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Abstract
Cardiovascular disease, such as atherosclerosis, has been associated with reduced bone mineral
density and fracture risk. A major etiologic factor in atherogenesis is believed to be oxidized
phospholipids. We previously found that these phospholipids inhibit spontaneous osteogenic
differentiation of marrow stromal cells, suggesting that they may account for the clinical link
between atherosclerosis and osteoporosis. Currently, anabolic agents that promote bone formation
are increasingly used as a new treatment for osteoporosis. It is not known, however, whether
atherogenic phospholipids alter the effects of bone anabolic agents, such as bone morphogenetic
protein (BMP)-2 and parathyroid hormone (PTH). Therefore we investigated the effects of
oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (ox-PAPC) on osteogenic
signaling induced by BMP-2 and PTH in MC3T3-E1 cells. Results showed that ox-PAPC
attenuated BMP-2 induction of osteogenic markers alkaline phosphatase and osteocalcin. Ox-
PAPC also inhibited both spontaneous and BMP-induced expression of PTH receptor.
Consistently, pretreatment of cells with ox-PAPC inhibited PTH-induced cAMP production and
expression of immediate early genes Nurr1 and IL-6. Results from immunofluorescence and
Western blot analyses showed that inhibitory effects of ox-PAPC on BMP-2 signaling were
associated with inhibition of SMAD 1/5/8 but not p38-MAPK activation. These effects appear to
be due to ox-PAPC activation of the ERK pathway, as the ERK inhibitor PD98059 reversed ox-
PAPC inhibitory effects on BMP-2-induced alkaline phosphatase activity, osteocalcin expression,
and SMAD activation. These results suggest that atherogenic lipids inhibit osteogenic signaling
induced by BMP-2 and PTH, raising the possibility that hyperlipidemia and atherogenic
phospholipids may interfere with anabolic therapy.
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Cardiovascular disease has been associated with lower bone mineral density, especially in
the presence of atherosclerosis. Aortic atherosclerosis has been found to predict, age
independently, bone loss and fracture risk (1-3). Plasma low density lipoprotein (LDL)2
cholesterol levels have been inversely correlated with bone mineral density (4). Recent
evidence suggests that postmenopausal women with atherogenic lipid profiles have a greater
risk of osteopenia than those with normal lipid profiles, paralleling the risk of cardiovascular
disease (5). In animal models, atherosclerosis-susceptible mice fed a high fat diet have
reduced bone density and bone marrow osteocalcin expression compared with those on a
chow diet (6).

A major etiologic factor in atherogenesis is believed to be oxidatively modified lipoproteins
and phospholipids. A mildly oxidized form of low density lipoprotein (MM-LDL) and one
of its biologically active components, 1-palmitoyl-2-arachidonyl-sn-glycero-3-
phosphorylcholine (ox-PAPC), have been shown to trigger atherogenic responses in
endothelial cells (7,8). In vitro, these atherogenic lipids inhibit spontaneous osteoblastic
differentiation and mineralization of calvarial preosteoblasts and bone marrow stromal cells
(9,10).

Atherogenic phospholipids and lipoproteins have been shown to activate p42/44 mitogen-
activated MAPK, i.e. the ERK pathway in endothelial cells and vascular smooth muscle
cells (11,12). These lipids also activate the ERK pathway in bone marrow stromal cells.
Activation of the ERK pathway has been shown to negatively regulate osteoblastic
differentiation (9). Suppression of ERK activation by dominant negative Ras expression in
the calvaria of 1-day-old mice results in increased mineralization in the calvaria (13). In
addition, bone morphogenetic protein (BMP)-induced osteogenesis requires down-
regulation of the ERK pathway in bone marrow stromal cells (14).

Currently, anabolic agents that promote osteoblastic differentiation leading to increased
bone formation have opened a new therapeutic approach for treating osteoporosis. BMPs are
potent anabolic agents and play a role in postnatal bone formation. The osteogenic potential
of BMP-2 has been shown in both animal models and in clinical studies. It has been used in
clinical treatment of non-union fractures as well as osteoporosis (15-17). Upon ligand
binding, BMP-2 signals are mediated by activation of SMAD 1, 5, and 8. In addition to the
SMAD proteins, activation of the p38-MAPK pathway is important for BMP-2-induced
signaling, and it influences osteoblastic differentiation (18). Another important anabolic
factor is parathyroid hormone (PTH). When given intermittently, PTH has been shown to
increase bone mineral density (19-21). In contrast, continuous administration of PTH has the
opposite effect (22). Thus, the anabolic response of PTH has been difficult to study in vitro.
It has been shown that anabolic effects of PTH in vivo are mediated by the cAMP-dependent
protein kinase A pathway (23).

In this report, we extend our previous findings to address the effects of oxidized
phospholipids on osteogenic activity of BMP-2. Results showed that ox-PAPC attenuates
BMP-induced osteoblastic differentiation and PTH receptor expression in calvarial
preosteoblasts, MC3T3-E1 cells. In addition, results showed that ox-PAPC inhibits PTH
signaling including cAMP production and expression of immediate early genes, suggesting
that atherogenic lipids interfere with effects of anabolic agents. These findings raise the
possibility that hyperlipidemia may adversely affect anabolic therapies for osteoporosis.

2The abbreviations used are: LDL, low density lipoprotein; ox-PAPC, oxidized-1-palmitoyl-2-arachidonyl-sn-glycero-3-
phosphorylcholine; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; BMP, bone morphogenetic
protein; PTH, parathyroid hormone; HDL, high density lipoprotein; RT-PCR, reverse transcription PCR.
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EXPERIMENTAL PROCEDURES
Materials

MC3T3-E1, a murine preosteoblastic calvarial cell line, was obtained from Riken Cell Bank
(Japan). BMP-2 was obtained from R&D Systems and Peprotech. PAPC was from Avanti-
Polar Lipids. PAPC was oxidized and its oxidation state verified as described previously
(24). Purified human high density lipoproteins (HDL) SB203580 and PD98059 were from
Calbiochem. Antibodies to phosphorylated ERK, p38-MAPK, and total p38-MAPK and
ERK were from Cell Signaling. Antibodies for total SMAD 1/5/8 were from Santa Cruz
Biotechnology (Santa Cruz, CA).

Cell Culture
MC3T3-E1 cells were plated at 40,000/cm2. β-glycerophosphate (5 mM) and ascorbic acid
(50 μg/ml) were added as part of the BMP-2 treatment. These osteogenic supplements were
not used in experiments without BMP-2. In the experiments using ox-PAPC pretreatment,
cells were incubated with ox-PAPC for a total of 6 – 8 days unless otherwise indicated.
Assays were performed at different time points as appropriate for the earliest expected
appearance of each osteoblastic differentiation marker (25,26). Alkaline phosphatase activity
was assayed at 2 days and osteocalcin expression at 3–4 days after BMP-2 treatment.

Alkaline Phosphatase Activity
Cells were plated at 40,000/cm2. One day after plating, cells were treated with the indicated
reagents in α-minimal essential medium (Mediatech) supplemented with 10% fetal bovine
serum, 5 mM β-glycerophosphate (Sigma), and 50 μg/ml ascorbic acid (Sigma). Alkaline
phosphatase activity in a whole cell lysate was assayed in quadruplicate and normalized to
total protein, determined by the Bradford method (27).

Real-time RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen), DNase-treated RNA was reverse
transcribed, and real-time PCR was performed using the Mx3005P (Stratagene). Sequences
for the primers are as follows: Nurr-1 (sense) 5′-ACTCCAATAACTCTGCTGAAG-3′,
(antisense) 5′-TGCTAAACTTGACAAACTCTG-3′; β-actin (sense) 5′-
AGAGGGAAATCGT-GCGTGAC-3′, (antisense) 5′-CAATAGTGAT-
GACCTGGCCGT-3′; osteocalcin (sense) 5′-CCGGGAGCAGTGTGAGCTTA-3′,
(antisense) 5′-TAGATGCGTTTGTAGGCGGTC-3′; PTH receptor (sense) 5′-
TCAGGGACACTGTGGCAGATC-3′, (antisense) 5′-
GCACCTCACCATTGCAGAAAC-3′; IL-6 (sense) 5′-TGTATGAAC-
AACGATGATGCACTT-3′, (antisense) 5′-GGTACTCCAGAAGACCAGAGGAAAT-3′.

cAMP Assay
Cells were pretreated with ox-PAPC 1 day after seeding. After 6–7 days of treatment, cells
were treated with 3-isobutyl-1-methylxanthine (0.5 mM) for 15 min, followed by treatment
with PTH (10−8 

M) for 30 min. Cyclic AMP accumulation in the whole cell extracts was
measured by a cAMP EIA kit (Cayman Chemical) according to the manufacturer's protocol.
The data are represented as an average of 3 wells ± S.D.

Western Blot Analysis
Whole cell lysates were prepared using lysis buffer supplemented with phosphatase and
protease inhibitors, and Western analysis was performed using standard protocols.
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Immunocytochemistry
Cells were washed, fixed in 10% formalin, and blocked in 5% normal serum. Cells were
probed with primary antibody pSMAD1/5/8 (1:100; Cell Signaling) overnight at 4 °C and
visualized by the secondary antibody conjugated to Alexa Fluor 488 (1:200; Invitrogen).
ProLong Gold antifade reagent with 4′,6-diamidino-2-phenylindole (Invitrogen P36935) was
used for mounting.

Data Analysis
Each experiment was performed in at least triplicate wells for each condition, and each
experiment was repeated at least three times. Data are expressed as mean ± S.E. from all
experiments where noted, otherwise as mean ± S.D. from a representative experiment.
Means were compared using one-way analysis of variance, with comparison of different
groups by Fisher's protected least significant difference test. A value of p < 0.05 was
considered significant.

RESULTS
Effect of Ox-PAPC on BMP-induced Osteoblastic Differentiation

To determine the effects of ox-PAPC on BMP-induced osteoblastic differentiation, MC3T3-
E1 cells were cotreated with vehicle, ox-PAPC, and/or BMP-2 for 2 days, after which
alkaline phosphatase activity was assessed. Results showed that ox-PAPC decreased the
alkaline phosphatase activity induced by BMP-2 (Fig. 1A). Quantitative real-time RT-PCR
analysis showed that pretreatment of cells with ox-PAPC for 4 days, followed by
cotreatment with BMP-2 for 4 additional days, also inhibited BMP-2 induction of
osteocalcin (Fig. 1A). In additional studies, we found that cotreatment (without ox-PAPC
pretreatment) was sufficient for the inhibitory effects (Fig. 1B). Treatment of cells with
native PAPC (negative control) did not (Fig. 1B), suggesting that oxidative modification is
required for the inhibitory effects.

Because BMP-2 induces PTH receptor expression (28), we next assessed the ox-PAPC
effect on PTH receptor expression. Results showed that PTHR expression induced by
BMP-2 was also attenuated by ox-PAPC (Fig. 1C).

Effect of Ox-PAPC on PTH Signaling
PTH and its related peptides induce anabolic bone formation in vivo when administered
intermittently (19,20). Because our results showed that ox-PAPC attenuated BMP-2-induced
PTHR expression, we further assessed the effect of ox-PAPC on PTH signaling. Treatment
of MC3T3-E1 cells with ox-PAPC alone for 6 days inhibited PTHR expression (Fig. 2A). In
addition, pretreatment of cells with ox-PAPC for 7 days inhibited PTH induction of cAMP
(Fig. 2B). We next assessed the effects of ox-PAPC on PTH induction of immediate early
genes mediated both in vitro and in vivo via the cAMP-dependent protein kinase A pathway
(29,30). Results showed that pretreatment of cells with ox-PAPC inhibited expression of
immediate early genes Nurr1 and IL-6 induced by PTH at 2 h (Fig. 2C). Ox-PAPC treatment
alone showed some induction of IL-6 expression (Fig. 2C).

Effect of Ox-PAPC on BMP-2 Signaling Pathway
Osteogenic effects of BMP-2 have been shown to be mediated by the SMAD and p38-
MAPK pathways (18). Consistently, we found that treatment of MC3T3-E1 cells with
SB203580, an inhibitor of p38-MAPK, attenuated BMP-induced alkaline phosphatase
activity (data not shown). To assess whether the inhibitory effect of ox-PAPC is due to
inhibition of BMP-2-induced p38-MAPK, cells were treated with BMP-2 and/or ox-PAPC.
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Results showed that BMP-2 treatment alone induced p38-MAPK phosphorylation, which
was not attenuated by ox-PAPC (Fig. 3A). Cotreatment with ox-PAPC and SB203580, a
specific p38-MAPK inhibitor, caused further inhibition of alkaline phosphatase activity (Fig.
3B, compare bars 2, 3, and 4). Altogether, these results suggest that the inhibitory effect of
ox-PAPC on BMP-2 signaling is either downstream of p38-MAPK or not via inhibition of
the p38-MAPK pathway. We next assessed the effect of ox-PAPC on BMP-induced SMAD
activation by Western analysis and immunofluorescence. Cells were treated with BMP-2
and ox-PAPC for 1.5 h, the time point previously shown for SMAD activation (14). Results
showed that ox-PAPC attenuated BMP-2 activation of SMAD 1/5/8 phosphorylation (Fig. 3,
C and D).

In marrow stromal cells, MM-LDL activated the ERK pathway (9), which negatively
regulates matrix mineralization both in vitro and in vivo (13). Therefore, we assessed the
effect of ox-PAPC on ERK activation. Results showed that ox-PAPC induced ERK
phosphorylation, slightly at 30 min and more significantly at 3 h, but BMP-2 did not (Fig.
4A). Consistently, both Western analysis and immunofluorescence showed that treatment of
cells with an ERK inhibitor, PD98059, partially reversed the inhibitory effects of ox-PAPC
on BMP-2 activation of SMAD 1/5/8 (Fig. 4, B and C). In addition, treatment of cells with
PD98059 reversed the BMP-induced alkaline phosphatase activity and osteocalcin
expression (Fig. 4, D and E).

Oxidant Stress Does Not Mediate Ox-PAPC Inhibitory Effects
Because oxidant stress has been shown to inhibit osteoblastic differentiation via the ERK
pathway (31), and oxidant stress mediates MM-LDL inhibitory effects on differentiation of
osteoblasts (32), we next examined whether antioxidants were able to reverse ox-PAPC
inhibitory effects. Cells were pretreated with the antioxidant particle HDL (100 μg/ml) for
24 h prior to cotreatment with BMP-2 and ox-PAPC. Results showed that HDL treatment
did not reverse the inhibitory effect of ox-PAPC on BMP-2-induced alkaline phosphatase
activity (Fig. 5). Treatment with other antioxidants, Trolox (100 μM) or
pyrrolidinedithiocarbamate (10 μM), also had no significant effect on ox-PAPC inhibitory
effects (data not shown).

DISCUSSION
The present study extends our previous findings concerning spontaneous osteogenesis to the
clinically important area of anabolic stimulation. In previous studies, we found that
atherogenic lipoproteins and phospholipids, including mildly oxidized LDL and ox-PAPC,
inhibit spontaneous osteogenesis in marrow stromal cells via the ERK pathway (9), thus
providing a possible link for the epidemiological association of osteoporosis with
atherosclerosis. The present results indicate that ox-PAPC also inhibits osteoblastic
differentiation induced by BMP-2 in mouse calvarial preosteoblasts. The inhibitory effects
of ox-PAPC on BMP-2 signaling appear to be through inhibition of SMADs via ERK, and
not p38-MAPK (Fig. 6).

The ERK signaling pathway has been shown to play a role in osteoblastic differentiation.
Some have reported that ERK activation is required for induction of alkaline phosphatase
activity (33-36), whereas others have shown that ERK activation has inhibitory effects on
osteoblastic differentiation (9,13,37). Furthermore, the ERK pathway has been shown to
mediate the inhibitory effects of oxidative stress (31). The inhibitory mechanism of ERK has
been shown to involve attenuation of BMP-induced nuclear translocation of SMAD 1, 5, and
8 (14). In the present study, we also found that ox-PAPC reduces BMP-2 activation of
SMADs (Fig. 6). Consistent with this, inhibitors of ERK reverse the inhibitory effects of ox-
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PAPC on BMP-2 effects, including activation of SMAD 1, 5, and 8, thus supporting the
inhibitory role of ERK in osteoblastic differentiation.

We have previously found that MM-LDL induces reactive oxygen species, which inhibit
osteoblastic differentiation of MC3T3-E1 cells (32). In addition, oxidant stress has been
shown to inhibit osteoblastic differentiation via the ERK pathway (31). Therefore, we tested
whether antioxidants reverse the inhibitory effects of ox-PAPC. Although ox-PAPC is an
active component of MM-LDL, our results show that inhibitors of oxidant stress did not
attenuate ox-PAPC effects on BMP-2 induction of alkaline phosphatase activity, suggesting
that components other than ox-PAPC in MM-LDL mediate oxidant stress or, alternatively,
that BMP-2-induced osteoblastic differentiation is independent of oxidant stress.

Inhibitory effects of ox-PAPC on BMP-2 may stem from inhibition of PTH receptor
expression or vice versa since studies from other investigators demonstrate an interaction
between BMP-2 and PTH receptor signaling. For example, BMP-2 induces PTH receptor
expression (28), whereas PTH-related protein enhances BMP-2 induction of osteogenesis
(38). Our results indicate that ox-PAPC also inhibits PTH receptor induction by BMP-2 and
consequently that it inhibits PTH-induced cAMP production and expression of immediate
early genes Nurr1 and IL-6 (Fig. 6). Interestingly, the data also suggest that preosteoblasts
may be more sensitive to the inhibitory effects of ox-PAPC, since ox-PAPC inhibited PTH
receptor expression to a greater extent in cells that did not receive the osteogenic
supplements (Fig. 2A versus Fig. 1C).

Prolonged expression of inflammatory cytokines enhances bone resorption and thus
contributes to osteoporosis (39). Previously, ox-PAPC has been shown to induce
inflammatory genes, including IL-6, in endothelial cells and monocytes both in vitro and in
vivo (8,40). Our results show that chronic ox-PAPC treatment increased IL-6 expression in
preosteoblastic calvarial cells. These findings suggest the potential role of atherogenic lipids
in osteoclastic resorption by induction of inflammatory cytokines by osteoblasts. This is in
agreement with our previous findings where oxidized lipids enhance osteoclastic
differentiation of marrow preosteoclasts both directly and in coculture with stromal/
osteoblasts (41,42). In summary, these findings raise the possibility that hyperlipidemia may
interfere with the therapeutic efficacy of anabolic agents.
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FIGURE 1. Effect of ox-PAPC on BMP-induced osteoblastic differentiation
A, alkaline phosphatase activity and osteocalcin expression in response to BMP-2 and ox-
PAPC. For the alkaline phosphatase activity assay, cells were cotreated for 2 days with
vehicle control, BMP-2 (50 ng/ml), and/or ox-PAPC (10 μg/ml). For osteocalcin expression,
RNA was isolated from cells pretreated with ox-PAPC (10 μg/ml) for 4 days, followed by
treatment with ox-PAPC and/or BMP-2 (50 ng/ml) for an additional 4 days. Expression was
assessed by real-time RT-PCR and normalized to β-actin. B, osteocalcin expression in
response to BMP-2, ox-PAPC, and native PAPC. RNA was isolated from cells treated for 3
days with BMP-2 (50 ng/ml) along with either ox-PAPC (10 μg/ml) or PAPC (10 μg/ml).
Expression was assessed by real-time RT-PCR and normalized to β-actin. C, PTH receptor
(PTHR) expression in response to BMP-2 and ox-PAPC. RNA was isolated from cells as in
panel A. Expression was assessed by real-time RT-PCR and normalized to β-actin. Results
are shown as mean ± S.E. from all experiments. *, p < 0.0001; #, p < 0.005.
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FIGURE 2. Effect of ox-PAPC on PTH signaling
A, PTH receptor expression in response to ox-PAPC. RNA was isolated from cells treated
for 6 days with ox-PAPC (10 μg/ml). Expression was assessed by real-time RT-PCR and
normalized to β-actin. B, cAMP production in response to PTH and ox-PAPC. cAMP
accumulation in the medium of cells pretreated for 7 days with ox-PAPC, followed by
treatment for an additional 30 min with vehicle, PTH (10−8 

M), and/or ox-PAPC (10 μg/ml).
C, Nurr-1 and IL-6 expression in response to PTH and ox-PAPC. RNA isolated from cells
pretreated for 6 days with ox-PAPC, followed by treatment for an additional 2 h with
vehicle, PTH (10−8 

M), and/or ox-PAPC (10 μg/ml). Expression was assessed by real-time
RT-PCR and normalized to β-actin. Results are shown as mean ± S.E. from all experiments.
*, p < 0.0001; #, p < 0.005; **, p < 0.05.
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FIGURE 3. Effect of ox-PAPC on p38-MAPK and ERK
A, activation of p38-MAPK in response to BMP-2 and ox-PAPC. Western analysis of
phosphorylated p38-MAPK from cultures treated with vehicle, BMP-2 (100 ng/ml), and/or
ox-PAPC (10μg/ml) for 30 min (left panel)or3 h(right panel). Total p38-MAPK was used as
a loading control. B, alkaline phosphatase activity in response to BMP-2, ox-PAPC, and
SB203580. Cells were pretreated for 30 min with SB203580 (10 μM), followed by treatment
for 2 days with vehicle, BMP-2 (100 ng/ml), ox-PAPC (10 μg/ml), and/or SB203580 (10 μM)
as indicated. *, p < 0.0001. C, activation of SMADs in response to BMP-2 and ox-PAPC.
Western analysis of phosphorylated SMAD 1/5/8 in cells treated for 1.5 h with vehicle,
BMP-2 (100 ng/ml), ox-PAPC (30 μg/ml), or BMP-2/ox-PAPC. Total SMAD 1/5/8 was
used as a loading control. D, immunofluorescent (fluorescein isothiocyanate) staining of
phosphorylated SMAD 1/5/8 (green; left panels) in cells treated for 1.5 h with vehicle (a),
ox-PAPC (10 μg/ml) (b), BMP-2 (50 ng/ml) (c), or BMP-2 and ox-PAPC (d). 4′,6-
Diamidino-2-phenylindole staining (blue; right panels) was used to visualize cell nuclei
(magnification ×400).
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FIGURE 4. Effect of ERK inhibition on ox-PAPC inhibitory effects
A, activation of ERK in response to BMP-2 and ox-PAPC. Western analysis of
phosphorylated ERK (p-ERK) from cell cultures treated for 30 min (left panel) or 3 h(right
panel) with BMP-2 (50 ng/ml) or ox-PAPC (10 μg/ml). Total ERK was used as a loading
control. B, activation of SMADs in response to BMP-2, ox-PAPC, and PD98059. Western
analysis of phosphorylated SMAD 1/5/8 in cells treated for 1.5 h with vehicle, BMP-2 (100
ng/ml), ox-PAPC (30 μg/ml), or PD98059 (5 μM), BMP-2/ox-PAPC, or BMP-2/ox-PAPC/
PD98059. Total SMAD 1/5/8 was used as a loading control. C, immunofluorescent
(fluorescein isothiocyanate) staining of phosphorylated SMAD 1/5/8 (green; upper panels)
in cells pretreated for 30 min with PD98059, followed by treatment for an additional 1.5 h
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with vehicle (a), ox-PAPC (b), PD98059 (c), BMP-2 (d), BMP-2 and ox-PAPC (e), BMP-2,
ox-PAPC, and PD98059 (f) in medium supplemented with 0.5% fetal bovine serum. 4 ,6-
Diamidino-2-phenylindole staining (blue; lower panels) was used to visualize cell nuclei
(magnification ×400). D, alkaline phosphatase activity in response to BMP-2, ox-PAPC, and
PD98059. Cells were treated for 2 days with BMP-2 (50 ng/ml), ox-PAPC (10 μg/ml), and/
or PD98059 (5 μM) as indicated. E, osteocalcin expression in response to BMP-2, ox-PAPC,
and PD98059. Cells were cotreated for 3 days with vehicle, BMP-2 (50 ng/ml), ox-PAPC
(10 μg/ml), PAPC (10 μg/ml), or PD98059 (5 μM) as indicated. *, p < 0.0001; #, p < 0.05.
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FIGURE 5. Effect of antioxidant particle HDL on ox-PAPC inhibitory effects
Alkaline phosphatase activity in response to BMP-2, ox-PAPC, and HDL. Cells were
pretreated for 24 h with HDL (100 μg/ml), followed by treatment for an additional 2 days
with vehicle, BMP-2 (50 ng/ml), ox-PAPC (10 μg/ml), and/or HDL as indicated. *, p <
0.0001.
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FIGURE 6. Proposed inhibitory mechanisms of ox-PAPC on BMP-2 and PTH signaling
pathways
Ox-PAPC appears to inhibit BMP-2 signaling by attenuating SMAD 1/5/8 activation via
ERK and inhibits PTH signaling by attenuating induction of cAMP.
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