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A B S T R A C T

Lead exposure has been associated with several defective skeletal growth processes and bone mineral
alterations. The aim of the present study is to make a more detailed description of the toxic effects of lead
intoxication on bone intrinsic material properties as mineral composition, morphology and
microstructural characteristics. For this purpose, Wistar rats were exposed (n = 12) to 1000 ppm lead
acetate in drinking water for 90 days while control group (n = 8) were treated with sodium acetate.
Femurs were examined using inductively coupled plasma optical emission spectrometry (ICP-OES),
Attenuated Total Reflection Fourier transform infrared spectroscopy (ATR-FTIR), X-ray diffraction (XRD),
and micro-Computed Tomography (mCT). Results showed that femur from the lead-exposed rats had
higher carbonate content in bone mineral and (Ca2+ + Mg2+ + Na+)/P ratio values, although no variations
were observed in crystal maturity and crystallite size. From morphological analyses, lead exposure rats
showed a decreased in trabecular bone surface and distribution while trabecular thickness and cortical
area increased. These overall effects indicate a similar mechanism of bone maturation normally
associated to age-related processes. These responses are correlated with the adverse actions induced by
lead on the processes regulating bone turnover mechanism. This information may explain the
osteoporosis diseases associated to lead intoxication as well as the risk of fracture observed in
populations exposed to this toxicant.
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1. Introduction

Bone is a biological composite formed by a mineral phase,
mainly carbonated apatite, and an organic matrix, mostly collagen.
Bone mineral is hierarchically ordered on a specific spatial
configuration and structure from nanometer to centimeter scale
(Olszta et al., 2007). Bone formation and growth is controlled by a
complex array of feedback processes that depends on several
biological and environmental factors (i.e. exposure to toxicants). A
number of toxicological studies have demonstrated that bone
tissue is highly sensitive to many types of toxic substances (i.e.,
heavy metals, organochlorine compounds) which affect bone
composition and mineralization, producing specific bone abnor-
malities and pathologies (Álvarez-Lloret et al., 2009; Hodgson
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et al., 2008; Rodríguez-Estival et al., 2013; Rodríguez-Navarro et al.,
2006). Environmental Pb exposure has been associated with
retarded skeletal growth (Berlin et al., 1995). As well, several
studies in laboratory model have also described different
pathological processes in bone tissue due to lead toxicity, as
evidenced by decreased trabecular bone volume and thinner
growth plate cartilage in growing laboratory animals (Conti et al.,
2012b). In addition, Pb intoxication has been also shown to impair
bone biomechanics and structure in ovariectomized rats, suggest-
ing a deleterious effect of the metal in older stages of life (Lee et al.,
2016).

Lead poisoning may exert both direct and indirect actions on
the processes regulating bone turnover mechanisms (Berglund
et al., 2000). These alterations are related to the compatibility of
Pb2+ to substitute Ca2+ in the apatite lattice and, consequently,
altering the homeostasis of calcium in bone metabolism. Moreover,
lead exposure may alter hormonal regulation of organisms and
directly damage bone-cells functions (Berglund et al., 2000).
Previous studies have shown how lead exposure can alter the bone

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tox.2016.11.017&domain=pdf
mailto:pedroalvarez@uniovi.es
http://dx.doi.org/10.1016/j.tox.2016.11.017
http://dx.doi.org/10.1016/j.tox.2016.11.017
http://www.sciencedirect.com/science/journal/0300483X
www.elsevier.com/locate/toxicol


P. Álvarez-Lloret et al. / Toxicology 377 (2017) 64–72 65
mineral composition and affect bone maturation and skeletal
growth (Monir et al., 2010; Rodríguez-Estival et al., 2013).
Furthermore, many researches also demonstrated that increased
lead exposure is also associated with decreased bone mineral
density as well as detrimental bone strength (Escribano et al.,1997;
Ronis et al., 2001). Lead intoxication is known to induce higher risk
of fractures as it affects several biomechanical properties, such as
maximal load supported at fracture and energy absorption
capacity by the whole bone. Additionally, geometrical properties
are also impaired after lead exposure, as reported by a diminished
diaphyseal bone marrow medullar cavity in femur of growing rats
(Conti et al., 2012a, 2012b). As there is an intimate connection
between bone composition and morphology and bone biomechan-
ical properties, the mineral composition should be taken into
consideration when analyzing Pb effects on bone structure. It is
also well known that lead, once absorbed into the body, is mainly
stored (more than 95%) in the mineralized tissues (i.e., teeth and
bones). Moreover, lead accumulation will occur predominately in
trabecular bone during childhood, and in both cortical and
trabecular bone in adulthood (Auf der heide and Wittmers,
1992). Therefore, the effects of lead accumulation in bone can be
expressed in different ways in these regions determining the
diverse response to chronic poisoning.

Although there is a high interest in the study of the metabolic
and physiological alterations caused by lead exposure in organ-
isms, few studies have focused on the detailed analysis of the
changes produced by this exposure in bone tissue at mineral level
and its properties. Several effects have been described on bone
mineralization due to environmental lead exposure in species of
ungulates and birds through different acquisitions and sources
(Álvarez-Lloret et al., 2014; Gangoso et al., 2009; Rodríguez-Estival
et al., 2013). Controlled animal studies have also showed
significant alterations on bone mineralization in lead exposure
in vivo models (Lee et al., 2016; Monir et al., 2010). In this sense,
several analytical techniques are available to study the inorganic
properties of bone tissue that also allow to identified specific toxic
lead effects due to pathological conditions affecting bone
mineralization.

The purpose of this research was to conduct a comprehensive
analysis of the bone mineral composition, morphological and
microstructure characteristics in femurs to study the effects of
chronic lead poisoning in a Wistar rat model. The present study
was designed with the same experimental model as the one
proposed in previously reported studies from our laboratory (Conti
et al., 2012a, 2012b) in which morphological alterations were
observed but the material properties were not deeply investigated.
For this purpose, we have employed a combination of analytical
techniques including: inductively coupled plasma optical emission
spectrometry (ICP-OES), Attenuated Total Reflection Fourier
transform infrared spectroscopy (ATR-FTIR), X-ray diffraction
(XRD), and micro-Computed Tomography (mCT) analyses to fully
characterize bone mineral properties. The combined use of these
techniques can provide detailed compositional and structural
information of bone at different scales. This information may help
us to define the specific mechanisms behind the toxic effects on
bone mineralization provoked by lead exposure.

2. Materials and methods

2.1. Animal treatment and sample preparation

Twenty female Wistar rats aged 21 days from the animal facility
of the Faculty of Pharmacy and Biochemistry, Buenos Aires
University (Argentina), were used throughout the experiments.
They were housed in stainless-steel cages and maintained under
local vivarium conditions (temperature 22–23 �C, 12-h on/off light
cycle). All animals were allowed free access to tap water and a
standard Pb free pelleted chow diet. Tap water quality is in
accordance with international guidelines and standards ISO and
WHO references being the Pb content less than 0.005 ppm. Rats
were randomly divided into 2 groups. Pb intoxication was induced
in 12 animals through administration of 1000 ppm of lead acetate
in the same tap water for 90 days (Hamilton and O'Flaherty, 1994).
Control animals (n = 8) received equivalent acetate, as sodium
acetate, added to the mentioned water. All animals were treated in
accordance with the National Institutes of Health guidelines for the
care and use of laboratory animals (NIH 8th edition, 2011).
Protocols were approved by the Ethical Commission of the Faculty
of Dentistry, University of Buenos Aires (N� 11/06/2012–23). Body
weight and femur length were registered at the beginning of the
experiment (day 0) and at the end of the experimental period (day
90). Animals were euthanized by unconscious decapitation and
femurs were properly dissected, cleaned from soft tissue, and
stored at �20 �C until analyses. For ICP-OES, ATR-FTIR, and DRX
analyses bone samples were previously powdered using a
cryogenic mill (CertiPrep 6750 Freezer/Mill, SPEX).

2.2. Elemental analyses

For the elemental analyses, 30 mg of bone powder was
dissolved in a 10 ml solution of 70% HNO3 (1 ml, 24 h) and 30%
H2O2 (1 ml, 24 h) and microwave digested. Calcium, phosphorus,
magnesium, sodium and lead concentrations were measured using
an Optima 8300 ICP-OES (Perkin Elmer). Concentrations are given
in dry weight (d.w.). The precision of chemical analyses was higher
than 1 ppm.

2.3. Fourier transform infrared (ATR-FTIR) spectroscopy

For the ATR-FTIR analyses, infrared spectra were obtained on a
FT/IR-6200 spectrometer (JASCO, Japan). Infrared spectra were
collected from 600 to 4000 cm�1 in absorbance mode, 124 scans at
1 cm�1 resolution. All curve fitting was performed and integrated
areas measured using the curve fitting software JASCO Spectra
Manager 1 and PeakFit v4.11 Systat Software Inc. Two different IR
bone absorption regions (900–1200 cm�1 and 1300–1750 cm�1

bands) were analyzed by curve fitting for control and lead-exposed
groups (Fig. 1). The amount of phosphate, carbonate and collagen
in bone samples were estimated from the peak area of each
absorption bands associated with phosphate, carbonate, amide
and C��H aliphatic groups identified in the infrared spectra
(Boskey et al., 1998; Boskey and Mendelsohn, 2005; Gadaleta et al.,
1996; Paschalis et al., 1996; Rey et al., 1989). Overlapping peaks
were resolved using a second derivative methodology and fitted to
a mixed derivative Gaussian + Lorentzian function. Fig. 2 displays
the curve-fitting analysis for average IR spectra for control group in
the 900–1200 cm�1 (phosphate absorption bands) and 1300–
1750 cm�1 (carbonate type B substitution and amides absorption
bands). To minimize the effect of differences in sample size, peak
areas were normalized to the area of 3800–2800 cm�1 band region
associated with OH groups after removing the C��H stretching
peak area from this region. All data were baseline corrected and
expressed as intensities ratios. A detailed description of the
methodology used in described elsewhere (Rodríguez-Navarro
et al., 2006). The following parameters derived from the ATR-FTIR
spectra analyses were calculated to describe bone mineral
composition and crystallinity index parameters. The degree of
bone mineralization was defined as the band intensity ratios of
phosphate species in the bone mineral to organic matrix ratio
(Pienkowski et al.,1997) and was estimated as follows: A900-1200/
A1660; where A900-1200 represent the amount of phosphate in
bone and A1660 the amount of amide I groups (main band from



Fig. 2. Overlapping peaks deduced by curve-fitting analysis for average IR spectra for control group: (a) 900–1200 cm-1, band region associated with phosphate groups, and
(b)1300–1750 cm�1 band region associated with different vibration modes for amide groups in collagen and carbonate groups (type B mineral substitution).

Fig. 1. Representative bone FTIR absorption spectra bands of control (solid line) and lead exposed (dotted line) rats in the regions: (a) 900–1200 cm�1 (phosphate group
bands) and (b) 1300–1750 cm�1 (carbonate and amide group bands).
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bone organic matrix; Boskey, 1999). The relative amount of
carbonate in bone mineral (minCO3) was calculated as the ratio of
the peak area at 1405 cm�1 (carbonate type B substitution, Rey
et al., 1989) to phosphate band area (A900-1200). The crystallinity
index (CI) was calculated as the ratio of the peak area at 1030 cm�1

(related with highly crystalline apatite) to 1010 cm�1 (poorly
crystalline apatite; Miller et al., 2001).

2.4. Bone powder X-ray diffraction (XRD) analyses

X-ray diffraction was performed with an X’Pert Pro (PANalyt-
ical) powder diffractometer using CuKa radiation produced at
40 mA and 45 kV. Scans were performed between 2u values of 20�

and 75� with a step of 0.0042� and a count time/step of 5.08 s. The
average crystallite size (D) of the apatite-bone crystals were
calculated from (002) diffraction peak (apatite c-axis) using
XPowder software (Martín-Ramos, 2004) by Scherrer equation
(Schreiner and Jenkins, 1983):

D (002) = K l/B
1
/2 cos u (1)

where K is the broadening constant varying with crystal habit and
chosen as 0.9 for elongated apatite crystals (Klug and Alexander,
1959), l is the wavelength CuKa radiation (l = 1.5406 nm), B

1
/2 is

the square root of the full width at half maximum (FWHM) of the
002 peak of apatite and u is the corresponding diffraction angle.
Crystallite size (D) is expressed in angstrom units (Å). The width of
an XRD line represents a measure of the average coherent crystal
size domains and can be employed as a crystallinity index of
apatite bone crystals.

2.5. Microtomography analyses (mCT)

Microarchitecture of the femoral bone (3 femurs per group) was
investigated using a high-resolution microcomputed tomograph
(CT; Skyscan 1174; Skyscan BRUKER, Kontich, Belgium). The
sample-holder device for mCT acquisition was used to fit the
specimen with the long axis perpendicular to the floor of the
specimen holder and the x-ray source. The X-ray source was set at
Fig. 3. Body (left) and femoral (right) weight measurements from Wistar rats exposed 

***p < 0.001).
50 kV and 800 mA, with a pixel size at 17 mm. 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. The image slices were reconstructed using
the cone-beam reconstruction software NRecon (Skyscan).

Morphometric analysis was based on the 2-D and 3-D internal
CTAn plug-ins. Region of interest (ROI) was manually delimited in
each of the samples. For the analysis of the diaphyseal cortical
region 150 slices were chosen. Global grayscale threshold levels for
this area were between 110 and 250. Growth place was chosen as
reference point in all cases for cortical assessments. For the
trabecular region a total of 150 slices were selected and adaptative
grayscale threshold levels between 78 and 250 were used.

The following microarchitectural descriptors were examined
for trabecular region: bone surface (BS), ratio of bone surface/bone
volume (BS/BV), ratio of bone volume/tissue volume (BV/TV),
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and
trabecular number (Tb.N). For the cortical region were determined:
cortical bone area (Ct.Ar), total cross-sectional area (Tt.Ar), cortical
area fraction (Ct.Ar/Tt.Ar), average cortical thickness (Ct.Th) and
cortical porosity (Ct.Po). A detailed description of the parameters
used is described elsewhere (Dempster et al., 2012).

2.6. Statistical analysis

Bone variables were expressed using means � SD. Differences
between groups were assessed by one-way ANOVA using the
Fisher’s LSD post hoc test. The level of significance chosen for all
analyses was p � 0.05. Differences were considered significant at
p < 0.05. Statistical analysis was performed using SPSS (SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. Development parameters

Development parameters are represented in Fig. 3. Experimen-
tal group (Pb) showed a significant reduction (p < 0.01) vs the
to lead (Pb) and control (C) group. Values are expressed as meand � SD (**p < 0.01,



Table 1
Elemental analyses measured by ICP-OES in the femurs of Wistar rats, control and
lead exposure group. Values are expressed as Mean � SD. (L.O.D. = limits of
detection, NS = not significant).

Control (n = 8) Lead (n = 12) P value

Pb (mg/L) L.O.D 1,00 � 0,07
Ca (mg/L) 759 � 204 693 � 69 NS
Mg (mg/L) 13 � 4 13 � 3 NS
Na (mg/L) 22 � 5 22 � 4 NS
P (mg/L) 400 � 113 354 � 27 NS
Ca/P 1,91 � 0,05 1,95 � 0,06 NS
(Ca + Mg + Na)/P 1,99 � 0,05 2,05 � 0,06 0,038

Table 2
Bone parameter measured by ATR-FTIR and XRD for femurs in Wistar rats exposed
to lead for 3 months. Values are Mean � SD. (NS = not significant).

Control (n = 8) Lead (n = 12) P value

ATR-FTIR analyses
Total phosphate 47 � 11 48 � 12 NS
Total carbonate 9 � 2 10 � 2 NS
Degree of bone mineralization 4,7 � 0,2 5,1 � 0,9 NS
Carbonate in bone mineral 0,19 � 0,01 0,22 � 0,02 ,012
Crystallinity index 0,58 � 0,05 0,56 � 0,06 NS

XRD analyses
Crystallite size (Å) 154 � 9 159 � 12 NS
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control group (C) in body weight (267 � 16 vs 331 �41) and in
femoral weight (0.85 � 0.07 vs 0.95 � 0.08).

3.2. Elemental analyses

Bone elemental analyses are reported in Table 1. Bone elemental
Ca, Mg, Na, and P contents did not significantly differ between
groups. Lead content in exposure group indicated that the
administered Pb was deposited in the skeleton in significant
loads. A significant increment was found for (Ca + Mg + Na)/P ratio
values between control and lead exposure group (p = 0.038).

3.3. Bone mineral composition and crystallinity properties

Table 2 shows the bone mineral composition and crystallinity
properties of rat femora (XRD and ATR-FTIR analyses). The results
from the ATR-FTIR analysis revealed a significant increase in the
carbonate content in bone mineral in rats exposed to lead vs.
control group (p = 0.012). The Crystallinity Index calculated from
XRD (CIXRD) data did not show any significant difference between
the two groups. Nevertheless, CIXRD was positively correlated
(r = 0.566, p = 0.005) with Cristallinity Index obtained by FTIR
analyses (Fig. 4 and 5) .

3.4. Morphometrical determinations

Bone micro-architectural parameters obtained by mCT analyses
are reported in Table 3. Trabecular bone microarchitecture
parameters in lead exposed rats show a significant decreased
bone surface (BS; p = 0.025), ratio of bone surface/bone volume
(BS/BV; p = 0.020) and an increased trabecular thickness (Tb.Th;
p = 0.019) as compared with control group. Cortical bone micro-
architecture showed significant increments in cortical area (Ct.Ar;
p = 0.036) in lead exposure rats compared to control group.
Fig. 4. Relationship between Crystallinity Indices, CIDRX and CIFTIR (n = 20, r = 0.566,
indicated.
Fig. 3 displays mCT images showing the changes in cortical and
trabecular distribution in control and lead exposed rat femurs.
Cortical bone is dense and solid and surrounds the marrow space,
whereas trabecular bone is composed by a honeycomb-like
network of trabeculae plates and rods. Lead exposed femur
(Fig. 3b) showed a marked loss of trabecular bone distribution
from the metaphysic to the bone diaphysis compared with the
distribution observed in control group sample (Fig. 3a).
 p = 0.005). Regression lines with the 95% confidence intervals (dashed lines) are



Fig. 5. Micro-CT images showing the changes in cortical and trabecular distribution in femurs in (a) control (left) and (b) lead exposure (right) rats. Cortical bone is dense and
solid whereas trabecular shows a honeycomb-like network. Note the marked loss of trabecular bone from the metaphysis to the bone diaphysis of exposed sample compared
to control group.

Table 3
Bone micro-architectural parameters. Analyses were performed on trabecular and
cortical bone in Wistar rat femurs in lead exposure and control group. Values are
Mean � SD (NS = non-significant).

Control (n = 3) Lead (n = 3) P value

Trabecular
BS (mm2) 275 � 11 214 � 28 0,025
BV/TV (%) 21 � 2 20 � 3 NS
BS/BV (1/mm) 49 � 1 46 � 1 0,020
Tb.Th (mm) 0,072 � 0,001 0,078 � 0,003 0,019
Tb.Sp (mm) 0,23 � 0,02 0,28 � 0,05 NS
Tb.N (1/mm) 3,0 � 0,3 2,6 � 0,4 NS

Cortical
Ct.Ar (mm2) 4,7 � 0,3 5,3 � 0,2 0,036
Tt.Ar (mm2) 59 � 1 59 � 2 NS
Ct.Ar / Tt.Ar (%) 0,08 � 0,01 0,09 � 0,01 NS
Ct.Th (um) 512 � 39 589 � 42 NS
Ct.Po (mm3) 1,1 � 0,4 0,8 � 0,4 NS
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4. Discussion

Many studies have shown the potential impact of lead exposure
in the incidence of osteoporosis and the mechanisms involved in
its toxic effects (Campbell et al., 2004; Escribano et al., 1997;
Hamilton and O’Flaherty, 1994). In any case, less attention has been
paid to the comprehensive effects provoked by lead exposure in
bone mineral properties as well as how these alterations may affect
to the bone quality and its characteristics (i.e. biomechanics). The
current study gives additional information on the effects of chronic
lead exposure on bone characteristics at several mineral scales (i.e.
compositional, morphological and microstructural properties).
The present research aimed to analyze the influence of lead
intoxication on the impairment of long bone properties in growing
Wistar rats exposed for 3 months. We demonstrate that several
bone properties were affected by lead-exposed and the specific
effects in bone mineral composition, microstructural properties,
and morphology in femurs. Specifically, carbonate content in bone
mineral and (Ca2+ + Mg2+ + Na+)/P ratio values increased in rats
exposed to lead, although no variations were observed in crystal
maturity and perfection or crystallite size. Furthermore, at
morphological level, lead exposure rats showed a decreased in
trabecular bone surface and distribution while trabecular thick-
ness and cortical area increased.

The mechanical bone properties strongly depend in the mineral
characteristics of the bone tissue and its spatial distribution, that is
to say, its geometrical properties (Ferretti, 1997). Previously
reported studies from our laboratory (Conti et al., 2012a, 2012b)
showed that chronic exposure to lead increases the risk of fracture
in rat’s femora, as a consequence of decreased maximal load
supported at fracture and energy absorption capacity by the whole
bone. In addition, these bones underwent different spatial
organization compared to control animals, as the diaphyseal bone
marrow medullar cavity was decreased, indicating that bone
attempts to adapt the decline in the material properties. In this
study, we developed morphometric analyses in femurs by mCT to
fully characterize their cortical and trabecular bone structure, as
these have shown to differ in composition (Ninomiya et al., 1990),
remodeling time (Eriksen et al., 1993), and rate of metabolic
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activity (Rico et al., 1994). As well, it has been also reported
differences in the affinity for lead on trabecular and cortical bone
(Christoffersson et al., 1987). From trabecular mCT analyses, the
lowest bone surface and fraction of relative trabecular bone surface
(BS and BS/BV values, Table 3) in the lead exposed group may be an
indicator of an increased bone turnover. The trabecular bone is the
mineral component more metabolically active and a lower
proportion in bone tissue is related to higher rate of bone
maturation (Clarke, 2008). In our research, the trabecular bone
showed a loss in distribution from the metaphysis to the bone
diaphysis in the lead exposed group (Fig. 5). These effects indicate a
similar mechanism of bone maturation normally associated to age-
related processes. These alterations may be attributed to a higher
bone removal of trabeculae due to a dysregulation of bone
metabolism (i.e. increased osteoclastic activity). In this sense, bone
trabecular loss in osteoporotic and ageing is also accompanied by
several topological changes in trabeculae microstructure proper-
ties, including the conversion of trabecular plates to rods (Wehrli,
2007). Similar effects have been reported in osteoporotic animals
in which it was observable a considerable loss of trabecular bone
distribution and a marked conversion of trabeculae into pillars
(Legrand et al., 2007; Thompson et al., 1995). Although trabecular
thickness is reduced by ageing and osteopororis these modifica-
tions in trabecular morphologies may be associated with the
increased in trabecular thickness observed in lead-exposed bones
in our research. Moreover, this phenomenon can be also related to
the increased solubility rates of bone apatite with higher carbonate
rates (Ito et al., 1997), as have been observed by FTIR analyses,
being preferentially removed the trabecular morphologies with
specific chemical composition and/or dimensions. As well, the
deterioration of the bone trabeculae architecture and distribution
results in a more anisotropic structure which has a greater
susceptibility to fracture (McDonnell et al., 2007). In fact, a
combination of different microdamage remodeling, adaptative and
metabolic mechanisms has been proposed to relate the bone-loss
at trabecular level with this anisotropic trabeculae organization.
On the other hand, the femoral cortical increments in the cortical
area (Ct.Ar) found in our experimental rats could be interpreted as
an attempt of bone to compensate the loss of trabeculae trying to
adapt the bone geometry to the new mechanical setting (Ferretti
et al., 2003). In this sense, bone geometrical features changes with
ageing adapting to a modified mechanical environment (Augat and
Schorlemmer, 2006). This possible deterioration of intrinsic
mechanical properties in bone may be directly related to the
bone remodeling process (Currey et al., 1996). In fact, lead
poisoning directly affects the bone cell functions (i.e. osteoclasts
and osteoblasts) which play a key role during mineral maturation
in bone metabolism. Overall, the bone remodeling process
regulates the gain and loss of bone mineral density and directly
influences bone strength (Clarke, 2008). Furthermore, these
different responses in cortical and trabecular components in bone
tissue, and its relationship with bone material characteristics, may
contribute to the global mechanical properties of bone.

In addition, FT-IR spectroscopy is one of the major techniques
for the qualitative and quantitative determination of the biochem-
ical constituents in tissues and organs (Boskey and Mendelsohn,
2005; Severcan et al., 2005; Palaniappan and Vijayasundaram,
2009). Previous studies have demonstrated a decrease in the
degree of mineralization, obtained by FT-IR spectroscopy, in bones
exposed to lead poisoning (Álvarez-Lloret et al., 2014; Gangoso
et al., 2009). Monir et al., 2010 also showed that lead exposure
significantly alters several bone mineral composition character-
istics (e.g. mineral/matrix, collagen maturity, crystallinity) mea-
sured by FTIRM. In our study, we have observed a higher carbonate
in bone mineral in lead exposed rats compared to control group
(Table 2). This substitution of phosphate by carbonate groups in
bone mineral composition generally occurs during tissue ageing
(Boskey and Pleshko Camacho, 2007; Magne et al., 2001). Thus, this
compositional change in carbonate mineral content suggests
increased bone maturation rate induced by lead exposure. This
effect could be due to an alteration in bone remodeling rate
affecting osteoblast and osteoclast functions (Pounds et al., 1991).
Similar effects on carbonate mineral substitution were also
previously observed in low- and high-turnover bone mechanisms,
commonly occurs during osteoporosis disease (Boskey et al.,
2005). Moreover, high rates carbonate-substitution in bone
mineral hydroxyapatite has been associated to increased bone
dissolution and related to fracture events in iliac crest biopsias
(Gourion-Arsiquaud et al., 2013).

On the other hand, Ca/P ratio has been shown to be a sensitive
measure of bone mineral quality (Tzaphlidou, 2008). It is also
known that bone mineral contains variable amounts of Na+ and
Mg2+ cations in its composition (Driessens, 1980). In the current
research, these cation concentrations were added to calcium in the
Ca/P ratio values in order to obtain a more accurate measure of
bone mineral quality parameter. This Ca/P ratio, as crystal size and
CO3

�2 ion content, has demonstrated to increase with ageing
(Legros et al., 1987). In this study, the increase in the (Ca2+ + Mg2
+ + Na+)/P ratio in exposed rats (Table 1) is suggestive of an
alteration in bone mineralization mechanisms with lead poison-
ing. These findings are in agreement with FTIR observations (i.e.
carbonate content in bone mineral) which confirm a higher
maturation rate in bone mineralization due to Pb exposure. XXX

Furthermore, the ability of apatite structure to accept lead ions
can affect several crystalline properties of the bone mineral (Dowd
et al., 2001). In our study, the Ca2+ ionic substitution by Pb2+ in the
carbonated apatite structure have not shown any significant
change in the crystallinity properties (related to the crystallite size/
domain, � CIRXD-, and mineral maturity, CIFTIR) between groups. In
any case, CIRXD and CIFTIR values were well correlated, indicating a
direct relationship between crystalline environment mineral
composition and crystallite apatite size (Fig. 4). Nevertheless, it
has been previously demonstrated that the average sizes of apatite
crystals increased with higher turnover rates, associated to bone-
ageing (Boskey et al., 2005). Despite the fact that lead incorpo-
ration in the bone mineral seems not to modify the microstructure
properties of apatite crystals, this chemical replacement may
determine bone structural and/or morphological characteristics.
As well, this ionic mechanism of bivalent cations substitution in
bone apatite may also affect various fundamental biological
processes (Berglund et al., 2000; Lidsky and Schneider, 2003)
related to lead toxicity.

The mechanism of lead toxic effects on bone mineralization
most likely involves multiple metabolic processes (Berglund et al.,
2000). Lead intoxication has been previously related with the
appearance of osteoporosis disease (Campbell and Auinger, 2007).
Likewise, osteoporosis is characterized by a reduction in bone mass
associated with altered bone quality correlated to a detrimental
strength of bone biomechanics leading to an increasing risk of
fracture (Lupsa and Insogna, 2015). The mechanical bone proper-
ties strongly depend in the geometrical properties, being those
related to the spatial distribution of the mineralized tissues. As
well, bone compositional and microstructural properties have
been related to bone mechanical properties (Eriksen et al., 1993;
Rey et al., 2009). In our study, the overall alterations in
morphological, structural and bone compositional properties
(carbonate mineral content, cortical area, trabecular bone surface,
thickness and distribution) may reach a significantly counterpro-
ductive effect on biomechanical properties and bone quality. These
effects may be correlated with the adverse actions induced by lead
on the processes regulating bone turnover mechanisms and
affecting bone maturation and skeletal growth (Berglund et al.,
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2000; Palaniappan et al., 2010). Likewise, Monir et al., 2010 also
observed significantly increased in the bone formation and
resorption markers suggesting increased bone turnover. In this
sense, Pb exposure may exert both direct (i.e. altering osteoclast
and osteoblast cell functions) and indirect (via kidney dysfunction)
actions on bone metabolism (Berglund et al., 2000). These
metabolic disruption mechanisms may explain the effects
observed in the current research on bone mineral characteristics.
It also worth mentioning that the application of complementary
analytical techniques to fully characterize the bone mineral
component at different scales (i.e. compositional, morphological
and microstructural) constitutes a suitable procedure to offer
insights into possible toxic effects of lead exposure. Our results
show how lead exposure for 3 months to Wistar rats provoked
several responses in bone tissue mineralization that could be
mediated by an alteration on bone turnover mechanisms processes
involved in the mineral remodelation. This information may
explain the osteoporosis diseases associated to lead intoxication as
well as the risk of fracture observed in populations exposed to this
toxicant.
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