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Abstract

Lead remains a significant environmental toxin, and we believe we may have identified a novel
target of lead toxicity in articular chondrocytes. These cells are responsible for the maintenance of
joint matrix, and do so under the regulation of TGF- signaling. As lead is concentrated in
articular cartilage, we hypothesize that it can disrupt normal chondrocyte phenotype through
suppression of TGF-f signaling. These experiments examine the effects of lead exposure in vivo
and in vitro at biologically-relevant levels, from 1nM-10uM on viability, collagen levels, matrix
degrading enzyme activity, TGF- signaling, and articular surface morphology. Our results
indicate that viability was unchanged at levels <100uM Pb, but low and high level lead in vivo
exposure resulted in fibrillation and degeneration of the articular surface. Lead treatment also
decreased levels of type Il collagen and increased type X collagen, in vivo and in vitro.
Additionally, MMP13 activity increased in a dose-dependent manner. Active caspase3 and 8 were
dose-dependently elevated, and treatment with 10uM Pb resulted in increases of 30% and 500%,
respectively. Increasing lead treatment resulted in a corresponding reduction in TGF-f reporter
activity, with a 95% reduction at 10uM. Levels of phosphoSmad?2 and 3 were suppressed in vitro
and in vivo and lead dose-dependently increased Smurf2. These changes closely parallel those
seen in osteoarthritis. Over time this phenotypic shift could compromise maintenance of the joint
matrix.
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INTRODUCTION

Elemental lead (Pb2*) is a chemically stable and ubiquitous environmental toxin. Once

deposited, it persists in the environment until it is actively removed. In addition, in humans
exposed to lead, most of the heavy metal is deposited in the skeleton (95% of body burden)
where its half-life in the bone compartment is 25-30 years [1]. This creates a window for
secondary exposure that will increase during times of rapid bone resorption such as
menopause, pregnancy, or immobilization [2]. No beneficial function or safe limit of
exposure has been identified for lead in the body, and exposure to lead results in anemia,
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cognitive deficit, kidney damage, as well as cancer and other pathologies [3]. Through
investigation of clinical and epidemiological findings, we believe that we have uncovered a
previously unknown effect of lead in the joint at levels that are not acutely toxic: the
disruption of normal articular chondrocyte function. Over the last few decades the
association of lead with joint degeneration has surfaced with increasing frequency. Duration
of lead exposure in lead smelter workers was found to correlate significantly with incidence
of joint pain [4]. Additionally, case study analyses have found an association between
retention of lead pellets and joint degeneration [5, 6]. Furthermore, controlled experiments
implanting periarticular lead pellets found a significant increase in joint damage beyond that
seen with steel implants and sham surgeries [7, 8].

Lead has been shown to disrupt TGF-f signaling in other tissues [9, 10]. At the molecular
level, signaling by the cytokine TGF-f constitutes the preeminent constraint in the continued
maintenance of articular cartilage by articular chondrocytes [11]. TGF-f directs articular
chondrocytes to maintain a stable phenotype and continue cellular functions associated with
joint maintenance, such as production and organization of type Il collagen (Col2) and
glycosaminoglycans into the articular surface [12] and suppression of type X collagen
(ColX) [13] and matrix degrading enzymes (MMPs) [14]. Canonical TGF-( signaling
functions through a complex, but well defined, pathway. Exogenous TGF- binds the cell
surface receptor, TGF-BRII, and upon binding, this receptor dimerizes with TGF-fRI and
phosphorylates it. Activated TGF-BRI can subsequently phosphorylate transcription factors
Smad?2 or Smad3. Once activated these Smads are able to form heteromeric complexes with
the co-factor Smad4, allowing for translocation to the nucleus where they directly influence
gene transcription via Smad binding elements (SBEs). TGF- signaling can be endogenously
inhibited via alterations to pathway intermediates in part by the Smad ubiquitination
regulatory factor, Smurf2, which marks Smad2 and Smad3 for degradation [15-18]. The
importance of TGF-p signaling to joint maintenance has been further illustrated by
transgenic animals. Three examples are: 1) expression of a dominant-negative TGF-3
receptor induces osteoarthritis-like symptoms [19], 2) Smad3 knockout mice show
progressive degeneration of the articular surface [20], and 3) heterozygous constitutive
expression of Smurf2 results in strong osteophyte production in and around the joint space
[17].

Due to their proximity to lead sequestered in the subchondral bone and synovial fluid [21],
we hypothesized that articular chondrocytes are vulnerable to lead toxicity. This
vulnerability should manifest itself via changes in phenotype and joint morphology. Several
findings point to the TGF-f receptor, specifically, as a target of lead toxicity. Projected
susceptibility stems from studies showing lead disruption of serine/threonine receptor
kinases in other cell types [22]. The likelihood of interaction between lead and TGF-BRI or
TGF-BRII is further increased due to the presence of Cys-box domains in these receptors.
These domains have proven especially vulnerable to lead binding and inhibition [23-25].
We further hypothesized that lead may be acting upon downstream elements in the TGF-
signaling pathway. We, therefore, investigate the ability of lead to shift articular
chondrocytes away from a normal phenotype and towards an osteoarthritis-like phenotype.
Furthermore, we explore the disruptive effects of lead on TGF-f signaling.

MATERIALS AND METHODS

Chondrocyte Isolation, Cell Lines and Culture, and Viability Assay

Chick articular chondrocytes were isolated from the femora and tibiae of 4-6 week old
Gallus domesticus chickens as previously described [26, 27]. C5.18 cells were used as an
articular chondrocyte-like cell culture model. These rat-derived cells normally express high
levels of Col2 and aggrecan and low ColX [28]. Additionally, they form cartilage nodules
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and do not mineralize [29, 30]. Cells were cultured at 37° C in low glucose DMEM medium
supplemented with 10% FBS, 1% pen/strep, 4.7g/L sodium bicarbonate, and 50ug/ml
ascorbic acid. Viability for all cell experiments was assessed using CellTiter-Blue cell
viability assay (Promega). The manufacturer’s protocol was followed and fluorescence was
measured (560abs/590em) on a plate reader.

Western blot

Western blots were performed as previously described by our lab [17, 31]. The blots were
probed overnight at 4°C with the following antibodies: rabbit-anti-mouse Col2 monoclonal
(Rockland), rabbit-anti-mouse phospho-Smad2 and phosphoSmad3 polyclonal (Cell
Signaling), rabbit-anti-mouse Smurf2 monoclonal (Upstate Biotechnology, Lake Placid,
NY), mouse monoclonal ColX (Quartett), and rabbit-anti-mouse actin monoclonal (Sigma),
all at a 1:1,000 dilution. HRP-conjugated secondary antibodies against rabbit (Sigma),
mouse (BioRad, Hercules, CA) or sheep (Santa Cruz) were used at a dilution of 1:5,000. The
immune complexes were detected using Supersignal West Pico (Thermo Scientific
Rockford, IL) and visualized following exposure to XOMAT AR film (Kodak).

P3TP TGF-B Signaling Assay

P3TP-lux is a synthetic reporter construct that consists of firefly luciferase under the control
of 3 consecutive TREs (TPA response elements) and has been shown to be TGF-§3
responsive [32, 33]. Cells were transiently transfected with the P3TP-lux plasmid using
Superfect (Qiagen), according to the manufacturer’s instructions. The SV40 renilla-luc
plasmid was co-transfected to determination transfection efficiency as previously described
[34]. The DNA to transfection reagent ratio used for all experiments was 1:3 (w/v) with the
following amounts of DNA in 0.6 ml medium: P3TP-lux = 2 ug, SV40 renilla-luc = 10ng.
Three hours after transfection, cultures were exposed to experimental conditions for 24
hours. Cells were then lysed and extracts were prepared using the Dual Luciferase Assay
System (Promega) as directed by the manufacturer. Luminescence was recorded with an
Optocomp luminometer (MGM Instruments).

Promega Caspase Assay

Fluorescent indicator dyes were used as a biomarker for caspase activation. The dyes
contain an activation site specific for either caspase3 or 8 and must be cleaved at this site to
fluoresce. After adherence cells were treated with either control media, DMEM containing
10% FBS, or control media with lead added at given concentrations for 24 hours. After
24hrs caspase3 or 8 detection reagents (Promega Madison, WI) were added and detected as
per the company’s suggested protocol.

MMP13 Assay

Media was collected from confluent C5.18 cells treated in a standard 12-well plate and
MMP13 activity was assessed using the SensoLyte plus 520 MMP-13 Assay Kit (AnaSpec,
CA). The assay was conducted per the manufacturer’s recommended protocol. This assay
can detect the activity of sub-nanogram concentrations of MMP13 without cross reactivity
of MMPs 1,2,3,7,8,9,10,12, or 14 [35]. Fluorescence was graphed as a function of time and
the rate of increase was calculated via linear regression analysis and then normalized to total
protein concentration by Coomassie Plus Protein Assay kit (Pierce Chemical, Rockford, IL).

Histology and staining

For collagen type 2 and type 10 immunohistochemistry, sections were first deparaffinized in
xylene and digested for 10 minutes, in 10% pepsin. Slides were then quenched with 3%
hydrogen peroxide then incubated overnight at 4°C with anti-col 1l (USA) or anti-col X
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(USA) at 1:50 dilution. Collagen proteins were detected using rabbit anti-goat secondary
antibody (1:200; Vector Laboratories, Burlingame, CA, USA), followed by horseradish
peroxide streptavidin (1:750; Zymed, San Francisco, CA, USA) for 30 min treatment at
room temperature and developed with AEC chromogen for 10 minutes.

Lead exposure

The animals were exposed via lead acetate in the drinking water administered ad libitum.
Short-term exposure consisted of 500ppm for 3 months, long-term exposure of 50ppm for
18 months. Blood lead levels of 45 and 9ug/dL (respectively) were achieved within one
week and maintained throughout treatment.

Statistical Analysis and ImageJ Quantification of Western Blots

Statistical analyses were performed using ANOVA. p values less than 0.05 were viewed as
significant and denoted by “*” unless otherwise indicated.

Images were analyzed using ImageJ software and according to the protocol found at http://
lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/.

RESULTS

Long-term low-level lead exposure results in disruption of articular surface

Safranin O staining revealed a loss of proteoglycans in the most superficial zone of the
articular surface in tibiofemoral joints. Consistent with this, we found an increase in the
presence of cartilage abrasions, specifically in the lamina splendens, 22.2% in Pb treatment
to 0% in controls (Figure 1).

Lead is not acutely cytotoxic in vitro at physiologically relevant levels

Cultured primary articular chondrocytes demonstrated no decrease in viability when treated
with increasing levels of lead up to 10uM for 24hrs, as measured by cell titer blue assay
(Figure 2A). Likewise, C5.18 cells, an articular chondrocyte-like cell line, survived at
biologically relevant lead concentrations and only demonstrated a decrease in viability at
lead levels greatly exceeding this range, i.e. >100uM (Figure 2B).

Lead alters articular chondrocyte phenotype

Long-term low-level lead treated rats displayed decreased staining for Col2 and increased
ColXin articular cartilage (Figure 3A). At the protein level, articular chondrocytes exposed
to 10puM lead demonstrated a 5 fold decrease in Col2 production (Figure 3B). In contrast,
expression of ColX was elevated 35 fold above control (Figure 3B). Message level of ColX
was similarly found to be elevated (data not shown). Additionally, MMP13 activity in C5.18
cells, assayed via fluorescent indicator dye, was found to be elevated over a lead treatment
range from 100nM-10uM, with the highest levels of induction being approximately 4 fold at
lead concentrations of 0.01uM and 0.1uM (Figure 4).

Loss of chondrogenic potential has been associated with increased caspase activation [36],
and in response to lead treatment a significant and dose-dependent increase in the activities
of caspase3 (Figure 5A) and caspase 8 (Figure 5B) was seen, with caspase 3 increasing by

30% and caspase8 increasing by 500% in the 10uM Pb treatment group. TGF-B is a known
survival factor in articular chondrocytes, therefore caspase activation is consistent with its

disruption [37].
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Lead disrupts TGF-B signaling

For this experiment articular chondrocytes were transfected with the TGF-/Smad3
responsive reporter, P3TP-Luc, and treated with Pb in the presence and absence of 5ng/ml
TGF-B. Upon lead treatment we observed a dose-dependent decrease in the ability of
articular chondrocytes to activate this reporter. A 95% reduction was seen in the 10pM Pb
treatment group and interestingly, exogenous addition of TGF-f3 was unable to overcome
this inhibition (Figure 6).

Levels of active (phosphorylated) Smad2 and 3 are relatively high in normal articular
chondrocytes. However, short-term high lead exposed animals exhibited drastically
decreased levels of P-Smad 3 (Figure 7A). Furthermore, these animals also exhibited
fibrillation of the articular surface. In vitro, 10uM lead treatment was found by western blot
to reduce levels of phosphoSmad2 by 95% and Smad3 by 67% within the cell (Figure 7B).

Western blot and RT-PCR analysis (data not shown) show that lead dose-dependently up-
regulates Smurf2, with a maximum 6 fold induction at the 2uM concentration (Figure 8).

DISCUSSION

At acutely-nontoxic biologically-relevant doses of lead, damage to the lamina splendens is
evident and articular chondrocytes alter their protein expression profile: expressing reduced
levels of Col2, and elevated levels of ColX and caspases3 and 8. Additionally, lead
treatment elevated the activity of secreted MMP13. TGF-f signaling, as assayed through the
P3TP-lux reporter, was inhibited by lead and this inhibition could not be overcome by
exogenous addition of TGF-fB. Examination of the TGF-( signaling pathway revealed that
lead lowered levels of phosphoSmad?2 and 3 while elevating levels of Smurf2.

The function of normal articular chondrocytes is to maintain the extracellular articular
matrix. To do this they produce and secrete molecules such as Col2, aggrecan, and other
proetoglycans and glycoproteins that maintain the low friction coefficient of the lamina
splendens and impart load-bearing and impact-dampening properties. Lead treatment
degraded the lamina splendens in vivo and lowered levels of Col2 and increased levels of
ColX, a collagen expressed in growth plate chondrocytes and osteoarthritic articular
cartilage. Interestingly, as observed in the past, mMRNA levels of colX increased by only 2-
fold and protein by 35-fold. This suggests that there is either accelerated initiation of colX
translation, decreased stability of colX mRNA, increased protein stability, or a combination
thereof. Normal articular chondrocytes also express very low levels of matrix degrading
enzymes, but lead treatment increased MMP13 activity. Lead treatment resulted in changes
to the articular surface and in the protein expression profile that mimics endochondral
ossification seen in osteoarthritis.

The absence of cytotoxicity in these lead treated cells supports the idea that observed lead
effects must arise through a specific disruption of cellular pathways or processes, as they are
not the result of general cell death. It seems that lead treatment, in addition to altering
protein expression, results in cellular activity that parallels what is seen in osteoarthritis
(OA\). Caspase activation in articular chondrocytes has been correlated with loss of
chondrogenic potential and cartilage destruction [36, 38]. In fact this is exactly what we see
in lead-treated articular chondrocytes. During this stage of caspase activation, as evidenced
by simultaneously decreased Col2 levels, articular chondrocytes, though still viable, fail to
maintain normal production of joint matrix components.

The reliance of articular chondrocytes on TGF-f signaling to maintain normal function is
evidenced by both in vitro studies and in transgenic animal models [39]. Our lab had
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previously shown TGF-f signaling in growth plate chondrocytes to be vulnerable to lead
[40]; interestingly our study observed effects in ACs even at a 10 fold lower dose. It is for
these reasons that we hypothesized that lead alters articular chondrocyte phenotype through
disruption of TGF- signaling. Importantly, lead treatment was found to suppress TGF-f
signaling, as measured by P3TP-lux reporter activity. This suppression was achieved by
altering components of the signaling milieu, suppressing transducers phosphoSmad?2 and 3,
and elevating the endogenous negative regulator Smurf2. Exogenous TGF-f was unable to
restore normal signaling; however expression of constitutively active Smad3 did restore
signaling (supplemental data). Taken in concert, these experiments point to the TGF-f3
receptor as a putative lead target.

The actual role of TGF- signaling in OA pathology is quite complex and is not fully
understood; however, cartilage from OA patients has been shown to contain elevated levels
of Smurf2, and in this regard lead treatment is similar [17]. Complexity arises because TGF-
B has also been shown to signal through non-canonical pathways [41, 42] and disruption of
TGF- can lead to up-regulation of BMP signaling [31]; however, we observed no
compensatory increase in BMP signaling upon lead treatment (data not shown).
Furthermore, TGF- signaling is subject to modulation via co-receptors such as endoglin
[43]. Further studies are needed to sort out points of interaction between TGF-3 and BMP
signaling and downstream effects on MAPK, ERKS, and other kinases, but the current study
shows that lead treatment inhibits canonical TGF- signaling in articular chondrocytes, and
vivo this inhibition correlates with fibrillation of the articular surface.

In the expression profile of matrix components, degrading enzymes, viability and caspase
activation, and disruption of TGF-f signaling, lead treated articular chondrocytes mirror the
cellular changes seen in osteoarthritis, as does damage to the articular surface in vivo.
However, these findings also underscore the need for further study of in vitro and in vivo
lead effects. Due to the novelty of lead inhibition of TGF-f signaling in articular
chondrocytes, the mechanism by which lead is exhibiting these effects is yet to be
adequately delineated. Therefore, continued in vitro work is needed. Bone lead levels and
blood lead levels strongly correlate [44], however the correlation of lead dose to actual
biological effect, extrapolations of cellular damage to morphologically significant changes
in function, and the contribution of lead to the genesis and progression of OA require further
investigation. The experiments conducted within this manuscript have begun to describe a
model and potential mechanism of the generation and progression of osteoarthritis. This is
of critical importance, as the generation of osteoarthritis is itself not well understood. In
light of this disparity of knowledge, understanding the mechanism by which lead exerts its
disruption of articular chondrocyte function, especially if found to act through similar
channels as other causes of OA, is the first step towards the ultimate goal of improved
preventative measures and clinical therapies for joint degenerative diseases.
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Figure 1.
Rats subjected to long-term low-level lead exposure exhibit cartilage degeneration in the

tibiofemoral articulation. Ad libitum treatment with 50 ppm Pb via lead acetate in the
drinking water resulted in blood lead levels of 9ug/dL. These levels were achieved within 1
week of treatment and maintained for 18 months. Histological examination after Safranin O
staining revealed degradation of the lamina splendens and changes in cell morphology in the
lead treated group but not in unexposed controls.
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A. Chick Articular Chondrocytes

Control 0.08uM Pb 0.4uM Pb 2uM Pb 10uM Pb

C5.18

Control 100nMPb 1puM Pb 10puM Pb 100uM Pb 1mM Pb  10mM Pb

Figure?2.

Lead does not exert acute toxicity on articular chondrocytes at relevant experimental doses
(=10uM). In an articular chondrocyte cell model, C5.18 cells exhibited no reduction in
viability compared to control (CellTiter-Blue assay). When treated with lead concentrations
from 100nM-100uM a reduction in viability was observed only at lead concentrations of
1mM and 10mM (i.e. biologically irrelevant concentrations and 100 times greater than our
highest experimental dose) (A.). Cell viability was unchanged in articular chondrocytes
treated with lead concentrations from 0.08uM —10uM for 24hrs (B.) (*=p<0.05 from control,
n=8).
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Figure 3.
Protein expression of the normal cartilage phenotype was disrupted by lead treatment. The
articular cartilage of long-term low-level lead exposed rats displayed reduced staining for
type 1l collagen (Col2) and increased type X collagen (ColX) (A.). After 24hrs of treatment
with 10uM Pb, Col2 levels were suppressed to 20% of normal while ColX increased by 35
fold in articular chondrocytes, as quantified by ImageJ analysis. Band intensity was
normalized to B-actin.
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Figure4.

Lead treatment significantly and dose-dependently increased MMP13 activity across the
range of 1nM-0.1uM from 2 fold to 4 fold, respectively, and MMP13 activity was also
significantly elevated by treatment with 10uM Pb (*=p<0.05 from control, n=4).
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Figure5.

Lead treatment resulted in dose-dependent caspase activation. As evidenced by high-
specificity fluorescent indicator dyes, after 24hrs of lead treatment caspase3 activation was
elevated approximately 15% at 0.08uM and significantly increased by 20% at 2uM and 30%
at 10uM in chick articular chondrocytes (A.). Similarly, when treated with lead for 24hrs,
caspase8 activation was increased in a dose-dependent manner, with a 6 fold increase seen
in the 10uM treatment group (B.). (*=p<0.05 from control, n=8).
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Figure6.
Lead suppresses basal TGF-f signaling in chick articular chondrocytes. Lead treatment was

found to significantly suppress luminescence in a dose-dependent manner, from an 80%
reduction at 0.08uM Pb to a 93% reduction at 10uM Pb. As expected TGF-B (5ng/ml)
increased P3TP reporter activity by approximately 500%. Although cells co-treated with
10uM lead and TGF- exhibited significantly higher reporter activity than the 10uM Pb
group, their reporter activity remained significantly lower than either control or TGF-f
treatment alone (*=p<0.05 from control. T=p<0.05 from TGF-f treatment and 10uM Pb,
n=4).
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Figure?.

Lead treatment reduced levels of phosphoSmad2 and 3. Mice exposed to 500ppm lead
acetate in their water for 3 months had drastically reduced P-Smad 3 levels, as well as
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fibrillation of the articular surface (A.). These animals maintained blood lead levels of 45ug/
dL. Articular chondrocytes in culture were treated with 0 or 10uM Pb acetate for 24 hrs.
Cultures were then treated with 5 ng/mL TGF-B. After 45 min, as quantified by ImageJ
analysis, a 67% reduction in phosphoSmad3 (P-Smad3) and a 95% reduction in
phosphoSmad2 (P-Smad?2) were observed in the lead treated group (B.). Blots are

representative of a series of three separate experiments.
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Figure8.

Lead significantly elevated Smurf2 protein levels with a dose-dependent elevation above
control being seen from 4 fold at 0.08uM to 6 fold at 2uM and a 4.5 fold increase at 10uM.
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