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Abstract: The objective of the present study was to investigate the effects of chronic lead exposure
on the mineral properties of alveolar bone. For this purpose, female Wistar rats (1 = 8) were exposed
to 1000 ppm lead acetate in drinking water for 90 days, while the control group (1 = 5) was treated
with sodium acetate. The alveolar bone structure and chemical composition of the dissected man-
dibles were examined using micro-computed tomography (micro-CT), scanning electron micros-
copy (SEM), inductively coupled plasma optical emission spectrometry (ICP-OES), attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR), and X-ray diffraction (XRD) tech-
niques to determine possible alterations in alveolar bone due to lead exposure. In addition, changes
in bone mechanical properties were analysed using a three-point bending test. Exposure to lead
induced notable changes in bone mineralization and properties, specifically a reduction of the tra-
becular thickness and bone mineral density. Furthermore, there was a reduction in carbonate con-
tent and an increase in bone mineral crystallinity. These changes in bone mineralization could be
explained by an alteration in bone turnover due to lead exposure. Three-point bending showed a
trend of decreased displacement at failure in the mandibles of lead-exposed rats, which could com-
promise the mechanical stability and normal development of the dentition.

Keywords: lead intoxication; alveolar process; bone mineralization; trabecular morphology; apatite
crystallinity; mechanical properties

1. Introduction

Alveolar bone is the part of the mandible that anchors and supports the teeth to the
cementum via the periodontal ligament. This bone is a vascularized tissue formed by pre-
dominantly cancellous bone in the inner region surrounded by cortical bone in the outer
layer [1]. Similar to other bones in the skeleton, alveolar bone is a highly mineralized tis-
sue that consists of 60% inorganic phase in the form of hydroxyapatite crystals, 25% or-
ganic matrix (predominantly collagen type I), and 15% water [2]. Bone is a living tissue
that plays an essential role in many metabolic processes, such as serving as an ion reser-
voir and absorbing and releasing elements needed for several cell functions [3]. Moreover,
bone is a highly dynamic structure, continually forming and resorbing (i.e., bone turno-
ver) in response to changing functional requirements and physiological conditions. The
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mineral composition of bone is close to hydroxyapatite, Cai(PO4)s(OH)2, but bone also
incorporates many impurities, such as carbonate, sodium, zinc, and magnesium ions [4].
This lack of stoichiometry in biologically controlled precipitation causes bone apatite to
have a high resorption rate, enabling bone remodelling processes. Bone metabolism is
highly regulated by the organism, though it can be altered by several genetic factors, dis-
ease, nutrition, and environmental conditions such as exposure to pollutants.

Lead exposure has been associated with several bone mineral alteration

s and defective skeletal growth processes [5,6]. Due to its accumulative effect, 90%—
95% of the total lead in the body is stored in the mineralized tissues (teeth and bones)
because of its ability to substitute other divalent cations in the hydroxyapatite lattice, such
as calcium, magnesium, and iron. Lead can directly affect the mechanisms of bone miner-
alization by interfering with the activity of osteoclasts and osteoblasts, but it can also in-
directly affect these mechanisms by damaging organs (e.g., the kidneys) involved in cal-
cium homeostasis [6]. The severe inhibition of calcium assimilation elicited by lead poi-
soning, together with the metabolic imbalances it causes, may lead to the development of
different bone pathologies, such as osteoporosis [7,8]. These compositional and structural
alterations have a direct influence on the bone mechanical properties, reducing their hard-
ness and resistance to external stress and compromising their physiological function. Sev-
eral studies have shown the toxic effects of lead exposure in bone mineralization by ana-
lysing its properties at different scales [5,9-11]. Many analytical techniques are available
to assess mineral properties related to chemical composition (e.g., Fourier transform in-
frared and Raman spectroscopies) and microstructural characteristics (e.g., X-ray diffrac-
tion and electron microscopies) in bone health and disease [12-15]. Likewise, other tech-
niques based on computerized tomography enable the study of the morphological prop-
erties of bone tissue (trabecular/cortical area and density) [16]. These techniques provide
detailed information about bone structural organization, chemical composition, and min-
eral crystallinity, which provide critical contributions to bone properties (e.g., mechanical
characteristics). To date, few studies have attempted to study the toxic effects of lead ex-
posure on the alveolar bone, particularly the effects on bone properties at different scales.

The objective of the current research was to investigate the effects of chronic lead
exposure on alveolar mineralization properties in the mandibles of rats. For this purpose,
we employed the complementary analytical techniques of micro-tomography (micro-CT),
scanning electron microscopy (SEM), optical emission spectroscopy (ICP-OES), attenu-
ated total reflection infrared spectroscopy (Fourier transform infrared spectroscopy, ATR-
FTIR), and X-ray diffraction (XRD) to carry out a comprehensive analysis of the alveolar
bone structure and chemical properties. The study of the alterations due to lead exposure
in the alveolar bone is important to evaluate the impact it may have on the development
of the dentition and the mechanical response of the mandible. Furthermore, knowledge
about the toxic effects of lead on different types of bones can improve the understanding
of the development of bone diseases and dysfunctions.

2. Materials and Methods
2.1. Animals and Experimental Design

Protocols were approved by the Institutional Animal Care and Use Committee (no.
11/06/2012-23) of the Faculty of Dentistry, University of Buenos Aires (Argentina). Thir-
teen female Wistar rats (21 days old) from the animal facility of the Faculty of Pharmacy
and Biochemistry (UBA, Argentina) were kept individually in stainless-steel cages and
maintained under local vivarium conditions (22-23 °C, 12/12 h light/dark cycles). All ani-
mals were allowed free access to tap water (Pb <0.005 ppm) and a standard pelleted chow
diet (Pb-free) in accordance with international guidelines and standard ISO and WHO
references. Rats were randomly divided into an exposure group (Pb) of 8 animals and a
control group (C) of 5 animals. Pb intoxication was induced through the administration
of 1000 ppm of lead acetate in tap water for 90 days [17]. This level of intoxication was
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intentionally used to enable the creation of a model to evaluate Pb exchange between body
compartments, particularly in bone tissue. The rate of lead exposure was approximately
21 mg Pb/day per animal, considering the average daily water intake of rats. To estimate
how much lead was absorbed, lead content in the blood was analysed using an atomic
absorption spectrophotometer. The animals of the control group received sodium acetate
added to tap water during the same period. Rats were euthanized by unconscious decapi-
tation and mandibles were properly dissected, cleaned from soft tissue, and stored at 20 °C
until analyses. All animals were treated in accordance with the National Institutes of
Health guidelines for the care and use of laboratory animals.

In order to identify the suitability of samples for further analysis, mandibles were
inspected under an optical microscope to confirm the absence of microcracks or fractures
before micro-CT, SEM, and mechanical testing. Subsequently, mandibles were sectioned
and the alveolar bone was removed using an osteotome. Figure 1 shows a Wistar rat man-
dible with the reference directions highlighted. The methodology is described below ac-
cording to the order of the techniques employed.

.:' Buccal plane -

5mm

Figure 1. Mandible from a Wistar rat, control group specimen. M2, 2nd molar; loading point for the
three-point bending test. Buccal and lingual planes are shown for reference.

2.2. Micro-CT Analyses

Micro-CT analyses of the right mandible were performed using a high-resolution mi-
crocomputed tomograph Skyscan CT-1174 (Skyscan, Bruker, Kontich, Belgium). The X-
ray source was set at 50 kV and 800 mA, with a pixel size of 17 um. For each specimen,
465 projection images were acquired over an angular range of 180° (angular step of 0.40°).
Flat field correction was performed at the beginning of each scan. Due to the irregular
alveolar bone morphology, the region of interest (ROI) was interactively delimited in each
of the images for microarchitectural measurements. For the trabecular region, a total of
150 consecutive slices were selected, and adaptive grayscale threshold levels ranging from
78 to 250 were used. The image slices were reconstructed using the reconstruction soft-
ware NRecon (Skyscan, Bruker, Kontich, Belgium). Morphometric analysis was based on
the 2D and 3D internal CTAn plug-ins. After ROI determination, the images were con-
verted for three-dimensional calculation. The following microarchitectural parameters
were assessed: total volume (TV, mm3), bone volume (BV, mm?3), bone volume/total tissue
volume (BV/TV, %), apparent bone mineral density (BMD, mg/cm?), trabecular thickness
(Tb.Th, mm), trabecular separation (Tb.Sp, mm), trabecular number (Tb.N, mm), and
connectivity density (Conn.Dn, 1/mm?). A detailed description of the parameters em-
ployed here is described elsewhere [16,18].

2.3. Scanning Electron Microscopy (SEM)

The buccal axial planes of the mandibles were sequentially flattened with SiC papers
(180-, 320-, 600-, 800-, and 1000-grit) and then polished with 1- and 0.3-um aluminium
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oxide pastes. After polishing, the specimens were cleaned by ultrasonication with deion-
ized water, air dried, and coated with Au (10-nm thick coating) using ion sputtering
equipment. Electron microscope imaging was carried out using a field emission scanning
electron microscope (JEOL JSM-7000F, Peabody, MA, USA) housed at the Alabama Ana-
lytical Research Center (AARC) of the University of Alabama, operated under a 2.0 x 10*
Pa vacuum at 20 kV voltage and a 10 mA current.

2.4. Three-Point Bending Test

The flexural strength was determined by a mechanical test machine (model 3345, In-
stron Co., Canton, MA, USA) using a 500 N load cell with a span length of 4.0 mm between
points and a loading speed of 1 mm/min until sample fracture. The mandible was placed
lingual side up, and the central loading point was aligned at the second molar midpoint
(see reference loading point in Figure 1). To characterize the mechanical properties of the
samples, the flexural strength (MPa, load applied) and extension by compression (mm,
total movement of the load from the moment of contact with the surface until bone frac-
ture) were determined at the moment of fracture.

2.5. Elemental Analyses

After the previously mentioned analyses, alveolar bone was removed using an osteo-
tome and pulverized using a ball mill (Pulverisette 23, Fritsch, Idar-Oberstein, Germany).
An aliquot of 30 mg powdered bone sample was dissolved in 1 mL of a solution of 70%
HNO:; for 24 h, followed by 1 mL of a solution of 30% H,O, for 24 h, at room temperature.
After digestion, 8 mL of Milli-Q water was added, and the solution was filtered. Calcium,
phosphorus, and lead concentrations (in dry weight) were measured by an ICP-OES spec-
trometer (Optima 8300 Perkin Elmer, Waltham, MA, USA). The precision was higher than

1 ppm.

2.6. Attenuated Total Reflectance Infrared Spectrometry Analyses

Bone powdered samples were analysed by ATR-FTIR with a JASCO 6200 spectrometer
equipped with a diamond crystal window (Pro ONE, JASCO, Japan). The ATR-FTIR spectra
of powdered bone samples were recorded from 600 to 4000 cm™' in absorbance mode at a
1 cm™ resolution over 124 scans. The relative amounts of water, protein (mainly collagen),
and phosphate and carbonate groups (i.e., mineral components) were determined from
the corresponding peak areas of the absorption bands related to the characteristic molec-
ular groups [12]. Overlapping peaks were resolved using the second derivative method,
and the integrated areas were measured using curve fitting software (JASCO Spectra
Manager, PeakFit v4.11). From the peak area measurements, the following compositional
parameters were determined to quantitatively assess the bone mineral composition and
crystallinity index parameters: (1) degree of mineralization, corresponding to the relative
amount of mineral to organic matrix (PO4/Amide I), determined as the ratio of the main
phosphate (v1, v3 PO4; 900-1200 cm™) to Amide I band area (15901710 cm™) [12]; (2) car-
bonate to phosphate in the mineral, determined as the ratio between the main carbonate
band (vs COs; 1405 cm™) to the main phosphate band area (900-1200 cm™) [19,20]; and (3)
crystallinity Index (CI), calculated from the 1, v3 POs phosphate sub-band areas, deter-
mined as the ratio between 1030 cm™ (high crystalline apatite phosphates) and 1020 cm™!
(poorly crystalline apatite phosphates) [21].

2.7. X-ray Diffraction Analyses

The X-ray diffraction pattern was obtained by using a powder diffractometer (X'Pert
Pro, PANalytical, Almelo, The Netherlands) with CuKa radiation produced at 40 mA and
45 kV. The scans were acquired between 20° and 75° (26 values) with a step of 0.0042° and
a counting time of 5.08 s per step. The average crystallite size (d) of the apatite-bone crys-
tals was calculated from the (002) diffraction peak (apatite c-axis direction) by the Scherrer
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equation [22]: do» = K A/B cos 0; where K is the broadening constant varying with crystal
habit (chosen K = 0.9) [23], A is the wavelength of CuKa radiation (A = 1.5406 A), B is the
full width at half maximum (FWHM) for the (002) diffraction peak in radians, and 0 is the
corresponding diffraction angle. The width of a specific diffraction line represents a meas-
ure of the average coherent crystal size domains, employed as a crystallinity index for the
apatite bone crystals. Crystallite size (d) was expressed in Angstrom units (A). XPowder
software was used to determine the XRD measurements.

2.8. Statistical Analyses

Bone mineral parameters were expressed as means + standard error. The normal dis-
tribution and homogeneity of variances were verified by Shapiro-Wilk and Levene’s tests.
Differences between groups were assessed by parametric Student’s t-tests. For data that
were not normally distributed (i.e., Tb.Th and bend displacement), comparisons between
groups were performed by non-parametric Mann Whitney U tests. Differences were con-
sidered significant at p < 0.05. Statistical analyses were performed using the SPSS 24.0
(SPSS Inc., Chicago, IL, USA) software package.

3. Results
3.1. Micro-Architectural Characteristics

Figure 2 displays micro-CT images (transversal-left and sagittal-right sections)
showing the changes in the trabecular bone distribution in the alveolar region of rat man-
dibles from the control and lead-exposed groups. Micro-CT images of the lead-exposed
(Figure 2: upper images) group showed a marked loss of trabecular bone distribution
compared with those of the control group (Figure 2: lower images).

Figure 2. Micro-CT images showing the changes in alveolar bone in rat mandibles (transversal and
sagittal sections) in the control (upper images) and lead exposure (lower images) groups. <L; direc-
tion for the mechanical load (three-point bending test). Scale bars: 1 mm.
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The scanning electron images show the trabecular distribution of alveolar bone in the
control and lead-exposed groups (Figure 3). These images display the bone structure of
the mandible and the enlarged view of the first molar inter-radicular region. A relative
decrease in trabecular bone distribution and higher porosity were observed in the lead-
exposed group compared with the control group.

Figure 3. Scanning electron micrographs (SEM) showing the microstructural changes of alveolar
bone in buccal axial cross-sections of rat mandibles in the control (upper row images) and lead-
exposed (lower row images) groups. Scale bars: 1 mm.

The bone micro-architectural parameters obtained by micro-CT analyses are reported
in Table 1. Trabecular parameters in the alveolar bone from lead-exposed rats showed a
significant decrease in the bone volume (BV; p = 0.019), ratio of bone volume/total volume
tissue (BV/TV; p = 0.028), and bone mineral density (BMD; p = 0.014) compared with the
control group. In addition, a significantly higher number of trabeculae was observed in
the control group (Tb.N; p = 0.045), although no significant differences in trabecular sepa-
ration and thickness or connectivity density were observed between groups.

Table 1. Bone trabecular micro-architectural parameters obtained by micro-CT from rat mandibles
in the chronic lead exposure (n = 8) and control (n = 5) groups. Values are expressed as means *
S.E.M. (N.S. = not significant).

Control Lead p Value
TV (mm?3) 24173 * 2.065 17.546 * 2223 N.S.
BV (mm?) 11.189 + 1.279 6.427 + 0.995 0.019
BV/TV (%) 46.056 + 3.030 35.945 + 2.394 0.028
BMD (mg/cm?3) 114260 = 7.68 1093.01 * 12.49 0.014
Tb.Th (mm) 0.111 + 0.005 0.102 + 0.004 N.S.
Tb.Sp (mm) 0.247 * 0.0167 0.227 * 0.0139 N.S.
Tb.N (1/mm) 4.128 + 0.206 3.504 + 0.168 0.045
Conn.Dn (1/mm?3) 157.07 * 30.26 138.54 + 18.85 N.S.
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3.2. Mechanical Properties (Three-Point Bending Test)

The results of the three-point bending test are presented in Table 2. Lead exposure
significantly decreased the displacement at failure in the alveolar region (p = 0.002) com-
pared with the control group. No statistical differences were found for the maximal load
resistance, although the mean was slightly higher in the lead exposure group.

Table 2. Three-point bending test in rat mandibles in the chronic lead exposure (1 = 8) and control
(n=5) groups. Values are expressed as means + S.E.M. (N.S. = not significant).

Control Lead p Value
Bend displacement (mm) 2.28 + 0.20 1.30 + 0.15 0.008
Maximal bending Load (N) 85.90 + 2.25 87.04 + 5.28 N.S.

3.3. Bone Mineral Composition

Bone mineral compositional parameters obtained by the ICP-OES and ATR-FTIR
analyses are presented in Table 3. Bone elemental results from ICP-OES indicated that the
administered lead was deposited in the rat mandibles in significant loads (1.33 + 0.08
tg/g). This result was expected, since blood lead levels reached a concentration of 40.56 +
5.86 ug/dL in the lead-exposed group, versus 1.65 + 0.59 pg/dL in the control group. The
contents of Ca and P elements, as well as the Ca/P ratio, showed similar values between
groups. On the other hand, the alveolar bone mineral in the control group had a higher
carbonate content than the bone of the lead exposure group (p = 0.004), as determined by
the ATR-FTIR analyses.

Table 3. Bone chemical parameters measured by ICP-OES and ATR-FTIR analyses of rat mandibles
in the chronic lead exposure (n = 8) and control groups (n = 5). Values are expressed as means *
S.E.M (L.O.D. = limits of detection, N.S. = not significant).

Control Lead p Value
ICP-OES analyses
Pb ug/g L.O.D 133 =+ 0.08

Ca (% d.w.) 2426 094 2425 = 0.12 N.S.

P (% d.w.) 11.06 =+ 4.26 11.03 =+ 1.47 N.S.

Ca/P 2.20 * 0.04 219 =+ 0.01 N.S.
ATR-FTIR analyses

Degree mineralization 3.96 * 0.12 414 =+ 0.11 N.S.

Carbonate in bone mineral 0.31 * 0.008 028 =+ 0.006 0.004

Crystallinity index 0.71 * 0.01 076 =+ 0.03 N.S.

3.4. Crystalline Properties

The alveolar bone mineral crystallinity, measured as apatite crystallite size, is pre-
sented in Figure 4. Alveolar bone from the lead exposure group showed a significantly
increased crystallite size (172 + 2.5 A) compared with the control group (150 + 8.3 A; p =
0.011).
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Figure 4. Crystallite size measurements of apatite crystals in the alveolar bone of the control (1 = 5)
and lead exposure (1 = 8) groups. Values (A) are expressed as means + S.E.M. Asterisk indicates
statistical differences between groups (p < 0.05).

4. Discussion

Lead exposure is related to various defective skeletal growth processes and bone
mineral disturbances, ultimately leading to bone diseases such as osteoporosis. Many
studies have shown the potential impact of lead poisoning on bone mineralization, espe-
cially in long bones [5,11,24]. However, few studies have assessed the specific effects of
lead exposure on alveolar bone mineralization. The current study demonstrated that
chronic lead exposure altered alveolar bone characteristics not only at the morphological
level but also in its mineral chemistry and crystalline properties. These alterations in the
trabecular morphology, microstructure, and mineral composition are all critical factors for
bone material quality, as they affect the mechanical properties of bone tissue.

Previous studies have shown that lead exposure can reduce mineral density and
modify bone mineral and matrix composition due to an increased rate of bone turnover
[10]. Chemical alteration in bone apatite may also affect various physiological processes
related to lead toxicity [6,25]. Alveolar bone shows a high rate of bone resorption and re-
deposition, as its formation is closely linked to the development of each new tooth [26]. In
our study, the observed decrease in carbonate content and greater crystallinity in alveolar
bone mineral in rats in the lead-exposed group suggest an alteration in bone turnover rate.
Newly deposited bone mineral is characterized by low crystallinity and high carbonate
content of apatite crystals. As bone mineral matures, its carbonate content decreases as its
crystallinity increases [19,27]. Thus, these results may also indicate that lead exposure pro-
duced a reduction in bone resorption, which can impair new bone mineral formation, as
well as an increased bone tissue age and bone mineral maturation. This alteration can also
prevent new apatite crystal formation, resulting in a population containing a higher pro-
portion of larger crystals (i.e., higher crystallite size). These crystalline characteristics de-
termine other critical properties of bone mineral (e.g., solubility rates and orientation de-
gree of collagen fibrils). Previous studies reported that lead can substitute calcium in the
hydroxyapatite crystal, forming a lead apatite structure [28,29]. The Ca?* ionic substitution
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by other divalent cations (e.g., Pb>) in the HAp crystal lattice also affects the crystalliza-
tion kinetics and thermodynamics and, consequently, the stability of the mineral under
biological conditions [30]. In the current study, chronic exposure to lead was associated
with an accumulation of the Pb cation in the HAp crystals, provoking a significant altera-
tion in the crystallinity properties observed by X-ray diffraction, expressed as an increase
in crystallite size. Previous research observed that lead apatite has larger cell parameters
(e.g., increased c-axis dimension) than analogous calcium compounds [31], as evidenced
by the larger ionic radius of Pb? (1.37 A) versus Ca?*(1.20 A). These observations suggest
that there is a subtle difference in the apatite microstructure (i.e., crystal size domains)
influence of calcium to lead substitution on bone mineral, which can be attributed to the
alteration in the stereochemical activity caused by the effects of lead exposure.

Micro-CT analyses allow the study of morphological changes at the micro-architec-
tural level in bone health and disease [32]. Here, we focused on the characterization of the
trabecular organization in the alveolar bone region, as it constitutes the main structure in
this specific non-weight bearing bone [1]. Moreover, alveolar bone is clinically quite im-
portant, as it represents the most metabolically active type of bone involved in dentition
development [2]. The micro-CT results in the current research showed a significant de-
crease in the bone mineral density (BMD) and bone volume to tissue volume ratio (BV/TV)
in the trabecular bone of lead-exposed rats compared with the control group. SEM images
also confirmed this impairment in the trabecular structure of the alveolar bone. These ob-
servations showed higher porosity and a decrease in trabecular density in the lead-ex-
posed group, particularly in the inter-radicular region of the mandibular molars. Previous
studies showed the effect of lead exposure on decreased bone density in both cortical and
trabecular bone in rat femurs [10,33]. These effects indicate a similar mechanism of bone
maturation normally associated with osteoporosis [34,35]. In fact, the decrease of the tra-
becular microarchitecture characteristics in alveolar bone has been related to increased
incidence of osteoporosis and risk of fractures [35-37]. Furthermore, the trabecular bone
in the alveolar region showed a decrease in the number of trabeculae in the lead exposure
group. Similar alterations have been reported in osteoporosis, in which a marked reduc-
tion of the trabecular bone volume, as well as a reduction in the thickness and number of
trabecular, was observed [32,38]. The process of bone remodelling comprises a number of
cellular events in which trabecular sites, due to their high surface-to-volume ratio, were
more commonly affected by the dysregulation in bone turnover processes [39]. The alter-
ation of the bone metabolism caused by lead exposure [6,40] may be related to the deteri-
oration of the trabecular characteristics in alveolar bone, which resembles bone mineral
loss [33]. Moreover, mineral alterations in the alveolar region are associated with a phys-
iological disorder that can lead to a structural disorder with important mechanical impli-
cations.

Bone mechanical properties are largely influenced by the intrinsic characteristics of
their components and the quantity and spatial distribution of the mineralized structure
[41]. Previous research has shown a decrease in maximum and failure moments in rat
femurs exposed to lead compared with controls [10,24]. Additionally, published research
from our laboratory showed reduced biomechanical properties of the mandibles of rats
exposed to lead for 90 days, mainly due to an impaired geometrical distribution of the
bone and poorer material properties [42,43]. From a mechanical point of view, bone
strength depends mainly on the amount of bone mineral content and the arrangement of
the trabeculae [44]. It has been previously stated that lead exposure is capable of reducing
the quality of trabecular bone (i.e., decreased BMD), directly affecting its ability to support
mechanical stress, which was corroborated by the results obtained from the three-point
bending test. Our mechanical analyses showed less flexibility (i.e., bending displacement)
to failure in the alveolar region of the mandibles from rats exposed to lead. Thus, as a
result of the reduced structural characteristics of the trabeculae (e.g., trabecular thickness
and number of trabeculae), the bone becomes brittle, with a decrease in the extension to
the point of fracture and the flexural strength [36,45]. These observations are consistent
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with our previous suggestion of an osteoporotic characteristic of bone alterations due to
lead exposure [37]. In addition, the mechanical integrity of the mandibles may be also
related to the mineral compositional and microstructural properties of the bone (i.e., car-
bonate mineral content and crystallite size), as discussed above.

Numerous studies have demonstrated the association between lead exposure and
bone mineral disorders, including osteopenia and osteoporosis [7,17,46]. Even though the
toxic limit of Pb in the blood is considered to be 10 ug/dL in adults and 5 pg/dL for chil-
dren (according to the Centers for Disease Control and Prevention, Atlanta, USA), values
of blood lead level > 8 ug/dL were correlated with an increased risk of bone fractures in
older women [47]. In our study, the lead exposure group reached blood lead levels of 40.56
+ 5.86 ug/dL, which are considered environmentally relevant exposures and can be ex-
trapolated to human populations living near metallurgical complexes (e.g., populations
inhabiting regions of important mining resources such as La Oroya, Peru) and occupa-
tionally exposed workers, as reported in the United States [48]. At the metabolic level,
lead intoxication can directly and indirectly alter many features of bone cell functions,
disrupting their ability to react to hormonal regulation and/or modifying the circulating
levels of those hormones (particularly 1,25-dihydroxyvitamin D3) that modulate their ac-
tions [46]. In addition, lead exposure may affect calcium homeostasis or substitute at the
active sites of the calcium messenger systems in many physiological regulations [25].
Thus, lead toxicity in bone is related to the various coupled effects produced in the regu-
latory processes of bone turnover mechanisms (i.e., bone remodelling) that ultimately af-
fect the mineral properties of the tissue [40]. In any case, further research is necessary to
obtain information on the altered rate of bone remodelling and mineralization kinetics
associated with chronic lead exposure and abnormalities in alveolar bone. In addition, the
progressive alveolar bone loss in lead exposure has significant dental implications since it
may promote the appearance of periodontal disease [49,50]. These alterations in the bone
mandible structure compromise oral health status, increasing the risk of fracture and af-
fecting the physiological function of the alveolar bone during the development of the den-
tition.

5. Conclusions

This study showed that chronic lead exposure induces alterations in bone mineral com-
position and its crystalline properties in the alveolar bone of rat mandibles. In rats exposed to
lead, there was a reduction in carbonate content and an increase in apatite crystallinity. At the
morphological level, lead exposure induced notable changes in the reduction of trabecular
thickness and bone mineral density. These changes suggest a possible alteration in bone re-
modelling mechanisms that affect the organization of the trabecular architecture and, conse-
quently, the mechanical properties of the mandibles. These disruptions in alveolar bone min-
eralization caused by lead exposure may compromise the maintenance of the mechanical sta-
bility and normal development of the dentition. Lead exposure is likely to remain a major
public health issue, especially in developing countries, where the persistence of this contami-
nant in the environment due to industrialization is still a major concern. Regarding oral health,
ongoing public health initiatives are needed since lead exposure represents a risk for mandib-
ular structure alterations that may result in fractures and inadequate dentition development,
as demonstrated in the current research.
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