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Summary

Objective: Determination of the spatial distribution of the toxic element lead (Pb) and other trace elements in normal articular cartilage and
subchondral bone from adult humans with no history of work-related exposure to Pb.

Methods: Four macroscopically normal femoral heads and three patellas were harvested from randomly selected forensic autopsies. All sub-
jects died of acute ilinesses, had no history of work-related exposure to Pb and had no metabolic bone disease. The elemental distribution of
lead (Pb) together with zinc (Zn), strontium (Sr) and calcium (Ca) in the chondral and subchondral region was detected using high resolution
synchrotron radiation induced micro X-ray fluorescence (SR p-XRF) analysis. SR p-XRF line scans in conventional and SR p-XRF area scans
in confocal geometry were correlated to backscattered electron (BE) images visualizing the mineralized tissue.

Results: In all samples, we found a highly specific accumulation of Pb in the tidemark, the transition zone between calcified and non-calcified
articular cartilage. Pb fluorescence intensities in the tidemark, which is thought to be a metabolically active mineralization front, were 13-fold
higher when compared to subchondral bone. Pb intensities in the subchondral region were strongly correlated with Zn, but were distinctly dif-
ferent from Ca and Sr.

Conclusions: The finding of the highly specific accumulation of lead in the tidemark of human articular cartilage is novel. However at this point,
the exact mechanisms of the local Pb accumulation as well as its clinical implications are unknown.
© 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction adults have already accumulated a substantial body burden

_ of Pb?2. The half-life of Pb in the blood is 1 month, but it
One of the main threats to human health from heavy metals accumulates in the skeleton, where apfroximately 95% of
is associated with exposure to Pb. Exposure to Pb is asso- the total body burden of Pb is present® with an estimated
ciated with chronic diseases in the nervo1us, hematopoietic, half-life up to 20 years5. Diseases or states with increased
skeletal, renal and endocrln_e systems . AItho_ugh muc_h bone turnover, such as osteoporosis, pregnancy, hyperthy-
progress has been made to limit lead exposure in industri- roidism and hyperparathyroidism are associated with
alized countries, primarily through the elimination of leaded increased mobilization of Pb from the skeleton® 2. Aging-
gasoline, workplace exposures and leaded pipes, most associated release of bone lead into the circulation is a po-

tentially important source of soft-tissue lead exposure and
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show that Pb exposure leads to an increased cartilage
formation with delayed maturation and calcification and
increased formation of fibrous tissue during bone repair.

Moreover, intra-articular lead has shown to lead to osteo-
arthritic changes in the knee !'aoint in humans'? as well as in
experimental animal models'®'#. Osteoblasts and chondro-
cytes seem to be important target cells for the toxic effects
of Pb'®, however, surprisingly little is known about how Pb
is distributed in bone and cartilage at the microscopic level.
Pb becomes incorporated into bone during mineralization®
and remains there until bone is resorbed by osteoclasts®.
Previous studies on the distribution of Pb in bone differenti-
ated only between compact and trabecular bone and lacked
any further spatial resolution*'”'®, To date, there are no
data available on Pb distribution in the osteochondral unit
of articular joints.

The osteochondral unit has a highly complex structure
designed to enable friction free movements in articulating
joints, to resist static and dynamic loads and to transfer
loads from articular cartilage to the underlying bone. It is
composed basically of articular cartilage forming superficial,
transitional, deep and calcified zones with different fibril fea-
tures and subchondral bone tissue'®. The zone of calcified
cartilage is about 100 um thick and forms a tight bonding of
cartilage to bone, two materials very different in stiffness°.
Interestingly, the mineral particles impregnating the organic
matrix in calcified articular cartilage are similar with that in
bone?®', though its chemical composition is very different’®.
In general the mineralization density in calcified articular
cartilage is higher than in bone, while surprisingly the stiff-
ness of both calcified materials is comparable®®. However,
little is known about mechanisms and dynamics of the min-
eralization process in this region. The transition zone
between calcified and non-calcified cartilaginous matrix,
the so called tidemark, seems to be the metabolically active
front of calcification®2.

The purpose of this study was to establish a spatially
resolved distribution of Pb in the chondral and subchondral
region from normal humans using synchrotron radiation
induced micro X-ray fluorescence (SR u-XRF) analysis.
This technique enables non-destructive detection of Pb
and other trace elements in the femtogram range at the
micrometer level, which cannot be achieved by other micro
analytical techniques (e.g., Electron Probe Micro Analysis,
EPMA). Moreover, an inherent advantage of this method
is its multielement detection capability, which enables to
detect different elements simultaneously?®.

Methods
SAMPLES AND SAMPLE PREPARATION

Four femoral heads and three patellas were harvested
from five (three females, two males) randomly selected
forensic autopsies. All individuals died of illnesses of the
heart and the great vessels or accidents and had no history
of metabolic bone disease or Pb exposure. Furthermore,
samples were selected on basis of having no macroscopical
signs of osteoarthritis. In two cases, one femoral head and
one patella were taken from the same individual. In two
cases, one single femoral head and in one case, a single pa-
tella was harvested. The average age of the subjects was 57
years (ranging from 48 to 65). The study was approved by
the Institutional Ethical Review Board of the Department of
Forensic Medicine of the Medical University of Vienna.

Five-millimeter-thick sections were cut perpendicular to
the articular surface from the central region of patella (sagittal

plane) as well as from the superior, weight bearing region of
the femoral head (frontal plane). Samples were fixed in 70%
ethanol, dehydrated through a series of alcohol, and embed-
ded in polymethylmethacrylate (PMMA)?*. After trimming,
surfaces of the PMMA-blocks were polished using diamond
suspension and carbon coated for backscattered electron
(BE) imaging. Afterwards, 200-um-thick slices containing
the bone area analyzed by BE imaging were cut using
a low speed diamond saw (Buehler Isomed, Lake PIuff,
USA) for SR pu-XRF analysis.

BE IMAGING

BE imaging is a validated technique to visualize and
quantify calcium concentration distribution in bone and min-
eralized cartilage®®2'2® and is based on the backscattering
of electrons from the sample surface in a scanning electron
microscope. A digital scanning electron microscope (DSM
962, Zeiss, Oberkochen, Germany) equipped with a four
quadrant semiconductor BE-detector was employed. The
microscope was operated at an acceleration voltage of
20 kV, the working distance kept at 15 mm, and the probe
current was maintained at 110 pA. Images at a series of
magnifications 12—500x were acquired. The intensity of
the BE signal is proportional to the average atomic number
of the target material. In case of bone the BE signal is dom-
inated by its Ca content — the element with the highest
atomic number (Z=20). Thus, areas in the BE image with
bright gray levels reflect mineralized matrix with high Ca
contents, whereas areas with dark gray levels indicate low
mineral density.

The BE images provide the spatial distribution of mineral-
ization density at the sectioned tissue surface with an infor-
mation depth about 1 um. Areas of mineralized cartilage
have a more homogenous intrinsic structure and have
a higher degree of mineralization than bone. Cement-lines
are transition zones between different bone packets and/
or mineralized cartilage with a generally high mineral
content and a homogenous intrinsic structure.

The tidemark is a typical narrow seam of gradually
increasing mineral content at the border between
non-calcified and calcified articular cartilage®®'. Younger
bone packets have a characteristic lower mineral content
(lower gray level in BE images) than older more mature
bone packets®.

SR p-XRF ANALYSIS (LINE SCANS)

SR u-XRF is a powerful analytical tool for qualitative and
quantitative analysis of the chemical elements present in
the sample®®, based on the detection of characteristic
X-rays induced by high energy primary photons.

An inherent advantage of this method is its multielement
detection capability, which enables the detection of different
elements simultaneously®®.

The unique properties of synchrotron radiation, notably
high photon flux, natural collimation, polarization and tun-
ability of the energy of the primary photons, resulting in
absolute detection limits on the femtogram level for medium
Z elements, allow the analysis of trace elements in bone.
The outstanding features of synchrotron radiation in combi-
nation with novel X-ray optics were exploited to investigate
the elemental distribution in bone on a microscopic scale.
SR u-XRF measurements have been carried out at the mi-
cro focus end-station at HASYLAB, beamline L, Hamburg,
Germany, by scanning the sample along a line in steps of
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10 um relative to an X-ray micro beam (beam cross section
13 um). The primary X-ray beam was monochromatized at
18 keV by a Ni/C multilayer monochromator and focused
by a polycapillary half lens onto the sample. At each point
of the scan a fluorescence spectrum was recorded
for 100 s by an energy dispersive lithium drifted silicon
semiconductor detector (Gresham Sirius 80) providing
information on the chemical elements present in the sample
simultaneously. Using this setup, fluorescence intensities
for lead (Pb), calcium (Ca), zinc (Zn) and strontium (Sr)
were detected from the 200-pum-thick sample. Besides Pb
and Ca data for Zn and Sr were also evaluated, since these
are two elements known to be critical in bone metabolism
and mineralization®”2°. The element- and matrix-specific
information depth for different characteristic X-rays ranged
between 40 um for Ca and 600 um for Sr. Spectra were
processed spectra using AXIL software from the QXAS
package for peak deconvolution and subtraction of the radi-
ation background. Subsequently, plotting the obtained
intensities vs the relative sample position gives the distribu-
tion of each element along the line scan. In order to visual-
ize simultaneously the distribution of Ca, showing high
intensities, and the trace elements with low intensities, the
intensity curve for each element has been normalized to
its maximum value. In total, 11 scans across articular carti-
lage and subchondral bone were performed on four
samples of femoral head and three patellas (Table I). To
correlate the distribution of chemical elements with micro
structural features of bone, we overlaid data obtained
from SR u-XRF line scans with BE images defining the tide-
mark, as well as the interface between calcified cartilage
and subchondral bone. In order to quantify spatial variations
in Pb and Zn intensities within the sample, baseline intensi-
ties were defined. Since the intensities in the subchondral
region showed low variation in signal, Pb and Zn intensities
in this region were averaged and used as baselines. The
subchondral region was defined by BE imaging. Paired
test (two tailed) was used to evaluate statistical signifi-
cance between areas of different Pb and Zn intensities
compared to baseline (Graph Pad Prism 4.0). Statistical sig-
nificance was set at the 95% confidence limit. Since Ca and
Sr showed a relative homogeneous distribution across the
scans, no rationing was applied to this data.

Table |
Relative Pb and Zn intensities in the transition zone (tz) between
non-calcified and calcified articular cartilage of femoral head (FH)
and patella (P) normalized to baseline intensities in subchondral

bone (sub)

Sample, Scan Pb(tz)/Pb(sub) Zn(tz)/Zn(sub)
FH1,a* 12.3 4.3
FH2,a** 105 2.6
FH2,b** 10.1 3.6
FH3,a 14.9 3.9
FH4,a 97 3.5
FH4,b 18.0 3.9
P1,a* 9.1 2.5
P1,b* 141 3.7
P2,a* 16.1 1.8
P2,b** 17.3 2.2
P3,a 11.2 3.0
Average ratio 13 £ 3.2# 3.2+ 0.8##

Intensity ratios for each scan as well as the average ratio for all
scans are given. Paired samples are marked with * and **, respec-
tively. # Indicates P < 0.005; ## indicates P < 0.001.

CONFOCAL SR pu-XRF ANALYSIS (AREA SCANS)

SR p-XRF in confocal geometry®! with an additional poly-
capillary half lens in front of the detector was used for depth
defined area scans and three-dimensional (3D)-reconstruc-
tions. By overlapping the focal spots of the two X-ray optics
a well defined micro-volume is achieved from which the fluo-
rescence radiation is detected. The size of the detection vol-
ume at an energy of 9.7 keV (Au-La photons) was measured
tobe of 22 x 14 x 20 um?® (lateral x height x depth) by scan-
ning a 4-um-thick Gold (Au) foil and a 4-um-thick Tungsten
(W) wire through the beam. The method was used to detect
fluorescence signals from the surface layer as well as from
subsurface layers of about 20 um in thickness. Due to the
second capillary optics the detectors field of view is restricted
to the orbital plane of the synchrotron storage ring, which
allows an optimal use of the linear polarization of the synchro-
tron radiation. Therefore, the radiation background in the fluo-
rescence spectrais reduced and the measuring time per pixel
can be reduced. In a typical area scan fluorescence spectra
at 41 x 41 pixels (400 x 400 um?) with a measuring time of
5 s/pixel have been recorded and afterwards processed as
described above. Elemental maps from fluorescence data
were generated by a custom made software and matched
with BE images.

Furthermore, a 3D reconstruction of elemental intensity
maps obtained by confocal SR p-XRF of a sample volume
of 200 x 200 x 160 pm® was performed on a patella slice.
The voxel size was 10 x 10 x 10 um® and data acquisition
time for each voxel was 5s. X-ray fluorescence spectra
were recorded on a 3D grid of 7497 (21 x21x 17,
width x height x depth) measurement points. The net inten-
sities for each element were determined from the fluores-
cence spectra by automatic peak fitting (AXIL) and were
converted to 8-bit grayscale images for each measured
slice in depth. From these images element-specific 3D
volumes were rendered using a visualization software,
designed for tomographic imaging.

Results
SR p-XRF LINE SCANS IN NON-CONFOCAL GEOMETRY

Firstly, SR pu-XRF line scans in non-confocal (conven-
tional) geometry were performed across articular cartilage
and subchondral bone in each sample. A representative
line scan with a corresponding BE image from the subchon-
dral region of the femoral head [Fig. 1(a and b)] is shown in
Fig. 1(c).

In the zone of non-calcified cartilage, no characteristic
X-ray intensities of Ca, Zn, Sr, and Pb were detected.

In the transition zone between non-calcified and calcified
articular cartilage a marked increase in signal of all the ele-
ments was observed. In contrast to Ca and Sr, the Pb and Zn
signals exhibited a peak distinctly before Ca and Sr reached
a plateau coinciding with the region of calcified cartilage as
indicated by BE image. Pb intensities rapidly declined within
the first 100 um of calcified cartilage and remained relatively
constant and low in subchondral bone. When compared to
subchondral bone baseline intensities we found a 13-fold
increase (P < 0.005) of Pb intensities in the transition zone
between non-calcified and calcified articular cartilage. Zn
intensities also rapidly declined within the first 100 um of cal-
cified cartilage, but remained at a relatively higher baseline
level than Pb. When compared to subchondral bone base-
line intensities we found a 3.2-fold increase in Zn intensity
(P<0.001) in the transition zone. These findings for Pb
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Fig. 1. (a) BE image of an analyzed 200-um section of femoral head visualizing the mineralized areas of the sample. (b) Magnified image of the

framed box. An SR p-XRF scan (arrow) performed across (I) non-calcified articular cartilage, (l1) the transition zone between non-calcified and

calcified articular cartilage, (Ill) calcified articular cartilage, (IV) subchondral bone and the (V) marrow cavity. (c) Striking Pb and Zn maxima

were seen in the transition zone between non-calcified and calcified articular cartilage. Maximum fluorescence intensities were normalized to

10 (absolute values for each element are given in the box). Due to differences in information depths for characteristic X-rays and irregular
sample shape, an exact local correlation among intensity profiles and BE image is not possible.

and Zn were highly consistent and were observed for all
scans on paired (femoral head and patella from one subject)
as well as single autopsies (Table ).

In the zone of subchondral bone, intensity levels of the
elements were relatively constant. No Ca and Pb signals
were detected in the bone marrow cavity as defined by
the BE image. Interestingly, at the border between sub-
chondral bone and the marrow cavity Zn signal levels first
increased and then dropped down to low levels in the
marrow cavity. Sr signals were also detected in the bone
marrow region.

SR p-XRF AREA SCAN IN CONFOCAL GEOMETRY

Secondly, a confocal SR pu-XRF area scan was per-
formed to obtain the distribution of Ca, Zn, Sr and Pb at
the surface of a patella sample. Comparison of elemental
maps [Fig. 2(b)] with the corresponding BE image of the
scanned region revealed that none of the investigated

elements were present in the zone of non-calcified articular
cartilage. The intensity map for Pb showed strikingly
increased fluorescence intensities in the transition zone be-
tween non-calcified and calcified cartilage, known as the
tidemark®2. Except small elevations in cement-lines, Pb
intensities were relatively constant and low in calcified
cartilage and subchondral bone. A similar distribution was
detected for Zn, where we also found increased intensities
in both the tidemark and the cement-lines. In contrast to Pb
and Zn, Ca and Sr showed a very homogeneous distribu-
tion in calcified cartilage and subchondral bone. However,
Sr signals appeared to be relatively more decreased than
Ca signals in areas of less calcified bone matrix [dark
gray levels in Fig. 2(a)].

More quantitative conclusions could be drawn from fluo-
rescence intensity profiles [Fig. 2(c)] which have been ex-
tracted from the elemental maps along the marked line in
Fig. 2(b). Strikingly, Pb and Zn intensities were dramatically
increased in the tidemark region and were almost back to
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Fig. 2. (a) BE image of analyzed chondral/subchondral region of the
patella. Non-calcified cartilage (1), tidemark (Il), calcified cartilage
(1), subchondral bone (IV), and cement-lines (V) can be clearly
identified. Length of scale bar corresponds to 100 um. (b) Ca, Zn,
Sr, Pb signal intensity maps of the corresponding region. (c) Fluo-
rescence intensity profiles along the marked line. Maximum fluores-
cence intensities were normalized to 10 (absolute values for each
element are given in the box). Pb and Zn maxima could be exactly
allocated to the tidemark of articular cartilage.

Fig. 3. Pb intensity maps (red) of a chondral/subchondral region of

the patella in a sample volume of 200 x 200 x 160 um?>. The calci-

fied tissue (coherently scattered signal) is visualized as white.

(I) Non-calcified articular cartilage, (Il) transition zone (tidemark),
(1) calcified articular cartilage and (IV) subchondral bone.

baseline intensities before Ca intensity levels reached the
maximum level. We found distinct changes in the Pb/Ca
and the Zn/Ca ratios between the tidemark (50/1000 and
90/1000, respectively) and subchondral bone (1/1000 and
22/1000, respectively). Pb intensities at the cement-lines
were about 10% of the Pb intensities at the tidemark,
whereas Zn intensities at the cement-lines were about
80—90% when compared to the tidemark. Interestingly,
although intensity maxima of Pb and Zn coincided in the
tidemark, considerable differences of intensity profiles
were found in the subchondral bone. When compared to
Pb levels, we found a smaller relative decrease in Zn signal
in subchondral bone as well as a greater relative increase in
cement-lines.

Furthermore, a 3D reconstruction of the Pb distribution
was generated from confocal SR p-XRF area scans per-
formed in different depth on a patella sample (Fig. 3). The
results of the 3D renderings are in accordance with two-
dimensional (2D) data sets as well as line scans obtained
by SR p-XRF in non-focal geometry. Furthermore, the 3D
feature of Pb accumulation in the tidemark indicates that
this accumulation of Pb is not limited to surface area of
the sample, but is also present in the deeper regions of
the sample.

Discussion

In this study we established spatially resolved elemental
profiles and maps of Ca, Sr, Zn and Pb in articular cartilage
and subchondral bone of femoral head and patella from
healthy adult humans and correlated them to BE images.
Our data clearly show that the toxic trace element Pb is
accumulated very specifically in the transition zone be-
tween the non-calcified and the calcified articular cartilage
known as the tidemark?2,

SR p-XRF was shown to be an excellent technique to
determine simultaneously the spatial distribution of various
elements like Ca, Sr, Zn, Pb in human bone samples with
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high sensitivity. The use of high flux, monochromatic and
linear polarized synchrotron radiation enables to determine
traces of Pb in matrices containing elements with low and
medium atomic numbers. The spatial resolution of the
method is limited by the minimum beam size achievable
by X-ray optics being used (about 13 um in the present
study). When performing SR p-XRF analyses in non-
confocal (conventional) geometry on samples thicker than
the beam sizes a degradation in the lateral resolution is
observed. Due to element- and matrix-specific information
depths for different characteristic X-rays, effects of tissue
geometry do not allow always an exact local correlation
among Ca, Sr, Zn and Pb intensityéprofiles as well as a pre-
cise assignment to the BE images®. Thus, the different in-
formation depth for BE imaging (1 um) and XRF also may
explain the fact that Zn and Sr intensities were detected
in the marrow cavity, where no bone material was present
on the BE image. However, confocal SR p-XRF analysis
of the 200-pum-thick bone slices helped to eliminate the un-
wanted contribution of deeper sample layers to the X-ray
fluorescence spectra. Therefore, the overall spatial resolu-
tion of the system was improved by an order of magnitude
from 200 um to 20 um. Using the confocal setup it was as-
sured that the detected characteristic X-rays for each ele-
ment originated from the same sample depth. Therefore,
the matching of BE images and element maps was facili-
tated. Furthermore, confocal SR p-XRF enabled for a 3D re-
construction of the Pb distribution in various depths of the
articular cartilage and subchondral bone sample. Thus, for
the first time a visualization of the 3D nature of the Pb accu-
mulation in the tidemark (Fig. 3) could be achieved.

The tidemark has been thought of as a metabolically
active calcification front advancing in the direction of the
non-calcified cartilage. Duplication of the tidemark, which
can be observed in osteoarthritis®®, is seen as evidence
for this advancement. The tidemark can be labeled with tet-
racycline®® and can be stained by dyes that stain basophilic
substance and lipids®*, or by enzymes such as ATPase and
alkaline phosphatase®. The high specificity and reproduc-
ibility of Pb accumulation in adult articular cartilage led us
to believe that this could be a general phenomenon. Inter-
estingly, our results indicate that Zn, an essential element
for normal growth of the skeleton®®, is also accumulated
in the tidemark as well as in cement-lines and at sites of
new bone formation. This result is in accordance with that
of Gomez et al.?”, who have shown previously that the high-
est concentrations of Zn in bone were found at sites of new
bone formation.

Regarding the possible biological role of Pb, it has a higher
affinity than calcium to osteocalcin, increases the amount of
mineral bound to osteocalcin®"® and has shown to interfere
with Ca®" signaling in cells by competing for calcium binding
sites®. Moreover, Pb is able to displace Ca®* by cation ex-
change processes in the hydroxyapatite crystal*®, which
could alter the hydroxyapatite crystal and thus affect its ma-
terial properties. To date, very little data are available on how
Pb affects bone material properties and bone crystal struc-
ture in vivo. However at this point, one can only speculate
about the exact mechanisms of Pb accumulation in the tide-
mark of articular cartilage. Moreover, the tidemark has also
great clinical importance, because it is the region of critical
mechanical weakness in articular cartilage*' where clefts
may open due to injuries and osteoarthritis*2.

Although local Pb has been shown to lead to osteoarthri-
tis'>'* and the fact that osteoblasts and chondrocytes
seem to be important target cells for the toxic effects of
Pb'S, there is very limited knowledge on the molecular

mechanisms of Pb toxicity in these tissues. There are no
data available whether systemic exposure to the toxic heavy
metal Pb affects the risk of developing osteoarthritis. Osteo-
arthritis, the clinical syndrome of joint pain and dysfunction
caused by joint degeneration, affects more people than any
other joint disease. The incidence of osteoarthritis rises pre-
cipitously with age; as a result, the prevalence and burden of
this disorder is increasing rapidly*®. The increased remodel-
ing found in the subchondral bone in osteoarthritis may play
an important role in its disease progress**. Moreover, this
increased resorption of subchondral bone during osteoarthri-
tis*>*® could also cause an increased release of Pb into the
circulation as seen in osteoporosis® and hyperthyroidism®.

Tibia and patella have been widely used in epidemiologic
studies to determine bone Pb levels by in-vivo K-lines XRF.
Interestingly, with this technique the patella was found to
contain more Pb per bone weight than compact bone of
the tibia®. However, due to the large information depth
(>2 cm) when considering Pb K-lines (75 keV photons) in
in-vivo XRF analysis, signals are not only detected from
the trabecular region of the patella, but also from the artic-
ular cartilage of the patella and even from the distal femur.
Our findings may explain in part the higher Pb content found
in the patella when compared to tibia using in-vivo K-line
XRF.

In conclusion our findings of the specific accumulation of
Pb in the tidemark of normal human adult articular cartilage
may lead to further understanding and research on the ef-
fects of Pb on cartilage, bone biology and biomineralization.
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