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The present study investigated the effect of lead (Pb) on bone ultrastructure and chemistry using an in vitro bone
model. MC3T3-E1 preosteoblasts were differentiated and treated with lead acetate at 0.4, 2, 10, and 50 uM. No
abnormalities in either cell growth or bone nodule formation were observed with the treated dose of lead
acetate. However, Pb treatments could significantly increase Pb accumulation in differentiated osteoblast cul-
tures and upregulate expression of Divalent metal transporter 1 (Dmt1) in a dose dependent manner. Pb treat-
ments also altered the expression of osteogenic genes, including secreted phosphoprotein 1, osteocalcin, type I
collagen, and osteoprotegerin. Moreover, in mineralized osteoblast cultures, Pb was found to be mainly de-
posited as Pb salts and oxides, respectively. Ultrastructure analysis revealed Pb localizing with calcium and
phosphorus in the mineralized matrix. In mineralizing osteoblast cells, Pb was found in the intracellular calcified
vesicles which is one of the bone mineralization mechanisms. Pb was also present in mineral deposits with
various shapes and sizes, such as small and large globular or needle-like mineral deposits representing early to
mature stages of mineral deposits. Furthermore, Pb was found more in the globular deposits than the needle
shaped mineral crystals. Taken together, our observations revealed how Pb incorporates into bone tissue, and
showed a close association with bone apatite.

1. Introduction

2013). (Carmouche et al., 2005)
The biological fate of Pb in the bodies is mainly fixed in bone and

Lead (Pb) is one of heavy metals causing a variety of human health
issues. The use and disposal of Pb are subjected to regulation by laws to
decrease risk of Pb toxicity in humans (Pirkle et al., 1998). Despite strict
regulations, Pb poisoning is still a major concern in some occupational
activities (Coon et al., 2006) and many waste management facilities,
including electronic waste recycling plants (Zeng et al., 2016) and
landfills (Kim and Williams, 2017). Pb not only has acute effects on
health, but also results in long-term health complications dependent on
the exposure doses and duration (Rosin, 2009). Exposure of lead can
cause impaired physiological functions in many organs, including the
kidney, (Zhang et al., 2013),nervous system a(Oszlanczi et al., 2011)
and bone (Carmouche et al., 2005; Oszlanczi et al., 2011; Zhang et al.,
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other calcified tissues (Nascimento et al., 2016). Pb deposition in bone
shows a wide range of the adverse effects including decreased ALP
activities (Klein and Wiren, 1993) The biological fate of Pb in the bodies
is mainly fixed in bone and other calcified tissue (Nascimento et al.,
2016). Pb deposition in bone shows a wide range of the adverse effects
including decrease ALP activities (Klein and Wiren, 1993) and inhibits
osteonectin secretion in the bone (Sauk et al., 1992). Pb accumulation
in the bone also decreases fracture healing process as it promotes
chondrogenesis (Carmouche et al., 2005). It has been shown that, in Pb-
exposed humans, bone resorption markers, including alkaline phos-
phatase, urinary hydroxyproline, and urinary deoxypyridinoline are
upregulated (Akbal et al., 2014). Moreover, levels of Pb in the human
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blood are negatively associated with bone mineral density and strength
(Bagchi and Preuss, 2005; Bjora et al., 2001). It is interesting to note
that Pb half-life in the bone is about 20 years. Therefore, the effect of Pb
on the bone can be manifested many years after an acute or chronic
exposure (Pemmer et al., 2013; Zoeger et al., 2006). A recent study in
women has showed that previous exposures to Pb not only elevate
circulating Pb levels, but also decrease bone mineral density during
menopause, a period of high bone turnover in women (Potula et al.,
2006). High levels of Pb in the human blood is also associated with
osteoarthritis (Nelson et al., 2011) and osteoporosis (Akbal et al.,
2014).

It has been demonstrated that Pb can be transported into en-
terocytes in the blood by Divalent metal transporter 1 (DMT1 or
SLC11A2). DMT1 is known to be responsible for Fe?* uptake (Liu et al.,
2017). But it also transports other divalent cations with low-affinity,
including copper (Cu®"), zinc (Zn**,), manganese (Mn>"), cadmium
(Cd?™), and Pb** (Kayaalti et al., 2015). Multiple transcript variants
encoding different isoforms, including DMT1A and DMT1B have been
found for the human DMT1 gene. The difference between the isoforms
lies in the presence or the absence of an iron responsive element
(DMT1 + IRE and DMT1-IRE) in the transcripts. The DMT1 isoforms
present different expression patterns and metal binding affinity in tis-
sues, suggesting specific functions in metal transport in different tissues
(Lam-Yuk-Tseung and Gros, 2006). Whether DMT1 plays a role in Pb**
uptake and trafficking in the bone cell remains to be elucidated. On the
other hand, Pb in the bone structure can be detected using micro X-ray
fluorescence (SRu-XRF) and quantitative backscattered electron ima-
ging (qBEI) analysis. It is worth noting that Pb deposition in the bone
structure matrix is along with the cement line and around the border of
Haversian canal (Pemmer et al., 2013). The cement line region faces
interstitial fluid and is directly in contact with various metal ions. The
deposition of Pb?>* in the bone matrix may be due to 1) Pb*>* may
directly deposit into hydroxyapatite structure and/or 2) Pb** binds to
bone associated proteins, such as Osteocalcin, and is then deposited in
the region where Osteocalcin is localized (Dowd et al., 1994; Dowd
et al., 2001; Pemmer et al., 2013). Both the mineral structure or matrix
proteins are the building blocks of bone formation. Therefore, Pb de-
position in these building blocks can alter bone chemistry and structure,
resulting in interference of interactions among the building blocks.
Although many studies have investigated the deleterious effects of Pb
on bone functions, it remains largely unknown how Pb is incorporated
and deposited into the bone structure.

The present study aimed to investigate the effects of Pb on bone
ultrastructure and chemistry. We first determined sub-toxic levels of
lead exposure in murine MC3T3-E1 preosteoblasts. We used MC3T3-E1
preosteoblasts in this study as these cells are osteogenic and form
nodular structures mimicking the bone structure in vivo (Xu and Simon,
2005). We induced MC3T3-E1 cell differentiation to form bone nodules
in the presence of sub-toxic levels of lead. Cell viability, morphology,
and calcium deposits in the mineralized osteoblasts were determined.
We also determined mRNA expression of DMT1 and osteogenic-asso-
ciated genes. In addition, we used an X-ray absorption spectroscopy to
analyze the chemical forms of Pb deposited in the mineralized cultures.
Importantly, we performed ultrastructure analysis and electron dis-
persive x-ray spectroscopy, investigated cellular Pb trafficking, and
analyzed accumulation of Pb in different stages of extracellular mineral
deposits.

2. Materials and methods
2.1. Cell culture, osteoblast differentiation, and Pb treatment

MC3T3-E1 subclone 4 (ATCC® CRL-2593") preosteoblasts were
cultured and differentiated as described previously (Gentleman et al.,

2009). Briefly, MC3T3-E1 preosteoblasts were maintained in modified
a-Minimum Essential Medium Eagle (a-MEM) without ascorbic acid
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(Gibco®, ThermoFisher Scientific) supplemented with 10% fetal bovine
serum (FBS, Gibco®, ThermoFisher Scientific) and 1% penicillin/
streptomycin (Gibco®, ThermoFisher Scientific).

The cells were seeded at 30,000 cells/cm? and differentiated in the
osteogenic medium containing 50 pug/ml ascorbic acid and 10 uM j-
glycerophosphate in the complete medium. After 14 days, 1 pM dex-
amethasone (Sigma-Aldrich) was added into the osteogenic medium to
complete the differentiation of MC3T3-E1 to osteoblasts. Pb treatments
started at the same time of the addition of dexamethasone. Lead acetate
(Sigma-Aldrich) were added to the osteogenic medium at different
concentrations, including 0, 0.4, 2, 10, and 50 uM. Lead acetate was
prepared as 0.1 M stock solution and filter-sterilized before use. The
differentiation medium was changed every 2 days.

2.2. Pb toxicity assessment

Toxicity of Pb-treated MC3T3-E1 preosteoblasts was evaluated
using xCELLigence® real-time cell analysis (ACEA Biosciences). The
cells were seeded in E-Plates at 8,000 cells/well and cultured for 24 h
prior to the Pb treatment. Lead acetate was added into the medium at 1,
10, 50, 100, 1,000, and 10,000 uM. Triton X was added at 1% final
concentration in the control wells and used as positive controls. Real-
time impedance traces were recorded every 30 min for 60 h. Cell death
was indicated by a decrease in the impedance signal. Each treatment
was performed in duplicate.

2.3. Cell viability and calcium staining

Differentiated osteoblasts were used to evaluate cell viability at days
7 and 14 after Pb was added into the differentiation medium. Cell
viability was analyzed using a LIVE/DEAD Viability/Cytotoxicity kit for
mammalian cells (ThermoFisher Scientific) according to the manu-
facturer’s instructions. Calcium staining was performed using the os-
teoblast cells on days 3, 7, and 14 after the Pb treatment as described
previously (Gregory et al., 2004). Briefly, the cells were fixed with 4%
paraformaldehyde for 15 min at room temperature and washed twice
with 1xPBS. Calcium deposits were stained for 15 min using Alizarin
Red S (1% in double-distilled water, pH 4.1, Sigma Aldrich), washed
with 1 xPBS, and dried overnight. Fluorescence or calcium staining was
visualized using an inverted phase-contrast microscope (Eclipse Ts-2i,
Nikon).

2.4. Gene expression analysis

Differentiated osteoblasts were collected on days 3, 7, and 14 after
the Pb treatment. The cells were lysed in the TRIzol® reagent
(ThermoFisher Scientific). Total RNA was isolated according to the
manufacturer’s protocol. cDNA was synthesized using an iScript cDNA
synthesis kit (BioRad Laboratories) following the manufacturer’s in-
structions. cDNA samples were diluted 5-fold with nuclease-free water
prior to use in quantitative PCR analyses (QPCR). Gene expression was
carried out using a SsoAdvanced SYBR® Green supermix (BioRad
Laboratories). Primers were designed using Primer-Blast (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/) or adopted from previous studies
(Arsenijevic et al., 2012; Galy et al., 2013; Jadlowiec et al., 2004; Mei
et al., 2014; Tan et al., 2010; Yan et al., 2014). All primers were con-
firmed using melting curve analysis. qPCR was performed in triplicate
on a CFX96 Real-time System (BioRad Laboratories). Act-f8 was used as
an internal control. Fold differences were calculated using 24
methods (Livak and Schmittgen, 2001).

2.5. Lead and calcium quantifications
Mineralized osteoblast cultures 14 days after the Pb treatment were

collected and dehydrated using a freeze dryer (Gamma 2-16 LSC Plus,
Christ). The dried cells were digested in 65% nitric acid at 200 °C under
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pressure 800 psi for 15 min using a Microwave Digestion System (MARS
6, CEX Corp.). Pb and calcium contents were determined using an in-
ductively coupled plasma mass spectrometry (ICP-MS; 7900 ICP-MS,
Agilent) against reference standards. The calibration curves of Pb and
calcium were linear with a regression coefficient of 0.9999 in the range
of 1-500 ng/ml and 1-10 pg/ml, respectively. Pb and calcium contents
were expressed in mg/g dry weight. The accuracy of measurement was
evaluated using reference standard of Pb (Agilent Technologies) and
calcium (Carlo Erba). 10 ppm Pb and 100 ppm calcium were spiked into
digested cell solution to calculated % recovery, which were 104.60%
and 107.65 %for Pb and calcium.

2.6. Characterization of lead compounds

Mineralized osteoblast cultures 14 days after the Pb treatment were
dehydrated as described above. The forms of the Pb compounds in the
rehydrated samples were characterized using an X-ray absorption
spectroscopy (XAS). X-ray absorption near the edge structure (XANES)
spectra of the Pb L edge was recorded at beamline 8 Synchrotron Light
Research Institute, Thailand. The energy calibrations were carried out
using metal Pb foil (13035 eV) for Pb Lz edge. PbO, PbO,, and Pb,O,4
were used to identify the unknown forms of lead oxide in the samples.
PbSO, was selected to represent the lead salt compounds, such as ha-
lide, sulfate, chromate, and carbonate salts. The data reduction and
peak fitting were performed using ATHENA data analysis (Ravel and
Newville, 2005).

2.7. Ultrastructure analysis

Mineralized osteoblast cultures 14 day after the Pb treatment were
collected and prepared for ultrastructure analysis. The cells were fixed
in 4% (v/v) glutaraldehyde in 0.1 M piperazinediethanesulfonic acid
(PIPES) buffer at 4 °C for 2h and incubated in 1% (w/v) osmium tetr-
oxide made in 0.1 M PIPES buffer at room temperature for 1h. The
samples were dehydrated using ascending concentrations of ethanol
series, infiltrated, and embedded in epoxy resin (Epon 812, Electron
Microscopy Science). Ultra-thin sections were cut using ultramicrotome
(EM UC7, Leica) with a 45° diamond knife (DiATOME). The sections
were collected for transmission electron microscope (TEM) studies
without post-staining. Mineral analysis was also carried out at ultra-
structure levels. Briefly, the mineralized cultures were dehydrated in
ethylene glycol (Boonrungsiman et al., 2012) for 3h, immersed in ab-
solute ethanol, and embedded in epoxy resin. The samples were sec-
tioned and collected on copper grids. Bright-field TEM and electron
dispersive x-ray spectroscopy (EDX) were performed on a JEOL 2100,
operated at 120 kV. Pb, calcium, and phosphorus levels were quantified
from the TEM sections (n = 20) using X-ray intensity of each element
according to the Cliff Lorimer’s equation.

Control
1uM

10 pM

50 pM

100 pM
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Fig. 1. Cell viability of MC3T3-E1 preosteoblasts with Pb
treatment. Preosteoblasts was treated with lead acetate at 1,
10, 50, 100, 1,000, and 10,000 pM. Untreated and 1% Triton
X-treated preosteoblasts were used as negative and positive
controls, respectively. Each treatment was done in duplicate.
Cell viability was determined by impedance signals using
XCELLigence®real-time cell analysis. The impedance signals
were measured every 30 min for 60 hours. Culture medium
containing 10,000 pM lead acetate was used to measure the
background signal.

10,000 pM

10,000 pM Pb without cells
(background)

2.8. Statistical analysis

Data were presented as the mean = S.D. or S.E. Student’s t test was
used to determine differences in gene expression of the control and
treatment groups. One-way analysis of variance (ANOVA) was used to
compare the results among Pb treatments. Differences between groups
in ANOVA were further analyzed using Tukey’s honestly significantly
difference (HSD) test. Differences were considered statistically sig-
nificant atp < 0.05.

3. Results

3.1. Cell viability and bone nodule formation of Pb-treated MC3T3-E1
osteoblasts

To determine the sub-toxic level of Pb in MC3T3-E1 preosteoblasts,
we first treated the cells with Pb at different concentrations (1, 10, 50,
100, 1,000 and 10,000 puM). Preosteoblasts treated with Triton X (1%)
were used as a positive control for cell apoptosis. As shown in Fig. 1,
cells treated with 1% Triton X for 20 h showed a dramatic decrease in
cell impedance signals, indicating cell death (Fig. 1). Similar declina-
tions, but less dramatic, of impedance signals were observed with cells
treated with Pb at 10,000 uM for 20 h. At 1,000 uM Pb level, the de-
clination of cell impedance signals were delayed compared to that of
the cells treated at 10,000 pM Pb level. Treatment of MC3T3-E1 with
100 uM Pb caused a small reduction in cell impedance signals after
about 30h incubation with Pb. However, cells were recovered after
40h and the signal was comparable to those in cells treated with 1, 10
or 50 uM Pb. In addition, the impedance signals obtained from cells
treated with Pb at 1, 10, 50, and 100 pM were similar to that obtained
from the untreated control. As the result, Pb concentrations lower than
100 pM were chosen as the doses for further treatments in the present
study.

The minimum effect of Pb treatments at 0.4, 2, 10, and 50 uM on the
cell viability in differentiated osteoblasts was further confirmed using a
fluorescence-based LIVE/DEAD staining assay on days 7 and 14 after
the Pb treatment. As shown in Fig. 2, no significant differences in the
cell viability were observed in Pb-treated cells at all examined con-
centrations compared to the untreated control. We further investigated
whether these sub-toxic Pb levels impaired the bone nodule formation
and/or the extracellular matrix calcium deposit on days 7 and 14 after
Pb treatments. The results from the bright-field and Alizarin Red
staining images revealed the presence of bone nodules and extracellular
matrix calcium deposits. The Pb treatment at all examined levels for 7
or 14 days showed no effect on the bone nodule formation and calcium
deposits. Taken together, these results demonstrated that Pb con-
centrations at 0.4, 2, 10 and 50 uM had no detectable effects on the cell
viability, nodule formation, and calcium deposits in mineralized os-
teoblast cultures.
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3.2. Pb and calcium accumulation in mineralized osteoblast cultures

Pb and calcium contents in the mineralized osteoblast cultures 14
days after the Pb treatment were determined using ICP. As shown in
Table 1, significant differences in Pb contents were observed in mi-
neralized cultures treated with various levels of Pb. The Pb levels in the
mineralized cultures were shown to be dose dependent. Total Pb con-
tents were detected in a range from 0.003 to 12.231 mg/g dry weight
and total calcium levels ranged from 43.028 to 70.113mg/g dry
weight. Nevertheless, it seemed that the accumulation of Pb in osteo-
blast cultures had no notable effect on calcium deposits in the cultures

Toxicology Letters 299 (2018) 172-181

Fig. 2. The effects of PB treatments on cell
viability, morphology, and calcium accumula-
tion in differentiated osteoblast cultures. The
cultures were treated with 0.4, 2, 10 and 50 uM
lead acetate for 7 (D;) or 14 (D;4) days.
Untreated cultures were used for negative
controls. Live/dead staining was performed
and recorded using a fluorescence microscope.
Live and dead cell populations were indicated
by green and red punctures, respectively. The
morphology of osteoblast cultures was ex-
amined using a bright field microscope.
Calcium accumulation was determined by
Alizarin Red staining and visualized as red
crystal clumps. Representative photographs are
shown. Scale bar = 200 pm.

0.00004, 0.0030, 0.0157, 0.0585, and 0.1888 in the osteoblast cultures
treated with Pb at 0, 0.4, 2, 10 and 50 uM, respectively. Accumulation
of Pb in the mineralized osteoblast cultures was also supported by Dmt1
gene expression analysis. We analyzed mRNA expression of Dmt1 +IRE
and Dmt1-IRE in the Pb-treated cells at 0.4, 2, and 50 pM for 7 days.
Upregulation of Dmt1 +IRE and Dmt1-IRE were observed in the differ-
entiated osteoblasts treated with Pb at 2 and 50 uM (Fig. 3). Compared
to the controls, the expression of Dmtl +1IRE in the differentiated os-
teoblasts treated with Pb at 2 and 50 uM increased by 1.38- and 2.18-
fold, respectively. Additionally, the expression of DmtI-IRE was upre-
gulated by 1.33- and 2.17-fold in cells treated Pb at 2 and 50 pM, re-

treated with sub-toxic Pb concentrations. The Pb/calcium ratios were spectively. Together, Pb treatments promoted Pb deposits in
Table 1
Lead (Pb) and calcium (Ca) contents in Pb treated mineralized osteoblast cultures.
Mineral contents The levels of Pb treatment
0 uM (Control) 0.4 uyM 2 uM 10 uyM 50 yM
Pb 0.003 + 0.001 0.210 *= 0.003 0.860 = 0.064" 2.517 * 0.068" 12.231 + 0.639"
(mg/g dry weight)
% cv 33.33 1.42 7.44 2.70 5.22
Ca 65.513 + 10.348 70.113 + 7.438 54.984 + 8.097 43.028 + 5.452 64.779 * 6.460
(mg/g dry weight)
% cv 15.79 10.61 14.73 12.67 9.97
Pb/Ca 0.00004 0.0030 0.0157 0.0585 0.1888

% cv, coefficient of variation, *P < 0.05.

175
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Fig. 3. The effects of Pb treatments on Dmtl +IRE, and Dmt1-IRE mRNA ex-
pression in differentiated osteoblasts. The cells were treated with lead acetate at
0, 0.4, 2 and 50 uM for 7 days before use. Gene expression was measured by a
SYRB-based quantitative real-time PCR. Actb was used as the internal reference.
Three independent experiments, each with duplicate, were performed. Value
are the mean + S.E. *, P < 0.05.

mineralized osteoblast cultures and upregulated the expression of
Dmt1 +1RE and Dmt1-IRE in a dose dependent manner.

3.3. Effects of Pb treatments on the expression of osteogenic genes
Several studies have shown that acute or chronic Pb exposure
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impairs bone metabolism and turnover (Pounds et al., 1991). Here, we
investigated the effect of Pb exposure at 0.4, 2, and 50 uM on the ex-
pression of osteogenic genes, including secreted phosphoprotein 1, os-
teocalcin, type I collagen, osteoprotegerin, integrin binding sialopro-
tein, and alkaline phosphatase. Quantitative real time RT-PCR (qPCR)
was performed using differentiated osteoblasts collected in 3, 7, and 14
days after Pb treatments at 0, 0.4, 2, and 50 uM. Pb at all examined
concentrations significantly upregulated the expression of secreted
phosphoprotein 1 by 4.97-, 3.87- and 5.8-fold, and the expression of
osteocalcin by 3.45, 3.57 and 3.29-fold in 0.4, 2 and 50 uM Pb treat-
ment, respectively, after 7 day treatment (Fig. 4). However, no differ-
ence in the expression of both genes was observed at days 3 and 14 after
Pb treatments. The qPCR results also demonstrated that Pb treatments
significantly decreased the mRNA expression of type I collagen by
71.08, 63.85 and 71.08 % and osteoprotegerin by 57.21, 55.35 and
63.26% in 0.4, 2 and 50 pM Pb treated cultures, respectively, at 14 days
after Pb treatment. Pb treatment at 50 uM also altered the gene ex-
pression of type I collagen and osteoprotegerin at day 7. In addition, we
observed no effect of Pb treatments on the type I collagen and osteo-
protegerin expression at day 3. The expression of secreted phospho-
proteinl and alkaline phosphatase was unaffected by the Pb exposure to
osteoblasts. Together, these findings suggested that Pb treatments al-
tered the expression of osteogenic genes, including secreted phospho-
protein 1, osteocalcin, type I collagen, and osteoprotegerin.

3.4. Chemical analysis of Pb deposits in the mineralized osteoblast cultures

We performed chemical analysis of Pb deposits in the mineralized
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Fig. 4. The effects of Pb treatments on gene expression of secreted phosphoprotein 1, osteocalcin, type I collagen, osteoprotegerin, integrin binding sialoprotein and
alkaline phosphatase in differentiated osteoblasts. The cells were treated with lead acetate at 0, 0.4, 2 and 50 uM for 3, 7, and 14 days. The gene expression was
measured by a SYRB-based quantitative real-time PCR. Actb was used as the internal reference. Three independent experiments, each with duplicate, were performed.

Value are the mean = S.E. *, P < 0.05.
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osteoblast cultures using XAS. XANES spectrum of Pb L3 edge was ac-
quired from the mineralized osteoblast cultures treated with Pb at 2, 10,
or 50 uM. As shown in Fig. 5, differences in the spectrum profiles were
not noticeable among the cultures treated various Pb levels (Fig. 5a).
Linear combination fit (LCF) was applied to identify the chemical forms
of Pb present in the mineralized osteoblast cultures at day 14 after the
treatment. PbO, PbO,, and PbSO, were used as the reference sub-
stances. The LCF data demonstrated that Pb was largely deposited as Pb
salts, but some were deposited as Pb oxides (Fig. 5b-d). An increase in
the Pb concentrations from 2 to 10 uM elevated the levels of Pb salts.
However, the levels of Pb salt form remains unchanged although the Pb
concentrations were increased from 10 to 50 uM. This suggests a pos-
sibility of Pb incorporation into bone mineral with a certain capacity.
Taken together, Pb was largely accumulated as Pb salts and Pb oxides in
the mineralized osteoblast cultures.

3.5. Pb localization in the mineralized osteoblast cultures

Our bright-field and Alizarin staining analyses had suggested that
Pb treatments did not affect mineralization of the osteoblast cultures.
These observations were also supported by TEM analysis. As shown in
Fig. 6a and b, using the cross-section of the osteoblast cultures, we were
able to demonstrate that the morphology of the osteoblasts and the
mineralized extracellular matrix in the Pb-treated cultures were similar
to that of the untreated controls. Moreover, we performed chemical
analysis using EDX to determine whether Pb was in the osteoblast cells
or in the mineralized extracellular matrix. As shown in Fig. 6, Pb was
detected to co-localize with calcium and phosphorus in the mineralized
extracellular matrix and intracellular vesicles but not in the other parts
of the cells (6b, 6d and supplementary fig.1). On the other hand, no Pb
deposit was detected intracellularly and extracellularly in the untreated
controls (Fig. 6a and c). It is interesting to note that, in the differ-
entiated osteoblasts, Pb was co-localized with calcium and phosphorus
in the intracellular vesicles. These Pb-entrapped vesicles were likely the
calcified vesicles due to the presence of calcium and phosphorus. The
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intracellular calcified vesicles are known to play important roles in
mineralization process (Boonrungsiman et al., 2012). Our results de-
monstrated, for the first time, that Pb was enriched in the intracellular
calcified vesicles of inside differentiated osteoblasts.

Our EDX analysis suggested Pb deposits in extracellular mineralized
matrix in osteoblast cultures. Here, we investigated the timeline of Pb
depositing in the extracellular matrix during the mineralization process
using TEM images and EDX analysis. It has been shown that a globular
form represent the early stage of the mineral deposits while a needle-
like form stands for more mature mineral deposits. As shown in Fig. 7,
different morphologies of the mineral deposits, including small and
large globular as well as needle shape minerals, were found in the Pb
treated cultures. All these mineral deposits contained calcium and
phosphorus as expected. Importantly, the EDX spectra showed Pb
spreading in all mineral shapes, suggesting that Pb was co-localized
with both calcium and phosphorus in early and mature mineral. We
further examined the effect of Pb treatment on calcium and phosphorus
deposits in the mineral matrix. As shown in Fig. 8a, we found a sig-
nificant decrease in the ratio of calcium to phosphorus (Ca:P) within the
globularly shaped minerals in the Pb treated cultures compared to the
untreated controls. However, there was no differences in the Ca:P ratios
among the cultures treated with different concentrations of Pb. More-
over, a downward trend in the Ca:P ratios in the needle shaped minerals
was observed when the osteoblast cultures were exposed to Pb (Fig. 8b).
Compared to the untreated controls, the decrease in the Ca:P ratio was
most dramatic in the cultures treated with 50 uM Pb. Furthermore, we
found that Pb was more abundant in the globularly shaped mineral than
the needle-like shaped mineral in the Pb treated cultures at all ex-
amined concentrations (Fig. 8c). Taken together, we conclude that Pb
was found to co-localize with calcium and phosphorus in in all stages of
the mineral deposits. However, the Pb levels were higher in the early
stage of the mineral than the matured form. Pb accumulation sig-
nificantly decreased the Ca:P ratios in early stage of the mineral than
the matured mineral.



P. Paisrisarn et al.

.=
T e w

0 2 4 6

ke |
12 14"
! Energy (KeV)

Energy (KeV)

0 2 4 6 8 10
Energy (KeV)

12

T,

0 2 4 6 8 1012 14

h

Toxicology Letters 299 (2018) 172-181

-

e S
(=)

00

ntensity (counts)
8

0 2 4 6 8 10 12 14
Energy (KeV)

0 2 4 6 8 1012 14
Energy (KeV)

iOO
h
|

300
200

—
=3
=1

Fig. 6. Bright field TEM images of untreated and 10 uM Pb-treated mineralized osteoblast cultures. a) Electron micrograph shows osteoblasts in adjacent to the
mineralized matrix in the untreated mineralized osteoblast culture. The EDX spectra were taken from the region inside of the cell (yellow square) and mineralized
matrix (red square), confirming the presence of calcium and phosphorus in the mineralized extracellular region, but not inside of the osteoblasts. b) The TEM image
shows an osteoblast in adjacent to the mineralized matrix in 10 uM Pb-treated osteoblasts. The EDX spectra were taken from the region inside of the cell (yellow
square) and mineralized matrix (red square), confirming the presence of calcium, phosphorus and Pb in the mineralized region, but not inside of the cell. c¢) Calcified
vesicles inside a lead-untreated osteoblast. The EDX spectrum was taken from intracellular calcified vesicles (green square), confirming the presence of calcium and
phosphorus. d) Calcified vesicles inside an osteoblast treated with 10 uM Pb. The EDX spectrum taken from intracellular calcified vesicles (green square), confirming
the presence of calcium, phosphorus and Pb. Samples were stained with osmium tetroxide without post staining.

4. Discussion

The adverse effects of Pb exposure on the bone have been widely
documented (Puzas et al., 2004). Pb not only alters bone-associated
protein activities, but also impairs bone physiological functions. How-
ever, the process of Pb deposits into the bone structure remains to be
elucidated. The present study demonstrated the effect of sub-toxic Pb
treatments on Pb accumulation, osteogenic gene expression, Pb com-
plex characterization, and Pb localization within the bone cells and
extracellular matrix using an in vitro MC3T3-E1 osteoblast model.

178

In the present study, the sub-toxic levels of Pb treatments at 0.4, 2,
10, and 50 pM showed no effects on cell viability, nodule formation,
and mineral accumulation in differentiated MC3T3-E1 osteoblasts.
Studies have shown that Pb displays a toxicity level lower than 50 uM in
cultured cells. It was also reported that rat primary osteoblasts treated
with Pb at 20 pM decreased cell viability and alkaline phosphatase
activity (Ma et al., 2012). Changes in cell morphology, increased pro-
duction of reactive oxygen species, and cell death become obvious
when the rat primary osteoblasts are treated with Pb at higher Pb levels,
such as 40 and 60 pM (Abbas et al., 2013; Ma et al., 2012). However, it
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has been argued that the Pb toxicity level is dependent on cell origins,
cell cultivation conditions, differentiation status, exposed durations,
and Pb solubility (Aleo et al., 2006; Milgram et al., 2008b).

Our study indicated that Pb treatments significantly increased Pb
deposits in a dose dependent manner in the mineralized osteoblast
cultures cells both inside of the osteoblasts and the extracellular matrix.
Pb can be transported into cells via anion exchange, passive transport,
or cation channels (Kerper and Hinkle, 1997). It is worth noting that
DMT1, a divalent metal transporter 1, is able to carry Pb into cells in
addition to many other divalent ions (Bressler et al., 2004). In general,
DMT1 plays a major role in iron uptake. DMT1 also can import other
divalent metal ions into the cells. Overexpression of DMT1 remarkably
elevates Pb contents in yeast and human fibroblasts (I. Bannon et al.,
2002). In the current study, Pb treatments significantly upregulated

Dmtl mRNA expression in mouse differentiated osteoblasts. Our ob-
servation was similar to a previous in vitro study showing that Pb ex-
posure increased mRNA expression of Dmt1 in the rat kidney and liver
(Soto-Arredondo et al., 2018). Hence, we concluded that an increase in
Pb contents in the mineralized osteoblast cultures can be partially ex-
plained by the upregulation of Dmt1 expression.

Studies from others have demonstrated that Pb treatments de-
creased osteonectin secretion and type I collagen synthesis in osteo-
blasts (Sauk et al., 1992). Similarly, our results demonstrated altera-
tions in osteogenic gene expression in Pb-treated osteoblasts in a time
specific manner. mRNA levels of secreted phosphoprotein 1 and os-
teocalcin were significantly upregulated at day 7 after Pb treatments. It
is worth noting that both phosphoprotein 1 and osteocalcin function in
binding calcium and depositing it in the mineral matrix. Importantly, it
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has been shown that osteocalcin has a higher affinity to Pb than calcium
(Dowd et al., 1994; Dowd et al., 2001). We thus speculated that, during
the process of mineral deposition at day 7 after Pb treatment, high
availability of Pb may induce the mRNA expression of these osteogenic
genes. On the other hand, we observed that type 1 collagen and os-
teoprotegrin were declined at day 14 after Pb treatments. Type 1 col-
lagen plays a role as the main structural protein in the bone, con-
tributing to bone toughness. The presence of osteoprotegerin inhibited
osteoclast formation and prevented osteoporosis (Min et al., 2000;
Udagawa et al., 2000). Hence, downregulation of type 1 collagen and
osteoprotegerin in the fully differentiated osteoblasts may help shed
light on why Pb is associated with osteoporosis and bone loss in hu-
mans.

Co-localization of Pb with phosphorus has been detected in lyso-
somes of rat osteoblasts (Milgram et al., 2008a). In the present study,
we showed, for the first time, that Pb co-resided with calcium and
phosphorus in the intracellular vesicles of the mineralized osteoblasts.
During bone formation, osteoblasts produce mineral containing vesicles
which include extracellular matrix vesicles and intracellular calcified
vesicles to deposit minerals in the collagen matrix. The extracellular
matrix vesicles are calcified extracellularly after minerals being ex-
ported from osteoblasts (Anderson, 2003). However, calcification of
intracellular vesicles are accomplished within the osteoblasts and these
calcified vesicles are enriched with both calcium and phosphorus
(Boonrungsiman et al., 2012; Mahamid et al., 2011)(Boonrungsiman
et al., 2012). Our study suggests that Pb is co-deposited with calcium
and phosphorus in the intracellular calcified vesicles within osteoblasts.
Although the mechanism underlying Pb transporting into the in-
tracellular calcified vesicle is still unknown, the accumulation of Pb in
the extracellular matrix is likely due to the release of intracellular
calcium and phosphorus associated vesicles into the bone structure.

The formation of calcium phosphate in the bone structure is initially
deposited as non-crystalline globular particles and then developed to
crystalline bone apatite in needle shapes (Mahamid et al., 2010). We
showed that Pb was in all shapes of mineral deposits, including globular
and needle shaped minerals, as well as large mineral deposits. Pb
treatments resulted in a reduction of the Ca:P ratio in the mineral de-
posits, particularly in the globular shaped mineral deposits. A decrease
in the Ca:P ratio in both globular and needle shaped mineral deposits
could be resulted from a replacement of Pb from calcium (Brés et al.,
1986). In the hydroxyapatite structure, calcium ions occupy two non-
equivalent positions, which are on the fourfold position at (1/3,2/
3,0:001)(Ca(1)) and the sixfold position at (0+2462, 0:9938,1/4)(Ca(2))
(Kay et al., 1964). A X-ray powder diffraction pattern suggests that Pb
ions mainly occupies Ca(2) position in the hydroxyapatite structure and
the Pb substitution decreases the crystallinity (Andres-Verges et al.,
1983). Studying Pb-associated hydroxyapatite using high resolution
TEM also suggests that Pb can be added into both Ca(1) and Ca(2)
positions (Bres et al., 1986). Taken together, the ability of Pb to replace
calcium in the extracellular matrix can lead to a reduction in the ratio of
Ca and P in the mineral deposits. Therefore, the mineral matrix in the
bone structure could serve as a reservoir for Pb accumulation.

It is evident that Pb is largely accumulated in the tidemark of human
articular cartilage, which is an active calcification front (Meirer et al.,
2011; Zoeger et al., 2006). Pb also deposits unequally among skeleton
tissues. For example, it accumulates more in the bone than the cartilage
(Lanocha et al., 2012). Replacement of Pb from calcium in the hydro-
xyapatite may explain why Pb can be accumulated in high concentra-
tions in the bone. We speculate that Pb substitution could change
chemical structures of the bone apatite. In the mineralized matrix,
hydroxyapatite is closely associated with the collagenous matrix where
it accommodates and regulates bone growth (Almora-Barrios and de
Leeuw, 2010). Incorporation of Pb into the bone structures may impair
the interaction between the collagen and hydroxyapatite as well as
bone turnover and metabolism.
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5. Conclusion

The present study reports the effects of sub-toxic levels of Pb acetate
on bone structures and chemistry using an in vitro MC3T3-E1 bone
model. Pb treatments at different concentrations (< 50 uM) promoted
Pb accumulations in mineralized osteoblast cultures and upregulated
the mRNA levels of Dmtl in a dose dependent manner. The mRNA
expression of osteogenic genes, including phosphoprotein 1, osteo-
calcin, type 1 collagen, and osteoprotegrin was altered significantly. Pb
deposited in the mineralized osteoblast cultures was identified as lead
salts and oxides. Moreover, Pb was colocalized with calcium and
phosphorus in the intracellular calcified vesicles, an important com-
ponent of mechanisms of bone mineralization. Pb was also found in the
extracellular matrix at all mineralization stages.

Conflict of interest
No conflict of interest is claimed.
Acknowledgement

This work was supported by the NANOTEC internal grant (grant
number P 1651899), and partially supported by United States
Department of Agriculture, Agricultural Research Service, project 5306-
51000-004-00D to LH.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.toxlet.2018.10.008.

References

Abbas, S., Khan, K., Khan, M.P., Nagar, G.K., Tewari, D., Maurya, S.K., Dubey, J., Ansari,
N.G., Bandyopadhyay, S., Chattopadhyay, N., 2013. Developmental exposure to As,
Cd, and Pb mixture diminishes skeletal growth and causes osteopenia at maturity via
osteoblast and chondrocyte malfunctioning in female rats. Toxicol Sci 134, 207-220.

Akbal, A., Tutkun, E., Yilmaz, H., 2014. Lead exposure is a risk for worsening bone mi-
neral density in middle-aged male workers. Aging Male 17, 189-193.

Aleo, M.F., Bettoni, F., Boniotti, J., Morandini, F., Giuliani, R., Steimberg, N., Apostoli, P.,
Mazzoleni, G., 2006. A comparative in vitro study of the toxic potency of five in-
organic lead compounds on a rat liver epithelial cell line (REL). Toxicol in Vitro 20,
874-881.

Almora-Barrios, N., de Leeuw, N.H., 2010. A Density Functional Theory Study of the
Interaction of Collagen Peptides with Hydroxyapatite Surfaces. Langmuir 26,
14535-14542.

Anderson, H.C., 2003. Matrix vesicles and calcification. Current Rheumatology Reports 5,
222-226.

Andres-Verges, M., Higes-Rolando, F.J., Valenzuela-Calahorro, C., Gonzalez-Diaz, P.F.,
1983. On the structure of calcium—Ilead phosphate apatites. Spectrochimica Acta
Part A: Molecular Spectroscopy 39, 1077-1082.

Arsenijevic, T., Grégoire, F., Delforge, V., Delporte, C., Perret, J., 2012. Murine 3T3-L1
Adipocyte Cell Differentiation Model: Validated Reference Genes for qPCR Gene
Expression Analysis. PLOS ONE 7, e37517.

Bagchi, D., Preuss, H.G., 2005. Effects of acute and chronic oval exposure of lead on blood
pressure and bone mineral density in rats. J Inorg Biochem 99, 1155-1164.

Bjord, R., Falch, J.A., Staaland, H., Nordsletten, L., Gjengedal, E., 2001. Osteoporosis in
the Norwegian moose. Bone 29, 70-73.

Boonrungsiman, S., Gentleman, E., Carzaniga, R., Evans, N.D., McComb, D.W., Porter,
A.E., Stevens, M.M., 2012. The role of intracellular calcium phosphate in osteoblast-
mediated bone apatite formation. Proceedings of the National Academy of Sciences
109, 14170-14175.

Bres, E.F., Voegel, J.C., Barry, J.C., Waddington, W.G., Frank, R.M., 1986. Feasibility
study for the detection of lead substitution sites in the hydroxyapatite crystal struc-
ture using high-resolution electron microscopy (HREM) at optimum focus. Journal of
Applied Crystallography 19, 168-173.

Bressler, J.P., Olivi, L., Cheong, J.H., Kim, Y., Bannona, D., 2004. Divalent metal trans-
porter 1 in lead and cadmium transport. Annals of the New York Academy of Sciences
1012, 142-152.

Carmouche, J.J., Puzas, J.E., Zhang, X., Tiyapatanaputi, P., Cory-Slechta, D.A., Gelein, R.,
Zuscik, M., Rosier, R.N., Boyce, B.F., O’Keefe, R.J., Schwarz, E.M., 2005. Lead ex-
posure inhibits fracture healing and is associated with increased chondrogenesis,
delay in cartilage mineralization, and a decrease in osteoprogenitor frequency.
Environ Health Perspect 113, 749-755.

Coon, S., Stark, A., Peterson, E., Gloi, A., Kortsha, G., Pounds, J., Chettle, D., Gorell, J.,


https://doi.org/10.1016/j.toxlet.2018.10.008
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0005
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0005
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0005
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0005
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0010
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0010
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0015
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0015
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0015
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0015
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0020
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0020
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0020
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0025
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0025
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0030
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0030
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0030
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0035
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0035
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0035
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0040
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0040
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0045
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0045
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0050
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0050
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0050
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0050
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0055
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0055
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0055
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0055
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0060
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0060
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0060
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0065
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0065
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0065
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0065
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0065
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0070

P. Paisrisarn et al.

2006. Whole-Body Lifetime Occupational Lead Exposure and Risk of Parkinson’s
Disease. Environ Health Persp 114, 1872-1876.

Dowd, T.L., Rosen, J.F., Gundberg, C.M., Gupta, R.K., 1994. The displacement of calcium
from osteocalcin at submicromolar concentrations of free lead. Biochim Biophys Acta
1226, 131-137.

Dowd, T.L., Rosen, J.F., Mints, L., Gundberg, C.M., 2001. The effect of Pb2+ on the
structure and hydroxyapatite binding properties of osteocalcin. Bba-Mol Basis Dis
1535, 153-163.

Galy, B., Ferring-Appel, D., Becker, C., Gretz, N., Grone, H.J., Schumann, K., Hentze,
M.W., 2013. Iron regulatory proteins control a mucosal block to intestinal iron ab-
sorption. Cell reports 3, 844-857.

Gentleman, E., Swain, R.J., Evans, N.D., Boonrungsiman, S., Jell, G., Ball, M.D., Shean,
T.A.V., Oyen, M.L., Porter, A., Stevens, M.M., 2009. Comparative materials differ-
ences revealed in engineered bone as a function of cell-specific differentiation. Nature
Materials 8, 763.

Gregory, C.A., Grady Gunn, W., Peister, A., Prockop, D.J., 2004. An Alizarin red-based
assay of mineralization by adherent cells in culture: comparison with cetylpyridinium
chloride extraction. Analytical Biochemistry 329, 77-84.

1. Bannon, D., Portnoy, M.E., Olivi, L., Lees, P.S.J., Culotta, V.C., Bressler, J.P., 2002.
Uptake of lead and iron by divalent metal transporter 1 in yeast and mammalian cells.
Biochemical and Biophysical Research Communications 295, 978-984.

Jadlowiec, J., Koch, H., Zhang, X., Campbell, P.G., Seyedain, M., Sfeir, C., 2004.
Phosphophoryn regulates the gene expression and differentiation of NIH3T3, MC3T3-
E1, and human mesenchymal stem cells via the integrin/MAPK signaling pathway.
The Journal of biological chemistry 279, 53323-53330.

Kay, M.I., Young, R.A., Posner, A.S., 1964. CRYSTAL STRUCTURE OF
HYDROXYAPATITE. Nature 204, 1050-1052.

Kayaalti, Z., Akyuzlu, D.K., Soylemezoglu, T., 2015. Evaluation of the effect of divalent
metal transporter 1 gene polymorphism on blood iron, lead and cadmium levels.
Environ Res 137, 8-13.

Kerper, L.E., Hinkle, P.M., 1997. Cellular Uptake of Lead Is Activated by Depletion of
Intracellular Calcium Stores. Journal of Biological Chemistry 272, 8346-8352.

Kim, M.A., Williams, K.A., 2017. Lead Levels in Landfill Areas and Childhood Exposure:
An Integrative Review. Public Health Nursing 34, 87-97.

Klein, R.F., Wiren, K.M., 1993. Regulation of osteoblastic gene expression by lead.
Endocrinology 132, 2531-2537.

Lam-Yuk-Tseung, S., Gros, P., 2006. Distinct Targeting and Recycling Properties of Two
Isoforms of the Iron Transporter DMT1 (NRAMP2, Slc11A2)7. Biochemistry 45,
2294-2301.

Lanocha, N., Kalisinska, E., Kosik-Bogacka, D., Budis, H., Sokolowski, S., Bohatyrewicz,
A., 2012. Comparison of concentrations of lead and cadmium in various parts of the
femur head in patients after arthroplasty of the hip joint in Northwest Poland.
Biomed Environ Sci 25, 577-582.

Liu, F., Zhang, W.-L., Meng, H.-Z., Cai, Z.-Y., Yang, M.-W., 2017. Regulation of DMT1 on
autophagy and apoptosis in osteoblast. International Journal of Medical Sciences 14,
275-283.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of Relative Gene Expression Data Using Real-
Time Quantitative PCR and the 2—AACT Method. Methods 25, 402-408.

Ma, Y.S., Fu, D., Liu, Z.P., 2012. Effect of lead on apoptosis in cultured rat primary os-
teoblasts. Toxicol Ind Health 28, 136-146.

Mahamid, J., Aichmayer, B., Shimoni, E., Ziblat, R., Li, C., Siegel, S., Paris, O., Fratzl, P.,
Weiner, S., Addadi, L., 2010. Mapping amorphous calcium phosphate transformation
into crystalline mineral from the cell to the bone in zebrafish fin rays. Proceedings of
the National Academy of Sciences 107, 6316-6321.

Mahamid, J., Sharir, A., Gur, D., Zelzer, E., Addadi, L., Weiner, S., 2011. Bone miner-
alization proceeds through intracellular calcium phosphate loaded vesicles: A cryo-
electron microscopy study. Journal of Structural Biology 174, 527-535.

Mei, G., Zou, Z., Fu, S., Xia, L., Zhou, J., Zhang, Y., Tuo, Y., Wang, Z., Jin, D., 2014.
Substance P activates the Wnt signal transduction pathway and enhances the dif-
ferentiation of mouse preosteoblastic MC3T3-E1 cells. International journal of mo-
lecular sciences 15, 6224-6240.

Meirer, F., Pemmer, B., Pepponi, G., Zoeger, N., Wobrauschek, P., Sprio, S., Tampieri, A.,
Goettlicher, J., Steininger, R., Mangold, S., Roschger, P., Berzlanovich, A.,
Hofstaetter, J.G., Streli, C., 2011. Assessment of chemical species of lead accumulated
in tidemarks of human articular cartilage by X-ray absorption near-edge structure
analysis. Journal of Synchrotron Radiation 18, 238-244.

Milgram, S., Carriére, M., Malaval, L., Gouget, B., 2008a. Cellular accumulation and
distribution of uranium and lead in osteoblastic cells as a function of their speciation.

181

Toxicology Letters 299 (2018) 172-181

Toxicology 252, 26-32.

Milgram, S., Carriere, M., Thiebault, C., Malaval, L., Gouget, B., 2008b. Cytotoxic and
phenotypic effects of uranium and lead on osteoblastic cells are highly dependent on
metal speciation. Toxicology 250, 62-69.

Min, H., Morony, S., Sarosi, I., Dunstan, C.R., Capparelli, C., Scully, S., Van, G., Kaufman,
S., Kostenuik, P.J., Lacey, D.L., Boyle, W.J., Simonet, W.S., 2000. Osteoprotegerin
reverses osteoporosis by inhibiting endosteal osteoclasts and prevents vascular cal-
cification by blocking a process resembling osteoclastogenesis. The Journal of ex-
perimental medicine 192, 463-474.

Nascimento, C.R.B., Risso, W.E., Martinez, C., 2016. Lead accumulation and me-
tallothionein content in female rats of different ages and generations after daily in-
take of Pb-contaminated food. Environ Toxicol Pharmacol 48, 272-277.

Nelson, A.E., Shi, X.A., Schwartz, T.A., Chen, J.C., Renner, J.B., Caldwell, K.L., Helmick,
C.G., Jordan, J.M., 2011. Whole blood lead levels are associated with radiographic
and symptomatic knee osteoarthritis: a cross-sectional analysis in the Johnston
County Osteoarthritis Project. Arthritis Res Ther 13, R37.

Oszléanczi, G., Papp, A., Szabd, A., Nagymajtényi, L., Sapi, A., Kénya, Z., Paulik, E., Vezér,
T., 2011. Nervous system effects in rats on subacute exposure by lead-containing
nanoparticles via the airways. Inhalation Toxicology 23, 173-181.

Pemmer, B., Roschger, A., Wastl, A., Hofstaetter, J.G., Wobrauschek, P., Simon, R.,
Thaler, H.W., Roschger, P., Klaushofer, K., Streli, C., 2013. Spatial distribution of the
trace elements zinc, strontium and lead in human bone tissue. Bone 57, 184-193.

Pirkle, J.L., Kaufmann, R.B., Brody, D.J., Hickman, T., Gunter, E.W., Paschal, D.C., 1998.
Exposure of the U.S. population to lead, 1991-1994. Environ Health Persp 106,
745-750.

Potula, V., Kleinbaum, D., Kaye, W., 2006. Lead exposure and spine bone mineral density.
J Occup Environ Med 48, 556-564.

Pounds, J.G., Long, G.J., Rosen, J.F., 1991. Cellular and molecular toxicity of lead in
bone. Environ Health Persp 91, 17-32.

Puzas, J.E., Campbell, J., O’Keefe, R.J., Rosier, R.N., 2004. Lead Toxicity in the Skeleton
and Its Role in Osteoporosis. In: Holick, M.F., Dawson-Hughes, B. (Eds.), Nutrition
and Bone Health., Eds. Humana Press, Totowa, NJ, pp. 363-376.

Ravel, B., Newville, M., 2005. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray
absorption spectroscopy using IFEFFIT. Journal of Synchrotron Radiation 12,
537-541.

Rosin, A., 2009. The long-term consequences of exposure to lead. The Israel Medical
Association journal : IMAJ 11, 689-694.

Sauk, J.J., Smith, T., Silbergeld, E.K., Fowler, B.A., Somerman, M.J., 1992. Lead inhibits
secretion of osteonectin/SPARC without significantly altering collagen or Hsp47
production in osteoblast-like ROS 17/2.8 cells. Toxicology and applied pharmacology
116, 240-247.

Soto-Arredondo, K.J., Robles, J., Diaz-Cervantes, E., Ruiz-Ramirez, C., Garcia-Revilla, M.
A., Wrobel, K., Wrobel, K., Diaz-Munoz, M., Mendez, 1., Flores, A., Acevedo-Aguilar,
F.J., Martinez-Alfaro, M., 2018. Effects of lead and lead-melatonin exposure on
protein and gene expression of metal transporters, proteins and the copper/zinc ratio
in rats. Biometals : an international journal on the role of metal ions in biology,
biochemistry, and medicine.

Tan, Y.Y., Yang, Y.Q., Chai, L., Wong, R.W., Rabie, A.B., 2010. Effects of vascular en-
dothelial growth factor (VEGF) on MC3T3-E1. Orthodontics & craniofacial research
13, 223-228.

Udagawa, N., Takahashi, N., Yasuda, H., Mizuno, A., Itoh, K., Ueno, Y., Shinki, T.,
Gillespie, M.T., Martin, T.J., Higashio, K., Suda, T., 2000. Osteoprotegerin produced
by osteoblasts is an important regulator in osteoclast development and function.
Endocrinology 141, 3478-3484.

Xu, H.H.K., Simon, C.G., 2005. Fast setting calcium phosphate—chitosan scaffold: me-
chanical properties and biocompatibility. Biomaterials 26, 1337-1348.

Yan, X.Z., Yang, W., Yang, F., Kersten-Niessen, M., Jansen, J.A., Both, S.K., 2014. Effects
of continuous passaging on mineralization of MC3T3-E1 cells with improved osteo-
genic culture protocol. Tissue engineering Part C, Methods 20, 198-204.

Zeng, X., Xu, X., Boezen, H.M., Huo, X., 2016. Children with health impairments by heavy
metals in an e-waste recycling area. Chemosphere 148, 408-415.

Zhang, J., Cao, H., Zhang, Y., Zhang, Y., Ma, J., Wang, J., Gao, Y., Zhang, X., Zhang, F.,
Chu, L., 2013. Nephroprotective effect of calcium channel blockers against toxicity of
lead exposure in mice. Toxicol Lett 218, 273-280.

Zoeger, N., Roschger, P., Hofstaetter, J.G., Jokubonis, C., Pepponi, G., Falkenberg, G.,
Fratzl, P., Berzlanovich, A., Osterode, W., Streli, C., Wobrauschek, P., 2006. Lead
accumulation in tidemark of articular cartilage. Osteoarthr Cartilage 14, 906-913.


http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0070
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0070
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0075
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0075
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0075
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0080
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0080
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0080
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0085
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0085
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0085
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0090
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0090
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0090
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0090
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0095
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0095
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0095
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0100
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0100
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0100
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0105
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0105
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0105
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0105
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0110
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0110
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0115
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0115
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0115
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0120
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0120
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0125
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0125
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0130
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0130
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0135
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0135
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0135
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0140
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0140
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0140
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0140
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0145
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0145
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0145
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0150
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0150
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0155
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0155
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0160
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0160
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0160
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0160
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0165
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0165
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0165
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0170
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0170
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0170
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0170
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0175
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0175
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0175
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0175
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0175
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0180
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0180
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0180
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0185
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0185
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0185
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0190
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0190
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0190
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0190
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0190
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0195
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0195
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0195
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0200
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0200
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0200
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0200
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0205
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0205
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0205
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0210
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0210
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0210
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0215
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0215
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0215
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0220
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0220
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0225
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0225
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0230
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0230
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0230
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0235
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0235
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0235
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0240
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0240
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0245
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0245
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0245
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0245
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0255
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0255
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0255
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0260
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0260
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0260
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0260
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0265
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0265
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0270
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0270
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0270
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0275
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0275
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0280
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0280
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0280
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0285
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0285
http://refhub.elsevier.com/S0378-4274(18)31991-X/sbref0285

	Alterations of mineralized matrix by lead exposure in osteoblast (MC3T3-E1) culture
	Introduction
	Materials and methods
	Cell culture, osteoblast differentiation, and Pb treatment
	Pb toxicity assessment
	Cell viability and calcium staining
	Gene expression analysis
	Lead and calcium quantifications
	Characterization of lead compounds
	Ultrastructure analysis
	Statistical analysis

	Results
	Cell viability and bone nodule formation of Pb-treated MC3T3-E1 osteoblasts
	Pb and calcium accumulation in mineralized osteoblast cultures
	Effects of Pb treatments on the expression of osteogenic genes
	Chemical analysis of Pb deposits in the mineralized osteoblast cultures
	Pb localization in the mineralized osteoblast cultures

	Discussion
	Conclusion
	Conflict of interest
	Acknowledgement
	Supplementary data
	References




