation and scattering of light
(Boskey andMendelsohn 2005; Imbert et al. 2018), providing
quantitative and qualitative information about the tissue com-
ponents and about the mineralization state (Paschalis et al.
2011). FTIR spectroscopy is based upon the absorption of
infrared radiation inducing molecules vibrational modes, and
those infrared bands can provide information about changes in
the spatial distribution of mineral and matrix properties of the
samples. It can be used for diagnosing bone diseases related to
the bone strength (Nyquist 1997; Turunen et al. 2016).

Our data showed a decrease in different absorbance regions
on the average AlCl3 sample spectral. The regions corre-
sponding to phosphate (1100 to 550 cm-1) groups and carbon-
ate (870 cm-1) showed a smaller absorbance in the AlCl3 sam-
ples. A decrease in absorbance of those regions was already
showed in stress fractured bone (Mata-Miranda et al. 2019).
FTIR data also showed a decreased absorbance in the Amide
wavelengths (1700 to 1200 cm-1) that are related to collagen.
Alterations on the collagen content can also affect the mechan-
ical bone properties, and it may enhance the susceptibility of
fractures (Mata-Miranda et al. 2019). As described above, the

Fig. 6 Effects of AlCl3 exposure
(8.3 mg/kg/day) during 60 days
on the alveolar bone-loss of rats.
In (a) and (b), three-dimensional
representative images of control
and aluminum experimental
groups, respectively. In (c),
cementum-enamel junction to al-
veolar bone crest measured dis-
tance (CEJ-ABC distance in mm)
of control and AlCl3 animals.
Results are expressed as mean ±
SEM. Student’s t test, *p < 0.05.
Scale bar = 1 mm
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mineral content could be impaired by the presence of AlCl3.
The imbalance between inorganic and organic content in bone
tissue may affect the microstructure and function of bone
tissue.

Similar to the FTIR analysis, Raman spectroscopy can as-
sess bone quality, but now, the samples are submitted to
monochromatic laser light that is inelastically scattered, pro-
viding vibrational information of bone biological components
(Carden and Morris 2000; Morris and Mandair 2010; Khalid
et al. 2018). Raman assessment of bone quality can be used as
compositional measure about mineral and collagen state,
which implies information about strength and mechanical
properties (Morris and Mandair 2010). In our study, mineral
crystallinity increased in AlCl3 exposed bone when compared
to the control bone. Crystallinity depends on the perfection,
size, and strain of the apatite crystalline domains (Farlay et al.
2010). Thereby, variations in crystal dimensions affect bone
quality by inducing micro-strain within the apatite lattice [34],
and increase of crystallinity is seen in skeletal fluorosis
(Roschger 1997) and osteoporotic bone (Boskey et al. 2005;
Orkoula 2012).

Carbonate substitutions are common as bone mineralize with
the time (Akkus et al. 2004). Those substitutions happen when
CO3

2- substitute for OH- (type A) or PO4
3- (type B) in apatite

lattice (Paschalis et al. 2011; Figueiredo et al. 2012) phosphate
in osteoporotic (McCreadie et al. 2006), infected (Khalid et al.
2018), and fractured (Mata-Miranda et al. 2019) bone was
shown. Our results suggest that type B carbonate substitution
is enhanced after AlCl3 chronic exposure, leading to a decrease
of AB strength. In Fig. 4b, a decrease observed in exposed AB
phosphate levels enhances the loss of phosphate occurrence.

Nanostructure mineral disruptions are intrinsically affiliat-
ed with a microscope scale configuration of bone structure
(Busse et al. 2013). AB shows a highly mineralized and dense
bone mass with large thickness and reduced separation be-
tween trabeculae (Zhou et al. 2018). Our MicroCT data
showed statistically significantly alterations in exposed sam-
ples. Bone mass undergoes a big loss of volume with reduced
thickness and number of trabeculae and an increase of trabec-
ula separation after AlCl3 exposure. Such microarchitecture
changes highlight the damage caused by the metal toxicity
in the bone physical properties.

Alterations in trabeculae parameters and a longer CEJ-ABC
distance were already observed in rats with ovariectomy and
induced periodontitis (Dai et al. 2015). Our data agrees with
the findings previously described, as the animals exposed to
AlCl3 also showed a longer CEJ-ABC distance when compared
to the control animals, suggesting a worse alveolar bone loss. In
periodontology, the alveolar bone loss is an important clinical
parameter to evaluate the oral health (Rawlani et al. 2011).

In the literature, alveolar bone loss can be associated to
changes in bone metabolism (Dai et al. 2015). Deterioration
in bone structure was associated with an increase of mineral-

to-matrix ratio and a type B carbonate substitution, which
promoted changes in tissue-level mechanical properties of
bone aggravating with age (Akkus et al. 2004; Busse et al.
2013; Imbert et al. 2014). Our results are in agreement with
those bone metabolism changes, and the alveolar bone loss as
an outcome of the Al bone homeostasis disruption can be seen
in Fig. 6.

The results of the present study reveal new and interesting
findings enlightening aspects in the relationship between alu-
minum exposure and alveolar bone damage. The high level of
Al in the organism is able to promote physical changes in bone
components, resulting in microarchitecture conformation
changes and alveolar bone loss. Future investigations about
mechanical strength bone properties and histological studies
showing the cells’ behavior with Al intoxication are needed.
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