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Abstract

Parathyroid hormone (PTH) is necessary for the regulation of calcium homeostasis and PTH 

(1–34) was the first approved osteoanabolic therapy for osteoporosis. It is well established that 

intermittent PTH increases bone formation and that bone remodeling and several cytokines and 

chemokines play an essential role in this process. Earlier, we had established that the chemokine, 

monocyte chemoattractant protein-1 (MCP-1/CCL2), was the most highly stimulated gene in 

rat bone after intermittent PTH injections. Nevertheless, MCP-1 function in bone appears to be 

complicated. To identify the primary cells expressing MCP-1 in response to PTH, we performed 

in situ hybridization of rat bone sections after hPTH (1–34) injections and showed that bone­

lining osteoblasts are the primary cells that express MCP-1 after PTH treatment. We previously 

demonstrated MCP-1’s importance by showing that PTH’s anabolic effects are abolished in 

MCP-1 null mice, further implicating a role for the chemokine in this process. To establish 

whether rhMCP-1 peptide treatment could rescue the anabolic effect of PTH in MCP-1 null 

mice, we treated 4-month-old wild-type (WT) mice with hPTH (1–34) and MCP-1−/− mice 

with rhMCP-1 and/or hPTH (1–34) for 6 weeks. Micro-computed tomography (μCT) analysis 

of trabecular and cortical bone showed that MCP-1 injections for 6 weeks rescued the PTH 

anabolic effect in MCP-1−/− mice. In fact, the combination of rhMCP-1 and hPTH (1–34) 

has a synergistic anabolic effect compared with monotherapies. Mechanistically, PTH-enhanced 

transforming growth factor-β (TGF-β) signaling is abolished in the absence of MCP-1, while 
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MCP-1 peptide treatment restores TGF-β signaling in the bone marrow. Here, we have shown 

that PTH regulates the transcription of the chemokine MCP-1 in osteoblasts and determined 

how MCP-1 affects bone cell function in PTH’s anabolic actions. Taken together, our current 

work indicates that intermittent PTH stimulates osteoblastic secretion of MCP-1, which leads to 

increased TGF-β signaling, implicating it in PTH’s anabolic actions.
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1. Introduction:

Osteoporosis is more common in the elderly population and causes morbidity and mortality. 

Parathyroid hormone is requisite for calcium homeostasis [1]. Although endogenous 

hyperparathyroidism is related to bone catabolism [2], PTH(1–34, teriparatide) was the first 

available prototypic osteoanabolic hormone for treating osteoporosis, when administered 

intermittently [3]. Despite its beneficial therapeutic potential in improving bone health and 

fracture healing, the exact mechanism of hPTH (1–34) action remains elusive. Elucidation 

of the mechanisms by which PTH can result in either osteoanabolic or catabolic effects 

has important implications for understanding and treating a broad range of metabolic bone 

disorders [4]. PTH has multiple actions, including indirect activation of the osteoclast 

through osteoblastic RANKL production resulting in increased bone resorption, as well 

as many direct changes in the functions of the osteoblast [5, 6]. It is well recognized that 

intermittent PTH increases bone formation and promotes bone remodeling [7]. Previously 

we have reported that intermittent treatment of rats with PTH (1–34) for 14 days highly 

induced several cytokines and chemokines, in particular, RANKL, IL-6, CXCL1, and CCL2 

(MCP-1) [8]. Among all genes, the chemokine, MCP-1 (CCL2), was found to be the 

most highly stimulated, which suggested a potentially important role for MCP-1 in PTH’s 

anabolic effects [8]. Monocyte chemoattractant protein-1 (MCP-1 or CCL2), is a potent pro­

inflammatory member of the CC motif chemokine family [9]. High expression of MCP-1 

was reported in several bone pathophysiological conditions, such as prostate cancer bone 

metastasis and sites of osteoporotic bone [10–12]. MCP-1 is also expressed by osteoclasts 

and has a role in osteoclast formation [13–15]. CC chemokine receptor 2 (CCR2) is the one 

of the main receptors for MCP-1 and absence of CCR2 results in higher bone mass, further 

signifying an essential role for MCP-1 in bone metabolism [16].

We showed that PTH’s bone anabolic effects are abolished in MCP-1 null mice, further 

implicating an essential role for the chemokine [17]. We also found a significant increase 

in MCP-1 expression in osteoblasts. In addition, MCP-1 null mice did not show an increase 

in macrophage numbers, osteoclast surface, and osteoclast number, which were all observed 

in wild-type mice after daily PTH injections. We concluded that the abolition of PTH­

mediated bone formation is due to lack of osteoclast and macrophage activity and that 

osteoblast MCP-1 expression is a key mediator of the anabolic effects of PTH on bone 

[17]. In addition, increased MCP-1 expression caused by PTH enhanced the osteoclast 
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recruitment, differentiation, and fusion of pre-osteoclasts, suggesting that the PTH anabolic 

effect requires MCP-1-induced osteoclast recruitment [18].

Transforming growth factor-beta (TGF-β) is an essential growth regulator in bone and is 

produced by bone cells. TGF-β is abundantly present in bone matrix and regulates many 

biochemical processes within cells. TGF-β binds to the TGF-β type-2 receptor, which 

subsequently phosphorylates the type I receptor. The heterotetrameric TGF-β receptor 

complex, in turn, phosphorylates the Smads, especially Smad2. PTH can increase TGF-β 
activity via osteoclast activation, suggesting local systemic hormonal regulation of TGF-β 
[19, 20].

Herein, we have dissected the mechanism whereby MCP-1 mediates PTH’s anabolic effects 

on bone. We found that MCP-1, synthesized by osteoblasts and osteoblast-like cells in 

response to intermittent PTH stimulation, is essential for the recruitment of monocytes and 

pre-osteoclastic cells and administration could restore increased marrow macrophages. We 

found that MCP-1−/− mice did not demonstrate PTH-induced TGF-β signaling in bone 

marrow. This, as well as PTH’s anabolic effects on bone, could be restored by injections of 

rhMCP-1. Thus, TGF-β appears to serve as a coupling mediator for MCP-1’s role in PTH’s 

anabolic effects on bone.

2. Materials and Methods

2.1 Animal studies

All experimental animals were maintained under standard conditions with a 12-hour 

light/12-hour dark cycle with water ad libitum and standard rodent chow. All animal-related 

experiments using mice and rats were performed following the approved protocols of the 

Institutional Animal Care and Use Committee (IACUC) of New York University.

2.1.1 Rat model for in situ hybridization—Four-month-old male rats (4 in each 

group) were injected with hPTH (1–34) (80 μg/kg), or saline and bones were collected 

1 h after injections. Femurs were processed by fixation in 4% paraformaldehyde, then 

demineralized in 10% EDTA for 3 weeks for in situ hybridization analysis (as detailed 

below).

2.1.2 Mouse model of 10 days MCP-1 treatment—Breeding pairs of wild-type 

(C57BL/6J) and MCP-1−/− mice on the same background were purchased from the Jackson 

Laboratories and bred for experimental animals. For pilot experiments, 4-month-old male 

MCP-1−/− mice (4 mice in each group) were injected with rhMCP-1 (0.25, 0.5 or 1 μg/

mouse) daily for 10 days. Blood was collected daily 2 and 4 h after rhMCP-1 injections to 

measure the circulating concentrations of MCP-1 by ELISA. To achieve the desired increase 

in MCP-1 serum levels (the levels after PTH injections), wild-type 4-month-old male mice 

(4 mice in each group) were injected with hPTH (1–34) at 80 μg/kg/day or saline. After 10 

days of daily injections to all described groups, mice were killed (2 h after the last injection) 

and tibiae, femora, and blood collected. One femur was fixed in 70% ethanol and a tibia in 

4% paraformaldehyde. μCT was performed on the femur while the tibia was processed for 

immunohistochemistry for p-Smad2.
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2.1.3 Long-term (6 weeks) MCP-1 treatment in mice—Male wild-type and 

MCP-1−/− mice at 4 months of age were randomly distributed to saline or treatment groups 

(n=8 per group). Wild-type mice were injected with hPTH (1–34) at 80 μg/kg/day or 

saline daily, while MCP-1−/− mice were injected with saline, hPTH, rhMCP-1 (0.25μg) or 

rhMCP-1 plus hPTH daily for 6 weeks. Two doses of calcein (10 mg/kg) were given to 

all groups by intraperitoneal injection, at days 7 and 2 before euthanasia. After 6 weeks 

of daily injections to all described groups, mice were killed and tibiae, femora and blood 

collected. One femur was fixed in 70% ethanol for at least 2 days. One tibia was fixed in 4% 

paraformaldehyde. μCT and histomorphometry were performed on the femur while the tibia 

was processed for immunohistochemistry for p-Smad2 and Mac-3.

2.2 In situ hybridization

In situ hybridization detection of MCP-1-mRNA was performed on rat bone sections after 

PTH injection. Briefly, 5 μm paraffin sections were washed in buffer, dehydrated in alcohol, 

and hybridized with digoxigenin-labeled sense and antisense MCP-1 riboprobes (plasmid 

kindly provided by Dr. Richard Miller at Northwestern University School of Medicine) at a 

concentration of 2 ng/μl in hybridization solution (DIG Northern starter kit, Roche, Basel, 

Switzerland) at 37°C for 12 h. Samples were incubated with anti-digoxigenin-antibodies 

coupled to alkaline phosphatase. After rigorous washes (4 times with wash buffer, provided 

with Roche kit), the sections were incubated with the NBT/BCIP substrate complex for 1 h 

at room temperature. The sense MCP-1 probe was used as a negative control.

2.3 RNA Isolation and Quantitative Real-time PCR Analysis

Total RNA was prepared from the metaphyseal region of the femurs or cultured cells using 

a TRIzol kit (Invitrogen) according to the manufacturer’s protocol. Of the total RNA, 1 μg 

was used to synthesize cDNA by using reverse transcriptase TaqMan® (Life Technologies, 

Inc.). We used SYBR® Green Master Mix for quantitative real-time RT-PCR detection [21]. 

Relative mRNA or fold changes in expression were calculated using a formula reported 

previously [22]. All mRNA expression levels were normalized to β-actin and expressed as 

fold values compared with the WT saline-injected mice. The details of primers used for 

mRNA expression are given in supplementary table 1.

2.4 Micro-Computed Tomography (μCT)

The animals were euthanized and femurs were dissected, cleaned of soft tissue, and fixed 

and stored in 70% ethanol prior to high-resolution μCT analysis. The Bruker SkyScan 

1172 μCT scanner (SkyScan, Ltd., Kartuizersweg, Kontich, Belgium) was used to perform 

the μCT analyses. All samples were scanned in batches of six at a nominal resolution 

(pixels) of 9.7 μm. Images were obtained using the following parameters: 60 kV, 167 uA, 

and pixel size of 9.7 μm, matrix size of 2000 × 1000, 0.3 degrees’ rotation, 6 averages, 

a movement correction factor of 10, and aluminum filter. NRECON (SkyScan) was used 

to reconstruct all images using thresholding of 0–0.065, ring artifact correction of 7, beam­

hardening correction of 40, and Gaussian smoothing (factor 1). The reconstructed data were 

binarised using thresholding of 79–255. CTAn software (SkyScan) was used for 3-D and 

2-D volumetric analyses of trabecular and cortical bone, respectively. All parameters of 
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μCT measurements follow the guidelines reported by Bouxsein et al.[23]. The trabecular 

analysis was performed in the region starting 25 slices from the end of the growth plate and 

extending 258 slices towards the distal femur [17]. To maintain the consistency of cortical 

parameters, 100 slices were chosen in the cortical region, omitting 250 slices as offset from 

the start of the growth plate (to exclude the trabecular region) as a reference point [2].

2.5 Histomorphometric analyses

For histomorphometric analyses, femurs were fixed in 70% ethanol, dehydrated, and 

embedded in methyl methacrylate (Polysciences, Warrington, PA). Longitudinal tissue 

sections (5 and 10 μm thick) were cut on a Leica RM2265 microtome. Histomorphometry 

of femurs was performed following an established protocol [17, 24, 25]. Five μm thick 

sections were stained with toluidine blue to detect osteoclasts. Unstained sections (10 

μm thick) were used to assess dynamic parameters using the fluorescent calcein labels 

(mineral apposition rate (MAR), mineralized surface and bone formation rate (BFR)). 

BioQuant image analysis system (Nashville, TN) was used for quantitative analyses. All 

histomorphometry measurements were calculated and performed following the standard 

nomenclature approved by the American Society for Bone and Mineral Research [24, 25]. 

All analyses were done blinded.

2.6 Immunohistochemistry

Paraformaldehyde-fixed tibiae were demineralized in 10% EDTA, paraffin-embedded 

and cut as 5 μm sections. For p-Smad2 immunohistochemistry, paraffin sections 

were deparaffinized, rehydrated and immunostained with a 1:75 dilution of rabbit anti­

phospho-Smad2 antibody (Cell Signaling) using the ABC staining system (Santa Cruz 

Biotechnology) as described previously [26]. Briefly, anti-phospho-Smad2 primary antibody 

was incubated overnight at 4°C followed by 30 min incubation with peroxidase conjugated 

secondary antibody at room temperature or using the HistoMouse Max AEC detection 

kit (Invitrogen). For Mac3 immunohistochemistry, sections were incubated with a 1:100 

dilution of Mac-3 antibody or isotype control (Serotec, Oxford, UK) for 60 min at room 

temperature followed by a 10-min incubation with secondary antibody and using the 

HistoMouse Max AEC detection kit. P-Smad2 and Mac-3 positive cells were counted in 

the secondary spongiosa region of the tibia. Twenty fields were captured in a raster pattern 

and Image-J software was used for quantification [2].

2.7 Serum biomarkers and cytokine measurements

At the end of 10 days or 6 weeks of hPTH or rhMCP-1 injections, blood samples were 

collected by cardiac puncture. Sera were obtained after centrifugation at 5000 rpm for 10 

min. Serum MCP-1 concentrations were measured by using the Quantikine ELISA (R&D 

Systems). Serum C-terminal telopeptide of collagen (CTX, Immunodiagnostic Systems Inc.) 

and P1NP (MyBiosource.com), were measured by rodent-specific ELISAs as described 

previously [2, 27].
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2.8 Mineralization of bone marrow stromal cells (BMSCs)

Bone marrow cells from WT and MCP-1−/− mice after 6 weeks of PTH or saline injections 

were isolated and cultured according to a previous publication [28]. Briefly, the femora were 

excised, cleaned of soft tissues, epiphyses removed and the marrow flushed out with 20 

ml of culture medium consisting of α-MEM, supplemented with 10% fetal bovine serum, 

10−7 M dexamethasone, 50 μg/ml ascorbic acid, and 10 mM β-glycerophosphate. Released 

BMSCs were collected and plated (2 × 106 cells/well) in 12-well plates in the same culture 

medium. They were cultured for 21 days at 37 °C in a humidified atmosphere of 5% 

CO2. The culture medium was changed every second day. After 21 days of culture, cells 

were fixed in 4% paraformaldehyde, rinsed with PBS and stained with 40 mM Alizarin 

Red S. Stained cells were first photographed, and alizarin stain was then extracted in 

cetylpyridinium chloride (CPC) at pH 7.0 followed by colorimetric detection at 570 nm.

2.9 Statistical Analyses

Statistical analyses were performed by one-way or two-way ANOVA followed by post 

hoc Newman–Keuls multiple comparison tests of significance using GraphPad Prism 3.02 

software. Data are expressed as the mean ± standard error of the mean with p < 0.05 

considered statistically significant.

3. Results

3.1. PTH-enhanced TGF-β signaling is abolished in the marrow in the absence of MCP-1

Previously we have shown that PTH profoundly increased MCP-1 mRNA and protein 

expression in bone and serum in rats [8]. To further confirm the cell types that express 

MCP-1, we performed in situ hybridization using bones of 4-month-old male rats. Rats 

were used for this analysis because the stimulation by PTH is so profound in this species, 

even 50-fold with 1 injection of PTH [18]. Rats were administered 1 injection of hPTH 

(1–34) or saline and tibiae collected 1 h after injection followed by in situ hybridization with 

digoxigenin-labeled sense and antisense MCP-1 riboprobes. PTH stimulates bone-lining 

and bone marrow stromal cells to express MCP-1 (Figure 1A). As seen in Figure 1B, 

PTH injection increased the number of MCP-1 positive cells almost 3 fold compared with 

saline-injected rat bones within 1 h of PTH injection. These observations confirmed that 

the rapid and substantial increase in MCP-1 mRNA in bones [8] is from osteoblast-lineage 

cells and not myeloid lineage cells, although these express MCP-1 at later times [17]. The 

changes in RNA expression precede the immunohistochemical staining for MCP-1 seen 

in the same bone-lining cells after 2 PTH injections [17]. These data suggest that PTH 

regulates MCP-1 transcription in stromal and bone lining cells in vivo.

We previously demonstrated MCP-1’s importance by showing that the anabolic effects 

of daily injections of PTH are abolished in MCP-1 null mice [17]. Nevertheless, MCP-1 

function appears to be complex. We also showed that the MCP-1−/− mice are unable to 

recruit osteoclasts or macrophages in response to daily injected PTH (1–34) [17]. Yet, the 

mediator between these two events was unknown. A body of literature has shown that 

TGF-β is abundantly present in bone matrix in a latent form [29]; is released and activated 

by osteoclastic action [30]; and is able to recruit BMSCs to osteoclastic resorption sites 
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through Smad 2/3 signaling [31]. Thus, TGF-β couples bone resorption to formation. It 

has been shown that PTH increases TGF-β concentrations and mRNA in human osteoblasts 

[32, 33]. To examine whether the requirement of MCP-1 in the anabolic effect of PTH 

involves TGF-β signaling in vivo, we stained for TGF-β action in sections of bone from 

wild-type or MCP-1−/− mice that had received PTH or saline. We used the phosphorylation 

of Smad2 as a marker of TGF-β action. As is evident in Fig. 1C, there is minimal staining 

for phosphorylated Smad2 in marrows of the MCP-1 null mice, especially after PTH 

treatment, whereas this staining is enhanced in marrows of wild-type mice. It is notable 

in the wild-type mice that there is minimal staining for phospho-Smad2 associated with 

cells on bone surfaces, suggesting that the majority of TGF-β signaling occurs in BMSCs 

in the marrow. Our results suggest that MCP-1 null mice show no PTH-stimulated increase 

in Smad2 phosphorylation. Further, we have isolated bone marrow from the same mice and 

performed Western blots to examine the expression of phospho-Smad2. The results show 

that PTH significantly increased Smad-2 phosphorylation in the bone marrow of wild-type 

mice. Deletion of MCP-1 prevented the PTH-mediated increase in Smad-2 phosphorylation, 

suggesting that MCP-1 is required for PTH-mediated TGF-β activation and signaling (Fig 

1D).

3.2 MCP-1 is required for PTH-mediated osteogenic gene expression in bone.

PTH’s anabolic effects are attributed to the stimulation of osteogenic genes, which favor 

the differentiation of precursor cells into mature osteoblasts [34]. In fact, we and others 

have shown that daily injections of PTH (1–34) regulate expression of many osteoblastic 

genes [8]. To determine the requirement of MCP-1 in PTH-mediated osteogenic gene 

expression, 4-month-old male wild-type and MCP-1−/− mice were injected daily with 80 

μg/ kg hPTH (1–34) or saline for 6 weeks and bones were collected 2 h after the last 

injection. qPCR analysis was performed to assess the expression of osteogenic genes such 

as alkaline phosphatase, Runx2, Osterix, Fos, Col1a1, osteocalcin (Ocn), Ccr2 and Tgfb1 
(Figure 2A–H). Intermittent PTH failed to induce the expression of osteogenic genes in 

bones of MCP-1−/− mice while there was an increase in the expression of these genes in 

wild-type mice (Fig 2A–H).

In addition to modulating TGF-β expression and action, PTH also regulates bone 

remodeling by coordinating signaling of other local factors, such as Wnts, bone 

morphogenetic proteins, and IGF-1. In fact, we found that PTH stimulation of Wnt10b 
and inhibition of Sost was ablated in the absence of MCP-1, while regulation of both 

genes was seen in wild-type mice (Fig. 2I and J). We have not observed any changes 

in IGF-1 mRNA after PTH injection in both genotypes (Fig. 2K). To investigate the role 

of MCP-1 on osteoblastogenesis and mineralization, bone marrow cells from WT and 

MCP-1−/− mice after 6 weeks of daily PTH or saline injections were cultured in bone 

marrow mineralization medium for 21 days as shown in Supplementary Fig 1A. hPTH 

injections enhanced mineralization of cells from WT bone marrows compared with the 

saline group (Supplementary Fig 1B and C). The deletion of MCP-1 abolished the hPTH­

mediated bone marrow mineralization, indicating that MCP-1 is required for bone marrow 

osteoblastogenesis.
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3.3. MCP-1 treatment of MCP-1 deficient mice mimics PTH’s anabolic effects on 
trabecular bone

To determine whether MCP-1 replacement would rescue the PTH-mediated bone anabolic 

effect in MCP-1−/− mice, we injected rhMCP-1 peptides to 4-month-old MCP-1−/− male 

mice daily. Preliminary experiments were done with 3 different doses of MCP-1 (0.25, 0.5 

and 1 μg/mouse) for 6 days and blood collected daily after 2 h to measure the circulating 

concentrations of MCP-1 by ELISA. We found that all doses significantly elevated the 

serum MCP-1 levels in a dose-dependent fashion (Fig 3A and B). Higher doses of 

rhMCP-1 (0.5 and 1 μg/mouse) injections significantly increased most of the bone anabolic 

parameters even after 10 days of injections compared with the saline-injected wild-type mice 

(Supplementary Fig 2A). These higher doses also increased the trabecular bone structure and 

TGF-β signaling in the bone marrow to those comparable to PTH treatment of wild-type 

mice (Supplementary Fig 2A, B and C). The 0.25 μg/mouse dose of rhMCP-1 treatment 

mimics the serum MCP-1 levels seen in wild-type animals after PTH treatment with the 

transient doubling of basal levels (Fig 3A and Supplementary Fig 3A and B). Thus, we used 

this dose for extended studies.

The MCP-1 null mice were injected with this chosen dose (0.25 μg/mouse) daily or with 

the saline vehicle; half of the animals in each group also received daily PTH (80 μg/kg) 

injections, while the other half received the saline vehicle for six weeks. Wild type animals 

also received PTH or saline for comparison. As we and others have reported [17, 35], hPTH 

injections increased trabecular bone mass in WT mice (Fig. 3D and Supplementary Fig. 2A). 

However, PTH was unable to increase trabecular bone mass in MCP-1−/− mice compared 

with the vehicle-treated KO mice, as we have previously observed. In particular, hPTH 

increased trabecular bone volume (BV/TV) (Fig. 3D), trabecular thickness (Tb.Th) (Fig. 

3F), trabecular number (Tb.N) (Fig 3G) and decreased trabecular separation (Tb.Sp) (Fig. 

3E) and trabecular pattern formation (Tb.pf) in WT mice compared with the vehicle-treated 

WT mice. However, MCP-1−/− mice failed to show the hPTH-mediated bone anabolic 

effects. Daily exogenous MCP-1 injections to MCP-1 null mice rescued the trabecular bone 

anabolic parameters to those seen in WT mice treated with hPTH (Figure 3D–H). We found 

that rhMCP-1 injections alone increased trabecular bone parameters suggesting that this 

chemokine is sufficient for PTH’s anabolic effects.

3.4. MCP-1 injections restored hPTH anabolic effects of the bone microarchitecture in the 
cortical compartment

Similar to our previous observations, μCT analysis of cortical bone (midshaft femur) showed 

that 6 weeks of hPTH injections significantly increased the cortical bone volume (BV/TV) 

(Fig 4B), total area (T.Ar) (Fig 4C), bone perimeter (B.Pm) (Fig 4D), total cortical thickness 

(Cs.Th) (Fig 4E), bone area (B.Ar) (Fig 4F) and cortical area/ total area (Fig 4G) in WT 

mice. However, hPTH injections did not change any of these parameters in MCP-1−/− mice, 

and nor were MCP-1 injections alone able to have an effect on cortical bone. In contrast, 

daily rhMCP-1 (0.25 μg/mouse) injections, together with PTH injections, significantly 

increased the cortical bone microarchitectural parameters in MCP-1−/− mice (Fig 4B–G). 

The combination of rhMCP-1 along with hPTH showed a higher anabolic effect on BV/TV 

compared to hPTH injection of WT mice. These data suggest that MCP-1 replacement, 
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along with PTH administration, is required and beneficial for the anabolic effect of hPTH in 

cortical bone. It also suggests that, in cortical bone, PTH must elicit other pathways, as well 

as require MCP-1, for its anabolic effects.

3.5. MCP-1 injections augment the PTH mediated dynamic histomorphometry parameters 
in MCP-1−/− mice

Dynamic histomorphometric analysis revealed that 6 weeks of hPTH injections significantly 

increased the mineral apposition rate (MAR) and mineralized surface in wild type mice 

compared with vehicle-treated mice but failed to show the effect in MCP-1 null mice (Fig 

5A and C). However, the bone formation rate (BFR) increased in wild-type and MCP-1−/− 

mice after hPTH treatment, which we have previously observed [17]. In contrast, daily 

rhMCP-1 (0.25 μg/mouse) injections, together with PTH injections, significantly increased 

the MAR and BFR in MCP-1−/− mice while not changing the mineralized surface (Fig 5A, 

B and C). As we have previously observed, 6 weeks of daily hPTH injections significantly 

increased the osteoclast number to bone surface (Fig 5D) while no changes were observed 

in the PTH-treated MCP-1−/− mice. Surprisingly, no changes were observed in the mice 

that received rhMCP-1, either alone or with PTH. This is in distinct contrast to the changes 

observed in marrow monocyte and macrophage numbers (see Fig. 6B below).

3.6. Restoration of increased macrophage numbers and enhanced TGF-β signaling with 
injected MCP-1 in MCP-1-deficient mice.

To investigate whether rhMCP-1 injection would restore PTH-mediated TGF-ꞵ signaling, 

we injected rhMCP-1 or hPTH for 6 weeks in MCP-1−/− mice and performed 

immunostaining for phospho-Smad-2 in tibial sections of MCP-1−/− and wild-type mice. 

rhMCP-1 injection restored Smad-2 phosphorylation in MCP-1−/− mice to that seen in 

wild-type mice after PTH injections (Fig. 6A). These data suggest that MCP-1 expression 

is vital for PTH-mediated TGF-β activation and signaling. In addition, we have found 

significant increases in numbers of cells stained for Mac-3 (mouse macrophage-specific 

marker) in the secondary spongiosae after rhMCP-1 injections in MCP-1−/− mice similar to 

that seen in wild-type PTH-injected mice, establishing that MCP-1 is required for monocyte 

and macrophage recruitment in bone marrow (Fig. 6B).

3.7. Effects of MCP-1 injections on biochemical markers of bone turnover

Based on the differential effects of PTH in wild-type and MCP-1−/− mice on many bone 

parameters as determined by micro-CT and immunohistochemistry, we next examined 

alterations in the serum levels of biochemical markers of bone turnover. Specifically, P1NP 

and CTX-1, markers of bone formation and bone resorption respectively were determined 

by ELISA. Wild-type mice showed an increase in CTX and P1NP levels after 10 days 

of PTH injections and rhMCP-1 (1μg) injections increased serum P1NP almost 2-fold in 

MCP-1−/− mice (Supplementary Fig 4A and B). As shown in Fig 7A, intermittent PTH 

injections for 6 weeks resulted in increased serum levels of CTX-1 in wild-type mice but 

no significant changes in MCP-1−/− mice, even with rhMCP-1 administration. Likewise, 

PTH injections increased P1NP in wild-type mice and failed to show an effect in MCP-1−/− 

mice while rhMCP-1 (0.25 ug) injections rescued the hPTH-mediated stimulation of serum 
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P1NP in MCP-1−/− mice (Fig 7B). These data are similar to the μCT and histomorphometry 

observations.

4. Discussion

Although intermittent PTH (1–34) treatment is a current anabolic therapy to treat 

osteoporosis, the exact mechanism of action remains elusive. MCP-1, also known as CCL2, 

is a member of the C-C chemokine family and has a potent chemotactic property for 

monocytes. Our previously published in vitro and in vivo data established a vital role 

for MCP-1 in PTH action on bone [36, 37]. Here we report that in vivo intermittent 

PTH treatment increases MCP-1 mRNA expression by bone-lining mononuclear cells. 

Furthermore, MCP-1 appears necessary for PTH-enhanced TGF-β action and this can be 

restored by MCP-1 replacement. We think the TGF-β signaling pathway facilitates the 

recruitment of mesenchymal cells towards the active bone surface. Daily injections of 

rhMCP-1 rescued the bone anabolic effect of hPTH and TGF-β signaling in MCP-1 null 

mice. These data suggest that MCP-1 is essential for the PTH-mediated bone anabolic effect 

through increased signaling of TGF-β.

It is well established that chemokines have a diverse effect on bone and its cells. CXC and 

CC subtypes of chemokines promote the migration of osteoclast precursor cells and assist 

osteoclast formation and bone resorption [38]. MCP-1, a potent chemokine for monocytes 

and macrophages, plays a dynamic role in PTH-induced bone resorption [2]. The source 

of MCP-1 can be diverse with many cell types, such as osteoblasts, endothelial cells, 

fibroblasts, epithelial cells, smooth muscle cells and monocytes, producing it. In vitro and 

in vivo studies demonstrated increased expression of MCP-1 by rat osteoblasts following 

exposure to PTH, leading to bone resorption via chemoattraction of pre-osteoclasts and 

finally, an increase in osteoclastogenesis [18].

In our previous studies, we have reported that MCP-1 is the most highly up-regulated gene 

after intermittent hPTH (1–34) injections in rats [8, 18]. In addition to increased mRNA 

expression in bone, serum MCP-1 levels almost double after 14 days of hPTH injections 

[17] and we have shown the same in mice (Supplementary Fig 3). Furthermore, MCP-1 

is necessary for hPTH’s bone anabolic effects [17]. In another study from our group, 

we have found that MCP-1 is also necessary for PTH’s catabolic effects [2]. Continuous 

infusion of PTH fails to induce monocyte and macrophage recruitment and bone loss in 

MCP-1 null mice [2]. Together, these show that MCP-1 is required for both anabolic and 

catabolic responses to PTH in bone and MCP-1 may provide a pharmacological target for 

PTH-induced bone disease [2, 17].

Human PTH (1–34) injections increased total bone mRNA for MCP-1. The RNA was 

obtained from the trabecular-rich metaphyseal region of the distal femur, which is an 

osteoblast-rich site. It was important to identify the cells in the bone which express 

MCP-1 mRNA after PTH treatment. However, MCP-1 is a secreted protein and not clearly 

detected by immunohistochemistry in the early time period after the first PTH injection. To 

address this issue, we performed in situ hybridization for MCP-1 to provide unambiguous 

information of the primary cell of its origin in response to PTH. Here in this present study, 
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the in situ hybridization of MCP-1 clearly showed that PTH stimulates initial expression of 

MCP-1 in bone lining mononuclear cells.

Although it was established that MCP-1 is necessary for PTH’s anabolic effects on bone and 

that the recruitment of macrophages and osteoclasts is abolished in MCP-1 null mice [17], 

we did not know the mediators that couple these two events. We have found that TGF-β 
signaling increased after hPTH injections in wild-type mice but not in MCP-1−/− mice, 

indicating that TGF-β is one of the critical mediators. A body of literature has shown that 

TGF-β is especially enriched in bone matrix [39], is released and activated by osteoclastic 

action [30], and is able to recruit bone marrow stromal cells (BMSCs) to osteoclastic 

resorption sites through Smad 2/3 signaling [31]. Thus, an MCP-1-mediated increase in 

TGF-β may act as the coupling factor for bone resorption to formation. However, we do 

not know the cell types that express increased pSmad 2 after PTH treatment. This finding 

is similar to the data from previous studies that suggest that inhibition of bone resorption, 

followed by decreased bone turnover, decreases PTH-induced bone formation, implying a 

requirement for the osteoclast in PTH’s anabolic effects. Bisphosphonates, known inhibitors 

of bone resorption, can blunt the PTH-mediated anabolic effect, suggesting that active bone 

resorption is prerequisite for the anabolic actions of PTH [40, 41].

Since the TGF-β pathway is only one of several pathways involved in bone anabolism, 

we investigated whether MCP-1 may have effects on additional pathways. We found that 

deletion of MCP-1 prevented PTH effects on two parts of the Wnt pathway, which has a 

major role in bone acquisition and metabolism. MCP-1−/− mice injected with hPTH showed 

no decline in mRNA levels for the Wnt pathway inhibitor, Sost, and no stimulation of Wnt 
10b, while both effects were seen in wild-type mice (Fig. 8). Lack of MCP-1 may prevent 

release of active TGF-β from the bone matrix in MCP-1 null mice and thus, fail to inhibit 

Sost and stimulate Wnt10b expression respectively in MCP-1−/− mice. It should be noted 

that Igf1 mRNA levels were unchanged in any treatment groups. Thus, concerning PTH’s 

anabolic effects, MCP-1 appears to be upstream of both the TGF-β and Wnt pathways, 

broadening its importance as a required mediator of PTH action.

Quantitative RT-PCR data showed that the intermittent hPTH regime increased the 

expression of bone-forming markers such as alkaline phosphatase, collagen type A1 

(Col-1A1), osteocalcin and osteoblast-specific transcription factors (Runx2 and Osterix) 

in the bones of the wild-type mice while failing to increase these in MCP-1 null mice, 

further suggesting the importance of MCP-1 for PTH-mediated increase in anabolic genes. 

In addition, we have also found that hPTH injections significantly increased Fos expression 

in bone and enhanced bone marrow mineralization compared with the saline group in 

wild-type but not in MCP-1 null mice suggesting that MCP-1 is required for bone marrow 

mesenchymal cell recruitment and their osteoblastogenesis.

Similar to an earlier study, PTH showed bone anabolic effects in wild-type mice but not in 

MCP-1−/−mice. As reported earlier, due to redundancy in the chemokine system and because 

CCR2 has other ligands than MCP-1 [42, 43], we have not seen any basal developmental 

bone phenotypes in MCP-1 null mice [2, 17] although this has been observed by Binder et 

al [16]. Since we have seen that hPTH injections failed to induce the bone anabolic effect 
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in MCP-1−/− mice, we were interested in determining whether daily rhMCP-1 injection 

would rescue the PTH-mediated bone anabolic effect in these mice. Daily injections of the 

rhMCP-1 peptide (0.25, 0.5 and 1μg/mice) for 1 week significantly elevated serum MCP-1 

levels dose-dependently. Interestingly, even the lower dose (0.25μg/mice) of rhMCP-1 

restored MCP-1 serum levels in MCP-1−/− mice comparable to PTH-injected wild-type 

mice. Higher doses of rhMCP-1 (0.5 and 1 μg/mouse) injections significantly increased 

the bone architecture and most of the bone anabolic parameters even after only 10 days 

compared with the saline-injected wild-type mice (Supplementary Fig 2A). TGF-β signaling 

also increased after rhMCP-1 (0.5 and 1 μg/mouse) injections in MCP-1−/− mice and 

comparable to wild-type mice treated with PTH (Supplementary Fig 2B, C). The lower 

dose of exogenous MCP-1 (0.25 μg/mice) rescued an increase in trabecular bone anabolic 

parameters in MCP-1 null mice (Figure 3). Similarly, we have seen that rhMCP-1 injections 

for 6 weeks enhanced hPTH-mediated bone microarchitecture in the cortical compartment 

of MCP-1 null mice. Interestingly, we have observed a prominent effect of rhMCP-1 in 

trabecular bone, but it is less effective on cortical bone. These μCT data confirm that an 

increase in serum MCP-1 level is required for the functional anabolic effect of hPTH.

Increase in Mac-3 staining in the secondary spongiosae after rhMCP-1 injections in 

MCP-1−/− mice suggest that MCP-1 is a prerequisite for macrophage and monocyte 

recruitment in the bone marrow. Immunohistochemistry of tibial sections of rhMCP-1 

injected mice showed an increase in Smad-2 phosphorylation in MCP-1−/− mice further 

indicating that a PTH-mediated increase in MCP-1 enhanced TGF-β signaling in the 

bone marrow, which may facilitate the recruitment of BMSCs (precursors of osteoblasts) 

towards the bone remodeling area, and couple bone resorption to bone formation. We 

have already reported that MCP-1 has direct effects on the pre/osteoclastic cell and on 

monocytes/macrophages, and MCP-1 enables the PTH-mediated bone loss independently of 

RANKL and OPG in conditions of continuous infusion, clearly demonstrating an important 

independent, entirely separate role from the RANKL/OPG axis [2].

Together, these findings confirm the additive osteoanabolic effect of MCP-1 and intermittent 

PTH on bone. It has been reported that both continuous and intermittent PTH treatment 

increased MCP-1 expression, probably via the PKA pathway, in the femur of rats and rat 

osteoblastic cells [8]. However, the amount and duration of MCP-1 expression determine 

the outcome of PTH actions (anabolic vs. catabolic) in bone. In the catabolic protocol, the 

upregulation of MCP-1 was moderate but sustained continuously leading to bone resorption 

overwhelming bone formation with a net result of bone loss. Similarly, patients with 

primary hyperparathyroidism demonstrated increased serum MCP-1 levels [44]. However, 

intermittent PTH administration leads to a transient increase, followed by a rapid decline 

in MCP-1 levels. We postulate that the initial spike in MCP-1 expression results in a 

short-term increase in bone resorption. This MCP-1-mediated transient bone resorption may 

be responsible for TGF-β activation from bone matrix and a subsequent increase in bone 

formation or PTH’s anabolic effect in the bone. Similarly, several clinical and preclinical 

studies reported the active involvement of initial osteoclastic resorption for the full anabolic 

effect of PTH on bone [41, 45]. For all these reasons, MCP-1 appears to be an important 

target for elucidating PTH’s actions on bone.
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In conclusion, we demonstrated that MCP-1 is a highly and rapidly regulated chemokine 

in bone from an anabolic protocol of PTH injections. The MCP-1 null mice cannot 

display a PTH-stimulated increase in bone mass and osteoclasts and macrophages nor 

show PTH-enhanced TGF-β signaling, as seen in wild-type mice. We think that the 

latent TGF-β1 released from bone matrix augments the recruitment of BMSCs towards 

remodeling sites through TGF-β type-2 receptor present on bone marrow stromal cells and 

facilitates osteoblast differentiation and bone formation (Fig. 8). However, this can only 

be unequivocally proven by studies with TGF-β receptor knockout mice. Nevertheless, 

exogenous injections of the MCP-1 peptide in MCP-1 null mice rescued the anabolic 

effect and PTH’s stimulation of TGF-β signaling. These accumulated data define a novel 

mechanism of PTH’s anabolic actions on bone and the essential role of MCP-1 in this 

process. In patients with postmenopausal osteoporosis, serum MCP-1 serves as a potential 

biomarker reflecting disease severity and therapeutic interventions that target MCP-1 and its 

related signaling pathways in order to delay osteoporosis warrant additional study [46].
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Highlights:

1. PTH-enhanced TGF-β signaling is abolished in the marrows of MCP-1 

knockout mice.

2. MCP-1 expression is necessary for the PTH recruitment of monocytes/

macrophages.

3. rhMCP-1 peptide treatment rescues PTH’s anabolic effects in MCP-1 

deficient mice.
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Figure 1: MCP-1 null mice have an attenuated PTH-mediated increase in Smad2 
phosphorylation:
In situ hybridization shows PTH stimulates MCP-1 mRNA in bone-lining cells. Male 4­

month-old rats were injected with 80 μg/kg hPTH (1–34) or saline and the bones collected 

1 h after the injections. (A) In situ hybridization was accomplished with digoxigenin-labeled 

sense and antisense MCP-1 riboprobes. (B) Quantification of in situ staining in cells lining 

bone and in marrow showed increased expression 1 h after the injection (n=4 rats per group, 

9 fields per section).C) Four-month-old male WT and MCP-1−/− mice were injected daily 

with 80 μg/kg hPTH (1–34) or saline vehicle for 6 weeks and bones were collected 2 h after 

the last injection. Tibial sections were immunostained for pSmad2. All magnifications are 

60X. (D) Representative Western blot for phospho-Smad2 and total Smad2 in bone marrow 

after 6 weeks of hPTH (1–34) injections in wild-type and MCP-1−/− mice and quantitative 

analysis of Western blot for phospho-Smad2/total Smad2. * p<0.05 vs. saline-injected wild­

type mice.
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Figure 2: MCP-1 is required for PTH-mediated osteogenic gene expression in bone.
(A-H) Four-month-old male WT and MCP-1−/− mice were injected daily with 80 μg/kg 

hPTH (1–34) or saline for 6 weeks and bones were collected 2 h after the last injection. 

qPCR analysis was performed to determine the expression of genes such as alkaline 
phosphatase, Runx2, Osterix, Fos, Col1a1, osteocalcin (Ocn), Ccr2 and Tgfb1. Intermittent 

PTH failed to induce the expression of these genes in bones of MCP-1−/− mice. (I-J) MCP-1 

null mice show no PTH regulation of the Wnt pathway, Sost and Wnt10-b. (K) Igf-1 mRNA 

was unchanged after PTH injection in both genotypes. All bones were collected 2 h after the 

last injection and RNA isolated from the distal femurs for qRT-PCR, (n=3 in each group). *p 

< 0.05 and **p < 0.01 compared to saline-injected WT mice.
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Figure 3: MCP-1 treatment mimics the PTH anabolic effect in trabecular bone of MCP-1 
deficient mice.
All mice were 4-month old males at the start of the injections. (A) Serum MCP-1 levels 

after different doses of rhMCP-1 injections (0.25, 0.5 and 1 μg/mice) given daily for six days 

and blood collected 2 h after each of the injections to measure the circulating concentrations 

of MCP-1 by ELISA. (B) Serum MCP-1 levels after 10 days of daily injections for the 

conditions shown in the figure (hPTH; hPTH (1–34) at 80 ug/kg to WT mice) and blood 

collected 2 h after the last injection. (C) Representative μCT images of the trabecular bone 

of femurs after 6 weeks of the different daily treatment regimes as shown. hPTH (1–34) 

was given at 80 μg/kg; rhMCP-1 was given at 0.25 μg /mouse. (D–H) μCT analyses of the 

distal femoral trabecular bone of the treatments in (C) showing BV/TV (%), Tb.Sp (mm), 

Tb.Th (mm), Tb.N (1/mm) and Tb.Pf (1/mm). Values are expressed as mean ± SEM (n = 8 

mice/group). *p < 0.05 and **p < 0.01 compared to saline-injected WT mice.
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Figure 4: MCP-1 injections restored hPTH anabolic effects in the bone microarchitecture in the 
cortical compartment.
MicroCT analysis of the cortical bone of the femurs of wild-type and MCP-1−/− mice 

following PTH and/or MCP-1 daily injections for 6 weeks. A). Representative images of 

cortical bone in the femoral diaphysis from each treatment group of wild-type and MCP-1−/− 

mice are shown. (B-G) μCT analyses of cortical bone in the femurs of mice after 6 weeks 

of injections showing BV/TV (%), T.Ar (mm2), B.Pm. (mm), Cs.Th. (μm), B.Ar (mm2) and 

cortical area/total area (%). All values are expressed as mean ±SEM (n=8 mice/group). *p < 

0.05, **p < 0.01 and ***p < 0.001 compared to saline-treated WT mice.
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Figure 5: MCP-1 injections augment the PTH mediated dynamic histomorphometry indices in 
MCP-1−/− mice.
Dynamic histomorphometric analysis of the femurs of wild-type and MCP-1−/− mice 

following PTH and/or MCP-1 daily injections for 6 weeks. (A) Mineral apposition rate 

(MAR), (B) Bone formation rate (BFR), (C) Mineralized surface of femurs of WT and 

MCP-1−/− mice after 6 weeks of the various treatments. (D) Osteoclast numbers/Bone 

surface of the same animals. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to saline­

treated WT mice. All values are expressed as mean ±SEM (n=5 mice/group).
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Figure 6: Restoration of increased macrophage numbers and enhanced TGF-β signaling with 
injected MCP-1 in MCP-1-deficient mice.
(A) Immunohistochemistry of phospho-Smad2 in the tibiae after 6 weeks of hPTH (1–34; 

80 ug/kg) and/or rhMCP-1 (0.25μg/mouse) injections to wild-type and MCP-1−/− mice. 

rhMCP-1 injections rescued the p-Smad2 staining in MCP-1−/− mice to comparable to 

hPTH-injected wild-type mice by quantitation of stained cells. (B) Mac3 immunostaining of 

sections of tibiae of WT and MCP-1−/− mice after 6 weeks of the various treatments. There 

is a modest expression of Mac-3 in MCP-1 null mice, with and without hPTH injections and 

rhMCP-1 injections increased the Mac-3 positive cells in the tibiae of MCP-1−/− mice, as 

seen by the quantitation of stained cells. IgG served as a negative control. *p < 0.05, **p < 

0.01 and ***p < 0.001 compared to vehicle-injected WT mice and #p < 0.05 compared to 

PTH-injected WT mice by two-way ANOVA.
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Figure 7: Determination of biochemical markers of bone formation and bone resorption.
Sera were isolated from wild-type and MCP-1−/− mice after 6 weeks of saline, hPTH (1–34) 

and/or rhMCP-1 injections. The levels of carboxy-terminal cross-linking telopeptides of 

type I collagen (CTX, A), a marker of bone resorption and P1NP (B), a marker of bone 

formation, were determined by ELISAs. Data represent mean ± SEM of 8 mice per group. 

*p < 0.05 and **p<0.01 compared with vehicle-treated WT mice.
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Figure 8: Schematic diagram of MCP-1 signaling and PTH mediated bone anabolic effects.
(1) Intermittent PTH rapidly increases MCP-1 expression in the osteoblast. Osteoblastic 

MCP-1 is necessary for recruitment of monocytes to macrophages and osteoclasts after 

PTH treatment and the latter’s transient enhanced breakdown of bone. (2) The bone matrix 

contains abundant latent TGF-β. Short-term osteoclastogenesis increases the release of 

active TGF-β from bone matrix. (3) Finally, the active TGF-β then acts on bone marrow 

stromal cells (BMSCs) and recruits them to osteoclastic resorption sites where they initiate 

new bone formation.
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Table 1.

The mouse-specific primer sequences used for RT-qPCR analysis

Gene name Primer sequence Accession number

β-actin F 5′-TCC TCC TGA GCG CAA GTA CTC T-3′
R 5′-CGG ACT CAT CGT ACT CCT GCT T-3′

NM_007393.5

ALP F 5′-ATCTTTGGTCTGGCTCCCATG −3′ R 5′- TTTCCCGTTCACCGTCCAC −3′ NM_007431.3

Runx2 F 5′- AGTCCCAACTTCCTGTGCTCC-3 R 5′- CGGTAACCACAGTCCCATCTG-3′ NM_001146038.2

Osx F 5′- ACCTAACAGGAGGATTTTGGTTTG −3′ R 5′- GCCTTTGCCCACCTACTTTTT-3′ XM_006520519.4

Col 1a1 F 5′- CCTTCATGTCCAAGCAGGA −3′ R 5′- GCGCCGGAGTCTGTTCACTA −3′ NM_007742.4

Osteocalcin F 5′- GCAATAAGGTAGTGAACAGACTCC −3′ R 5′- GTTTGTAGGCGGTCTTCAAGC −3′ NM_001032298.3

Tgfb1 F 5′- ACAAGAGCAGTGAGCGCTGAA-3′ R 5′- GTGTGGAGCAACATGTGGAAC-3′ NM_011577.2

SOST F 5′- AGCCTTCAGGAATGATGCCAC-3′ R 5′- TTTGGCGTCATAGGGATGGT-3′ NM_024449.6

CCR2 F 5′- TTTGTTTTTGCAGATGATTCAA-3′ R 5′- TGCCATCATAAAGGAGCCAT-3′ NM_009915.2

Wnt10b F 5′- ACGACATGGACTTCGGAGAGAAGT −3′ R 5′- CATTCTCGCCTGGATGTCCC −3′ XM_006520891.3

c-fos F 5′- AATGGTGAAGACCGTGTCAGGA −3′ R 5′- CCCTTCGGATTCTCCGTTTCT −3′ NM_010234.3

IGF-1
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