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ABSTRACT  1 

Evidence links osteoporosis and cardiovascular disease but the cellular and molecular 2 

mechanisms are unclear. Here we identify skeleton-derived platelet-derived growth factor 3 

(PDGF)-BB as a key mediator of arterial stiffening in response to aging and metabolic stress. 4 

Aged mice and those fed high-fat diet (HFD), relative to young mice and those fed normal chow 5 

food diet respectively, had higher serum PDGF-BB and developed bone loss and arterial 6 

stiffening.  Bone/bone marrow preosteoclasts in aged mice and HFD mice secrete excessive 7 

amount of PDGF-BB, contributing to the elevated PDGF-BB in blood circulation. Conditioned 8 

medium prepared from preosteoclasts stimulated proliferation and migration of the vascular 9 

smooth muscle cells. Conditional transgenic mice, in which PDGF-BB is overexpressed in 10 

preosteoclasts, had 3-fold higher serum PDGF-BB concentration and developed simultaneous 11 

bone loss and arterial stiffening at young age spontaneously. Conversely, in conditional knockout 12 

mice, in which PDGF-BB is deleted selectively in preosteoclasts, HFD did not affect serum 13 

PDGF-BB concentration; as a result, HFD-induced bone loss and arterial stiffening were 14 

attenuated. These studies confirm that preosteoclasts are a main source of excessive PDGF-BB in 15 

blood circulation during aging and metabolic stress and establish the role of skeleton-derived 16 

PDGF-BB as an important mediator of vascular stiffening.  17 

 18 

  19 

 20 
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INTRODUCTION 23 

Accumulating evidence supports a link between bone metabolism and the vascular system. 24 

Cross-sectional and longitudinal studies have shown a direct association between osteoporosis 25 

and cardiovascular disease (CVD) (1-5), two primary conditions that cause substantial morbidity 26 

and death in older people. In fact, the correlation between these two disorders is independent of 27 

age. Particularly, bone mineral density (BMD) is inversely and independently correlated with 28 

atherosclerosis and its established marker, aortic calcification (6-10). Low BMD has been 29 

associated with cardiovascular morbidity and mortality. Although the concept of a “bone-30 

vascular axis” has long been proposed (3, 4, 11), the exact cellular and molecular basis for the 31 

interplay between the skeletal and vascular systems is poorly understood. Several hypotheses 32 

have been proposed to explain the link between osteoporosis and CVD, including shared risk 33 

factors, common pathological mechanisms and genetic factors, and a causal association (12). 34 

However, high bone turnover is associated with cardiovascular death in the elderly, independent 35 

of sex and overall health (13). Bisphosphonate therapy for osteoporosis decreases the risk of 36 

aortic valve and thoracic aorta calcification (14). These findings strongly suggest that bone-37 

derived cues may directly affect the vascular system. Furthermore, accumulating clinical studies 38 

have demonstrated an association between low bone mass and vascular calcification (15-17), a 39 

well-defined independent risk factor for CVD and mortality. Vascular calcification and bone 40 

mineralization are both actively regulated processes that may share common pathogenetic 41 

mechanisms. Multiple factors including modified low-density lipoprotein (LDL), inflammatory 42 

cytokines, Wnt signaling, bone morphogenetic proteins, matrix proteins (such as 43 

thrombospondin, tenascin, osteopontin, osteocalcin, osteoprotegerin, matrix Gla protein, 44 

cathepsins and DMP-1), parathyroid hormone, phosphate, and vitamins D and K are implicated 45 
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in both bone and vascular metabolism, suggesting the interaction of these two pathological 46 

conditions.  47 

The skeleton is not only a recipient for hormonal input but also an endocrine organ that 48 

regulates the homeostasis of peripheral organs (18, 19). For example, osteoclasts regulate the 49 

activity of other cells by secreting “clastokines” or releasing factors from bone matrix via bone 50 

resorption (20-23). Osteoclasts are multinucleated cells that have the ability to degrade 51 

mineralized matrices, such as bone and calcified cartilage. Osteoclasts in adults are derived 52 

mainly from bone marrow monocytes/macrophages (Mo/Mac). During osteoclastogenesis, 53 

Mo/Mac sequentially express colony-stimulating factor-1 receptor followed by receptor activator 54 

of nuclear factor κB (RANK) and tartrate-resistant acid phosphatase (TRAP) in response to 55 

stimulation with macrophage colony-stimulating factor (M-CSF) and RANK ligand. Eventually, 56 

mononuclear preosteoclasts fuse to form multinuclear osteoclasts (20, 24, 25). Osteoclast lineage 57 

cells normally have a much shorter life span (2 weeks) relative to osteoblasts (3 months) and 58 

other bone cells (26). After osteoclasts have eroded bone to a particular depth from the surface, 59 

they die quickly. During estrogen deficiency or aging, the life span of this lineage of cells is 60 

prolonged through an anti-apoptosis mechanism (26, 27), resulting in increased bone resorption. 61 

It has been demonstrated that bone/bone marrow mononuclear preosteoclasts secrete platelet-62 

derived growth factor (PDGF)-BB to maintain normal bone homeostasis in healthy, young mice 63 

(28), whereas abnormally high production of PDGF-BB from preosteoclasts leads to skeletal 64 

disorders, such as osteoarthritis (29).  65 

With advancing age, complex structural and functional changes occur in the arterial 66 

system. The large compliance vessels, including the aorta and its major branches, stiffen with 67 

age, and this stiffening can be accelerated by comorbidities, including obesity and atherosclerosis 68 
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(30-35). Increased aortic stiffness increases central arterial pressure and pulse pressure and is an 69 

independent risk factor for cardiovascular morbidity and death (36-41).  Moreover, arterial aging 70 

is characterized by accelerated development of atherosclerotic lesions and neointima formation 71 

during atherosclerosis (42). Hallmarks of the stiff vessel include intimal and medial thickening 72 

and an increased collagen/elastin ratio in the arterial wall, as well as elastin fracture (43-46). 73 

Traditionally, it was suggested that the remodeling and accumulation of the vascular matrix is 74 

the main element of vascular stiffening; however, recent studies have recognized that vascular 75 

smooth muscle cell (VSMC) dysfunction and stiffening are major contributors to vascular 76 

stiffening (47-49). Thus, augmented VSMC motility, proliferation, and dedifferentiation are 77 

critical to vascular stiffening.  78 

PDGFs are important serum factors that stimulate smooth muscle cell migration and 79 

proliferation (50, 51). The PDGF family consists of five members: PDGF-AA, PDGF-BB, 80 

PDGF-CC, PDGF-DD, and PDGF-AB. Genetic manipulations combined with various inhibitory 81 

strategies have provided strong evidence for the prominent role of PDGF-BB in the development 82 

of neointimal hyperplasia after injury and in atherosclerosis (52-56). Although PDGF and its 83 

receptors are detected in many cultured vascular cells and in arteries after injury, PDGF-BB is 84 

expressed at very low or undetectable levels in normal vessels (52). Increased expression of 85 

PDGF receptors was detected in VSMCs of aged arteries (57). Serum PDGF levels increase in 86 

hypertension (58) and hypercholesterolaemia (59). Thus, PDGF-BB likely serves as a vascular 87 

aging-inducing factor. 88 

In the current study, we aimed to determine whether circulating PDGF-BB is elevated in 89 

aging- and high-fat diet (HFD)–associated arterial stiffening and whether/how bone/bone 90 

marrow preosteoclasts are involved in this process. In aged mice and mice fed a Western HFD, 91 
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mononuclear preosteoclasts in bone/bone marrow produced markedly more PDGF-BB relative to 92 

young mice and mice fed a chow-food diet (CHD), respectively. We generated conditional 93 

knockout and transgenic mice, in which PDGF-BB was deleted and overexpressed, respectively, 94 

in TRAP+ preosteoclasts, and found that preosteoclast-derived PDGF-BB was both sufficient and 95 

required for HFD-induced augmented arterial stiffness. 96 

 97 

RESULTS 98 

Animals develop low bone mass and an arterial stiffening phenotype in response to aging 99 

and HFD challenge 100 

We first assessed the changes in bone mass and arterial stiffness in mice with advancing age. 101 

Twenty-month-old C57B/L6 mice had a low bone mass phenotype relative to young mice (4 102 

months of age), as detected by µCT analysis (Figure 1A). Although the difference in trabecular 103 

number (Tb. N) in aged vs. young mice was not significant (Figure 1D), the differences in the 104 

remaining three parameters were significant. Bone volume per tissue volume (BV/TV) (Figure 105 

1B) and trabecular thickness (Tb. Th) (Figure 1C) were less, and trabecular space (Tb. Sp) 106 

(Figure 1E) was greater in 20-month-old mice compared with 4-month-old mice. We also 107 

measured blood pressure (BP) and pulse-wave velocity (PWV), an index of in vivo vascular 108 

stiffness. PWV was significantly higher in 20-month-old mice than in 4-month-old mice (Figure 109 

1F). Consistently, systolic, diastolic, and mean BPs of the old mice were all higher than those of 110 

the young mice (Figure 1G). 111 

Next, to observe accelerated deterioration of the bone and vasculature, we used a HFD 112 

challenge, because a HFD induces bone loss and increases aortic stiffness and endothelial 113 

dysfunction in mice (10, 60-62). Baseline PWV was measured, after which we placed mice on a 114 
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HFD. We then examined the phenotypic changes of bone and vasculature in HFD-challenged 115 

and control mice. µCT analysis showed less bone mass (Figure 1H), lower BV/TV (Figure 1I), 116 

lower Tb. N (Figure 1K), and greater Tb. Sp (Figure 1L) in HFD mice compared with CHD 117 

mice. The difference in Tb. Th between groups was not significant (Figure 1J). Greater arterial 118 

stiffness was also observed in HFD mice relative to CHD mice, as indicated by higher PWV 119 

(Figure 1M) and BPs (Figure 1N). Therefore, simultaneous bone loss and arterial stiffening 120 

occur with advancing age and under HFD challenge.  121 

 122 

Aging mice, rats, and humans and mice with HFD challenge have elevated serum PDGF-123 

BB concentration 124 

Because PDGF-BB has been implicated in the fibrosis of organs (50, 63-65) and the modulation 125 

of extracellular matrix of the arteries (66-68), we tested the possible involvement of PDGF-BB 126 

in regulating arterial stiffness in our model. We measured the change in serum PDGF-BB 127 

concentration in aged animals and human subjects. A markedly higher level of serum PDGF-BB 128 

was detected in 20-month-old mice (vs. 3-month-old mice) (Figure 2A) and in 25-month-old rats 129 

(vs. 4-month-old rats) (Figure 2B). To determine the potential translational relevance, we 130 

measured serum PDGF-BB levels in young and aged human subjects and found higher levels of 131 

serum PDGF-BB in aged subjects compared with young subjects (Figure 2C). In addition, serum 132 

PDGF-BB concentration was elevated in HFD fed mice (Figure 2D). These results suggest that 133 

PDGF-BB may be associated with age- and diet-induced arterial stiffness. 134 

 135 

Bone/bone marrow preosteoclasts are a main source of elevated PDGF-BB in response to 136 

aging and HFD challenge 137 
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We previously showed that mononuclear TRAP+ preosteoclasts are a primary cell type in 138 

bone/bone marrow secreting PDGF-BB (25). To determine whether PDGF-BB production in 139 

bone/bone marrow changes with age, we detected PDGF-BB protein expression by 140 

immunofluorescence staining of frozen femoral bone tissue sections. Consistent with our 141 

previous study (28), PDGF-BB+ cells were detected in bone/bone marrow of young (3-month-142 

old) mice (Figure 3A). The number of PDGF-BB–expressing cells markedly increased in the 143 

bone/bone marrow of 20-month-old mice relative to 3-month-old mice (Figure 3A and 3B). 144 

PDGF-BB+ cells were not detected in aorta tissue in both 3- and 20-month-old mice.  145 

To determine whether the increased PDGF-BB is produced by preosteoclasts in bone/bone 146 

marrow, we generated TRAP/tdTom mice, in which tdTomato is expressed under TRAP-cre. 147 

Therefore, TRAP+ preosteoclasts and their descendants are labeled by tdTom fluorescence in the 148 

mice. tdTom+ cells were abundant in bone tissue, and the majority of PDGF-BB-expressing cells 149 

are tdTom+ cells (Figure 3C). We did detect a few tdTom+ cells in the aorta tissue. However, 150 

none of the cells in aorta expressed PDGF-BB (Figure 3D). These results suggest that although 151 

there is a non-specific Cre expression, cells in aortic tissue do not produce PDGF-BB. Therefore, 152 

the effect of local aorta tissue-produced PDGF-BB can be excluded by using this TRAP-Cre line.   153 

Moreover, we performed FACS sorting to isolate the TRAP/tdTom+ cells from femoral 154 

bone/bone marrow cells (Figure 3E) and conducted real time-qPCR analysis. TRAP/tdTom+ cells 155 

isolated from HFD-challenged mice had much higher Pdgfb expression compared with those 156 

from CHD mice (Figure 3F). To further validate the abnormally high expression of Pdgfb in the 157 

osteoclast precursors, we detected Pdgfb expression in bone/bone marrow RANK+ cells with 158 

exclusion of the CD3/B220/Ter119+ cells (the sum of T cells, B cells, and erythrocytes). We 159 

detected markedly greater expression of Pdgfb in CD3/B220/Ter119- RANK+ osteoclast 160 
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precursors from 20-month-old mice (vs. 6-month-old mice) (Figure 3G) and HFD mice (vs. 161 

CHD mice) (Figure 3H). Together, the results suggest that bone/bone marrow preosteoclasts 162 

secrete excessive of PDGF-BB in response to aging or HFD challenge.  163 

 164 

Preosteoclast-derived PDGF-BB stimulates VSMC proliferation and migration 165 

One of the important functions of PDGF-BB is to stimulate proliferation and migration of 166 

VSMCs, favoring pathological vascular remodeling and arterial stiffening (66, 67, 69, 70). We 167 

investigated whether preosteoclast-secreted PDGF-BB is sufficient to induce phenotypic change 168 

of VSMCs using conditioned media (CM) of preosteoclast cultures. Bone marrow Mo/Mac 169 

isolated from mice differentiate into TRAP+ mononuclear preosteoclasts 3 days after treatment 170 

with M-CSF and RANK ligand, and most cells differentiate into TRAP+ multinuclear mature 171 

osteoclasts 7 days after treatment (Figure 4A). We collected CM from cells at 0, 3, and 8 days of 172 

M-CSF and RANK ligand treatment, which represent Mo/Mac CM, preosteoclast CM, and 173 

osteoclast CM, respectively. Dramatically elevated PDGF-BB concentration was detected in 174 

preosteoclast CM relative to Mo/Mac CM, whereas PDGF-BB concentration in osteoclast CM 175 

was lower compared with preosteoclast CM (Figure 4B). Importantly, rat VSMCs showed 176 

increased proliferation (Figure 4C) and migration (Figure 4D) when the cells were incubated 177 

with preosteoclast CM relative to the cells with Mo/Mac CM. These effects of preosteoclast CM 178 

were antagonized by PDGF-BB neutralizing antibody. Therefore, PDGF-BB secreted by 179 

preosteoclasts can stimulate VSMC proliferation and migration. 180 

 181 

Conditional Pdgfb transgenic mice recapitulate low bone mass and an arterial stiffening 182 

phenotype 183 
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To determine whether increased production of PDGF-BB from preosteoclasts is sufficient to 184 

induce vascular stiffening, we generated conditional Pdgfb transgenic mice (PdgfbcTG), in which 185 

PDGF-BB is overexpressed in TRAP+ cells by ligation of a 2.8-kb full-length human Pdgfb gene 186 

with a TRAP+ cell-specific promoter, TRACP5 (29). No abnormal appearance or behavior was 187 

found in the PdgfbcTG mice relative to their WT littermates. Intriguingly, bone marrow and serum 188 

PDGF-BB levels were more than 3-fold higher in the PdgfbcTG mice compared with the age-189 

matched WT mice (Figure 5A). We then assessed whether Pdgfb is specifically overexpressed in 190 

bone/bone marrow preosteoclasts in the transgenic mice by measuring the mRNA expression in 191 

isolated bone/bone marrow CD3/B220/Ter119-RANK+ cells, which are primarily precursors of 192 

osteoclast lineage (23, 71, 72). As we expected, quantitative RT-PCR analysis shows that Pdgfb 193 

expression was greatly higher in preosteoclasts from PdgfbcTG mice relative to WT mice (Figure 194 

5B). To assess whether circulating myeloid cells and vascular resident cells may also be the 195 

sources of elevated circulating PDGF-BB in the transgenic mice, periphery blood myeloid cells 196 

and aorta tissue were harvested from PdgfbcTG mice and WT littermates. Although the expression 197 

of Pdgfb was also detected, the expression levels were not significantly elevated in both 198 

periphery blood myeloid cells (Figure 5C) and aorta tissue (Figure 5D) from PdgfbcTG mice 199 

relative to WT mice. Consistently, the PDGF-BB protein expression was dramatically increased 200 

in bone/bone marrow cells as detected by immunofluorescence staining of femoral bone tissue 201 

sections (Figure 5E). Increased PDGF-BB expression was not found in aortic walls from 202 

PdgfbcTG mice relative to WT mice (Figure 5F). Of note, PDGF-BB+ cells were not detected in 203 

any of the aortae where calcification was found in the PdgfbcTG mice. Therefore, the elevated 204 

circulating PDGF-BB in transgenic mice is primarily produced by bone/bone marrow 205 

preosteoclasts rather than a local effect derived from blood vessels and blood myeloid cells. 206 
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We conducted a systemic bone phenotypic analyses of the transgenic mice at 6 months of 207 

age.  MicroCT analyses of the distal femur in 6-month-old male PdgfbcTG mice revealed a low 208 

bone mass phenotype (Figure 6A) with reduced trabecular bone volume (BV/TV) (Figure 6B) 209 

and number (Tb. N) (Figure 6D) and increased trabecular bone separation (Tb. Sp) (Figure 6E) 210 

relative to their WT littermates. Tb. Th was not changed in the PdgfbcTG mice compared with the 211 

WT mice (Figure 6C). Therefore, young PdgfbcTG mice mirrored aging-associated trabecular 212 

bone changes. Cortical thickness (Ct. Th) and bone area (B.Ar) were not different in the PdgfbcTG 213 

mice compared with the WT mice (Figure 6F-6H). We also evaluated 9-month-old female mice 214 

and found that female PdgfbcTG mice had a similar low bone mass phenotype in trabecular 215 

compartment relative to their age- and sex-matched WT littermates (Figure 6I-6L). 216 

Therefore, overexpression of Pdgfb in the preosteoclasts results in decreased bone mass in 217 

trabecular but not in cortical bone compartments. Histomorphometry analysis shows that the 218 

number of bone surface osteocalcin (OCN)+ osteoblasts were significantly reduced (Figure 6M 219 

and 6N) but the number of bone surface TRAP+ osteoclasts remained unchanged (Figure 6O and 220 

6P) in the PdgfbcTG mice relative to WT mice, suggesting that overexpression of Pdgfb in the 221 

preosteoclasts primarily impaired osteoblast bone formation. 222 

We then measured PWV, the gold-standard index for aortic stiffness. Both young (3–4 223 

months old) and old (>18 months old) PdgfbcTG mice had significantly higher PWV compared 224 

with their age-matched WT mice (Figure 7A). Moreover, PWV is also higher in old PdgfbcTG 225 

relative to young PdgfbcTG mice, indicating an age-dependent progression of arterial stiffening in 226 

the conditional transgenic mice. As expected, PWV increased significantly with age in WT 227 

control mice. In the aged mice, a significant sex effect was noted as old female mice had 228 

significantly higher PWV than corresponding age matched males. Systolic, diastolic, and mean 229 
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BPs were all significantly higher in young PdgfbcTG mice than those in age-matched WT mice 230 

(Figure 7B-7D). However, differences in BP were not noted in the old PdgfbcTG mice vs. age-231 

matched WT mice. Aged female WT mice had significantly lower systolic, diastolic, and mean 232 

pressures than did aged male WTs; however, no sex differences were noted in the BP of 233 

PdgfbcTG old mice (Figure 7F-H).  234 

It has been reported that there is an age-dependent increase in the lumen diameter and 235 

wall thickness of the aorta (73, 74). Consistent with these previous reports, the thoracic aortic 236 

lumen diameter was greater in both aged (vs. young) WT mice and aged (vs. young) PdgfbcTG 237 

mice (Figure 8A and 8B). Importantly, aged PdgfbcTG mice, relative to their age-matched WT 238 

littermates, had increased aortic lumen diameter, indicating an exacerbated age-related 239 

morphological change of the aorta when Pdgfb is overexpressed. Aortic wall was significantly 240 

thicker in aged WT and PdgfbcTG mice than in young WT and PdgfbcTG mice, respectively 241 

(Figure 8A and 8C). The aortae from aged WT and PdgfbcTG mice, relative to young mice, 242 

showed smooth muscle cell nuclei loss (Figure 8D), a characteristic of vascular aging. Moreover, 243 

the VSMC nuclei loss is more in the WT mice than in the PdgfbcTG mice, indicating that the old 244 

PdgfbcTG mice may have increased PDGFB/PDGFRβ signaling in the arterial tissue. Lamellar 245 

thickness and intralamellar distance both increased significantly with age in the WT and 246 

PdgfbcTG mice, indicating a significant accumulation of matrix in the vascular wall (Figure 8E-247 

8F). Vascular calcification is a key link between osteoporosis and CVD.  We then assessed 248 

whether the transgenic mice have vascular calcification by performing Von Kossa staining of 249 

aorta tissue sections. Positive signal was found in 1 out of 4 old mice (24-month-old) but in 0 out 250 

of 6 young mice (4-month-old). Importantly, positive signal was found in 2 out of 8 PdgfbcTG 251 

mice at 6 months of age, whereas none of the seven aortas from the littermates (WT) show 252 
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positive signaling (Figure 8G). In addition, we examined the activation of an osteogenic trans-253 

differentiation program in the aortas of the PdgfbcTG mice.  Both osteoblast differentiation 254 

markers RUNX2 (Figure 8H) and ALP (Figure 8I) were upregulated at mRNA level in the aortas 255 

of PdgfbcTG mice compared with WT mice, indicating that vascular calcification may contribute 256 

to arterial stiffening induced by preosteoclast-secreted PDGF-BB. We also examined whether the 257 

expression of PDGFRβ, the receptor of PDGF-BB, is changed in aorta tissues of old (vs. young) 258 

and transgenic mice (vs. WT mice). Markedly increased expression of PDGFRβ in smooth 259 

muscle cells of the aorta wall was found in both aged mice and PdgfbcTG mice, as comparing 260 

with young mice and WT mice, respectively (Figure 8J).  261 

We then measured the passive stiffness of the vessels. Tensile testing showed greater 262 

stiffness of the descending aorta in both young and aged PdgfbcTG mice compared with their age-263 

matched WT littermates, with the difference in young mice being of higher magnitude (Figure 264 

9A and 9B). While there was a greater vessel stiffness in the aged WT mice relative to young 265 

WT mice, this age-dependent difference was not significant in the PdgfbcTG mice (Figure 9C and 266 

9D).  The higher passive stiffness of the PdgfbcTG mouse aorta determined by tensile testing 267 

suggests that the increase in PWV noted in these mice is not solely due to the effect of higher 268 

BP, and there is significant passive stiffening as well.  269 

We also tested the contraction and relaxation responses of the aorta. We did not detect 270 

differences in the contraction response to phenylephrine (Figure 9E) and endothelial relaxation 271 

response to acetylcholine (Figure 9G) of the vessels from the young PdgfbcTG mice compared 272 

with those from the young WT mice. However, phenylephrine-induced contraction was higher in 273 

the vessels from the aged PdgfbcTG mice relative to the age-matched WT mice (Figure 9F and 274 

9H), suggesting that Pdgfb overexpression sensitizes the vessels to agonist-induced contraction 275 
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in aging as has been shown previously (75). This suggests the possibility of augmented tone of 276 

the vascular smooth muscle cells with increased circulating PDGF-BB. Moreover, acetylcholine 277 

mediated relaxation of pre-constricted vessels was notably lower in the aorta from aged PdgfbcTG 278 

mice when compared with age-matched WT controls when Cox pathways were inhibited using 279 

indomethacin. No differences were noted in the endothelial-independent sodium nitroprusside 280 

(SNP)–induced relaxation in both young and aged PdgfbcTG mice relative to age-matched WT 281 

mice (Figure 9I and 9J). This suggests that Pdgfb either induces a larger deficit in age-associated 282 

endothelial dysfunction, or that the larger pre-constriction caused by phenylephrine is not fully 283 

countered by the endothelial mediated relaxation response. Together, these findings suggest that 284 

Pdgfb overexpression in preosteoclasts causes endothelial dysfunction VSMC dysregulation, and 285 

vascular stiffening during aging. 286 

 287 

Conditional Pdgfb knockout mice are protected from HFD-induced bone loss and arterial 288 

stiffening 289 

We tested whether increased circulating PDGF-BB is required for HFD-induced bone loss and 290 

arterial stiffening by generating a conditional Pdgfb knockout mice (PdgfbcKO), in which Pdgfb is 291 

deleted selectively in the TRAP+ cells by crossing Pdgfbflox/flox mice with Trap-Cre mice (29) . 292 

We detected a dramatically lower mRNA level of Pdgfb in CD3/B220/Ter119-293 

RANK+ preosteoclasts isolated from the bone/bone marrow of PdgfbcKO mice compared with 294 

Pdgfbflox/flox littermates (wild type [WT]) (Figure 10A), validating the efficiency of Pdgfb 295 

deletion in preosteoclasts in the knockout mice. Importantly, serum PDGF-BB level was higher 296 

in WT mice fed a HFD compared with mice fed a CHD, but this elevation was not detected in 297 

PdgfbcKO mice after HFD challenge (Figure 10B). Of note, serum PDGF-BB concentration in 298 
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HFD-challenged PdgfbcKO mice was reduced to a similar level as in the WT mice without HFD 299 

challenge. The results further validate that bone/bone marrow preosteoclasts are a main source of 300 

elevated PDGF-BB in blood circulation in mice during aging or under HFD. 301 

We conducted an analysis of bone phenotype in PdgfbcKO mice. MicroCT analyses shows that 302 

trabecular BV/TV, Tb. N, Tb. Th were all lower, and Tb. Sp was bigger in the distal femur of 303 

PdgfbcKO mice relative to their Pdgfbflox/flox littermates (WT) (Figure 10D-10G). The results are 304 

consistent with our previous work showing that healthy, unchallenged PdgfbcKO mice exhibited a 305 

low-bone-mass phenotype (28). We then evaluated whether deletion of Pdgfb from 306 

preosteoclasts affects bone phenotype in HFD-challenged mice, in which PDGF-BB 307 

concentrations in both bone marrow and serum were aberrantly elevated compared with mice fed 308 

normal CHD. Whereas HFD induced reduction in BV/TV and Tb. N and increase in Tb.Sp in 309 

WT mice, the changes of these parameters induced by HFD were, at least partially, rectified by 310 

Pdgfb deletion (Figure 10D-10G). HFD induced an increase in cortical bone area (Ct.Ar) without 311 

changing cortical bone thickness (Ct.Th) in both and PdgfbcKO mice (Figure 10H-10J). 312 

Therefore, preosteoclast-derived PDGF-BB play a paradoxical role specifically in trabecular 313 

bone regulation. While PDGF-BB is required for the maintenance of bone homeostasis under 314 

normal physiological conditions, excessive production of PDGF-BB from preosteoclasts leads to 315 

trabecular bone loss in pathological conditions (eg. aging and metabolic dysregulation). 316 

 317 

We next determined whether targeting PDGF-BB secretion by preosteoclasts can prevent 318 

deterioration of vascular mechanics and function. To this end, we used a HFD challenge to 319 

accelerate vascular stiffening and deterioration of bone as a rapid alternative to natural aging, 320 

which takes at least 18 months in the mouse model. The HFD challenge is shown to cause 321 
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increase in PWV prior to the onset of systolic hypertension, as is the case in aging (35). Here, we 322 

measured PWV in PdgfbcKO mice fed a HFD for different time periods. Pdgfbflox/flox (WT) mice 323 

had a slight increase in PWV after 8 weeks and a significant increase in PWV after 12–14 weeks 324 

of HFD feeding. Importantly, PdgfbcKO mice were partially protected from the diet induced 325 

elevation in PWV noted in the WT mice (Figure 11A). The difference in PWV levels at baseline 326 

between PdgfbcKO mice and WT mice was not significant. HFD-induced elevation of systolic, 327 

diastolic, and mean BPs in the WT mice were also not detected in the PdgfbcKO mice (Figure 328 

11B-11D). Increased stiffness of both the matrix and VSMC dysfunction are known to occur in 329 

response to HFD, contributing to vascular stiffening in vivo. Therefore, we next examined the 330 

mechanical and functional properties of the aorta at the end of 14 weeks of HFD. Tensile testing 331 

of the descending aorta showed a significantly more compliant vessel in HFD PdgfbcKO mice 332 

compared with HFD WT mice (Figure 11E). Vascular contractility studies showed an 333 

exaggerated contractility response to increasing concentrations of phenylephrine in WT mice 334 

compared with PdgfbcKO mice (Figure 11F). The endothelial-dependent relaxation to 335 

acetylcholine after preconstriction with phenylephrine was higher in PdgfbcKO mice than in WT 336 

mice (Figure 11G). The endothelial-independent relaxation of the vessels to sodium nitroprusside 337 

(SNP) was similar between the two groups (Figure 11H), suggesting that the blunted 338 

acetylcholine response of WT mice is caused by a greater decline in the endothelial function of 339 

WT mice in response to a HFD than in the PdgfbcKO mice. Together, these findings suggest that 340 

PDGF-BB promotes diet-induced vascular stiffening by mediating changes in cellular function 341 

including augmented vascular contractility in conjunction with endothelial dysfunction in the 342 

HFD WT mice. 343 

 344 
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DISCUSSION 345 

The regulatory mechanisms of the vascular system through bone-derived cues during aging are 346 

poorly understood. Here we showed that with advancing age or under metabolic stress, 347 

mononuclear preosteoclasts in bone/bone marrow, as a main source of excessive circulating 348 

PDGF-BB, contribute to arterial stiffening (Figure 12). Our study provides new insight into the 349 

cellular and molecular mechanisms underlying the “bone-vascular axis.” Despite the well-350 

recognized role of PDGF-BB in aging-associated arterial stiffness and atherosclerosis 351 

development, we are aware of no studies of the role of PDGF-BB as a systemic pro-aging factor. 352 

We detected elevated bone marrow and serum PDGF-BB concentration in aged mice, rats, and 353 

human subjects relative to their young counterparts. More importantly, the data from our 354 

conditional transgenic and knockout mouse models suggest that aberrantly elevated PDGF-BB 355 

secreted by preosteoclasts is a driving force for the pathological changes of both skeletal and 356 

vascular system (ie. bone loss and arterial stiffening) in response to aging and HFD challenge.  357 

Multinuclear osteoclasts have been considered an “orchestrator,” with more functions 358 

beyond bone resorption. Osteoclasts secrete “clastokines” that regulate the activity of 359 

neighboring cells within the bone/bone marrow microenvironment (20). It was reported that 360 

PDGF-BB in bone/bone marrow microenvironment is primarily produced by osteoclast 361 

precursors but not by uncommitted Mo/Mac and multinuclear osteoclasts in healthy, young mice 362 

(28). The present study agrees with this finding and further demonstrates that mononuclear 363 

TRAP+ preosteoclasts secrete much more PDGF-BB in aged mice and HFD-challenged mice 364 

relative to young mice and CHD mice, respectively. The mechanisms by which preosteoclasts 365 

secrete a high amount of PDGF-BB during aging or under metabolic stress remains unclear. 366 

Preosteoclasts may develop a unique secretory phenotype during aging and is likely a primary 367 
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cell type producing “clastokines” to regulate other cell types or tissues. Further analysis of the 368 

other factors released from preosteoclasts in addition to PDGF-BB will be important to define 369 

the secretory function of this cell type within the bone marrow microenvironment under disease 370 

conditions.  371 

Our data suggest that PDGF-BB exerts paradoxical bone effects depending on the 372 

concentration of PDGF-BB in bone microenvironment. We previously showed that normal range 373 

of PDGF-BB is essential for the maintenance of bone homeostasis in young, healthy mice 374 

because deletion of Pdgfb from TRAP+ preosteoclasts led to reduced trabecular and cortical bone 375 

mass (28). Consistently, here we also found a low-bone-mass phenotype in the young, healthy 376 

PdgfbcKO mice relative to their WT littermates. However, during aging or under metabolic stress 377 

conditions such as HFD challenge, aberrantly elevated PDGF-BB in bone marrow 378 

microenvironment exerts adverse bone effect. Importantly, deletion of Pdgfb in preosteoclasts 379 

normalized the PDGF-BB concentration and largely rectified the pathological bone phenotype 380 

induced by aging and HFD. Furthermore, the young PdgfbcTG mice, resemblant of the old mice, 381 

have much elevated PDGF-BB concentration in bone marrow. As a result, the mice develop 382 

aging-associated trabecular bone loss phenotype. Together, our finding implies that PDGF-BB is 383 

required for the maintenance of bone homeostasis under normal physiological conditions, 384 

aberrantly elevated PDGF-BB in bone marrow microenvironment leads to bone loss in 385 

pathological conditions (eg. aging and metabolic dysregulation). At cellular level, we found 386 

significantly reduced osteoblast number but unchanged osteoclast number in the trabecular 387 

compartment of long bone in the PdgfbcTG mice relative to WT mice. The data suggests that 388 

excessive PDGF-BB produced by preosteoclasts negatively regulates osteoblast differentiation 389 

activity in a paracrine manner, leading to impaired bone formation.  390 
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Our results further reveal that skeletal preosteoclasts are a main cell type contributing to 391 

the elevation of PDGF-BB in blood circulation during aging and under metabolic stress. While 392 

aged mice and those fed HFD had higher serum PDGF-BB relative to young mice and CHD 393 

mice respectively, mice with Pdgfb deletion from preosteoclasts had normalized serum PDGF-394 

BB concentration. Moreover, young conditional Pdgfb transgenic mice, resemblance of the aged 395 

mice, had much higher serum PDGF-BB level relative to their WT littermates. Therefore, 396 

skeletal preosteoclast-derived PDGF-BB is both sufficient and required to cause circulating 397 

PDGF-BB elevation. We are aware that the increased PDGF-BB may also be produced from 398 

tissues other than bone. However, we detected increased expression of Pdgfb mRNA and PDGF-399 

BB protein only in preosteoclasts but not in the periphery blood myeloid cells and aorta tissue 400 

from PdgfbcTG mice relative to WT mice. The results suggest that the elevated circulating PDGF-401 

BB in response to aging or metabolic stress is primarily produced by bone/bone marrow 402 

preosteoclasts rather than a local effect derived from arterial vessel wall or blood myeloid cells. 403 

We are aware that the Trap-Cre line causes deletion of PDGF-BB in all Trap+ osteoclast lineage 404 

cells, including TRAP+ mononuclear preosteoclasts and TRAP+ multinuclear mature osteoclasts. 405 

However, PDGF-BB is secreted specifically by Trap+ mononucleate preosteoclasts, and a very 406 

low level of PDGF-BB is secreted by mature osteoclasts (25) (Figure 4). Moreover, our data 407 

from the TRAP/tdTom mice clearly demonstrate that although there is a non-specific Cre 408 

expression, cells in aortic tissue do not produce PDGF-BB. Therefore, the effect of local aorta 409 

tissue-produced PDGF-BB can be excluded by using the TRAP-Cre line, and the reduced PDGF-410 

BB concentration in the Trap-Cre driven knockout mice is caused mainly by the deletion of 411 

PDGF-BB from preosteoclasts.  412 

 413 
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PDGF-BB overexpression accelerated aging-associated vascular stiffening. A well-414 

known VSMC mitogen, PDGF-BB can elicit VSMC migration and proliferation in the aging 415 

aorta, leading to structural/compositional changes that are characteristic of the aged, stiff vessel. 416 

For example, aging VSMCs express higher levels of PDGF-BB receptor (57) and exhibit 417 

augmented proliferation in response to PDGF-BB (76, 77). Thus, PDGF-BB can cause diffuse 418 

intimal changes in the aging vessel which is a hallmark of aging (78). In this study, we show that 419 

PDGF-BB secreted by preosteoclasts contributes significantly to vascular aging. In vitro, 420 

conditioned media from preosteoclasts overexpressing Pdgfb promoted VSMC proliferation. In 421 

vivo, young PdgfbcTG mice have stiffer vessels as reflected by the augmented PWV, higher 422 

systolic and diastolic BPs. The passive stiffness of the vessels measured by tensile testing shows 423 

a strikingly higher stiffness of the young PdgfbcTG mice compared to their littermates. The 424 

augmented PWV is likely to be a combination of increased BP and passive stiffening in the 425 

conditional transgenic mice. Notably, while the passive stiffness of WT mice increased 426 

remarkably with age, this did not occur in the PdgfbcTG mice, in which, the young vessels were 427 

markedly stiffer to begin with. Moreover, with age, there was a significant increase in PWV, 428 

SBP and DBP in the WT mice, but not in the PdgfbcTG mice. At histology level, PdgfbcTG mice 429 

exhibited increased collagen fibers in the extracellular matrix and calcification of the aorta, 430 

suggesting that vascular fibrosis and calcification are major contributors to PDGFB/PDGFRβ-431 

associated arterial stiffening. Interestingly, aging resulted in a higher PWV in female PdgfbcTG 432 

mice when compared with age-matched males, while BP was not notably different between the 433 

sexes. This is an intriguing finding, particularly in the context of higher incidence of osteoporosis 434 

in elderly females. We have previously noted that in rodents, the stiffening trajectory is to have a 435 

steep increase in stiffness between 3-12 months, and then the values plateau (79). Considering 436 
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these prior reports, we postulate that PdgfbcTG mice have an accelerated vascular stiffening and 437 

reach a plateau much earlier in their lifespan than do the WT mice. Therefore, when we compare 438 

the aged (>18 months old) WT and PdgfbcTG mice, the differences are no longer as remarkable 439 

because both cohorts have reached the maximal plateau.   440 

Accumulating evidence points to VSMC stiffening and tone as key mediators of overall 441 

vascular stiffness. This is particularly interesting in this study, as PDGF-BB also acts as a 442 

vasoconstrictor (75, 80, 81). Our study further shows that PDGF-BB contributes to the functional 443 

contractility of VSMCs because aging resulted in a marked sensitization of the agonist-induced 444 

vasoconstriction response and an attenuated vasorelaxation response in the PdgfbcTG mice. 445 

Conversely, reduced levels of circulating PDGF-BB attenuated phenylephrine contractility and 446 

augmented acetylcholine-induced vasorelaxation in the PdgfbcTG mice. These findings are also 447 

consistent with global knockout of the Pdgfb gene, which showed a loss of functional 448 

contractility of VSMCs, causing a remarkable dilation of the aorta rather than producing 449 

structural deficits in the large compliance vessels (82). In young PdgfbcTG mice, despite the 450 

vascular stiffening noted, there is no compromised contraction or endothelial relaxation 451 

response. Prior studies have shown that PDGF-BB caused severe and chronic vasoconstriction 452 

(83). Interestingly, however, we did not note a change in contraction responses in the young 453 

mice. One reason for the unchanged contraction or endothelial relaxation response in young 454 

transgenic mice may be that PDGF receptor is not expressed highly in the young vessels. 455 

However, in the old PdgfbcTG mice, a significantly higher contraction response was noted. This is 456 

likely due to increased expression of PDGF-R in the aged vessels (Figure 8J) in good agreement 457 

with the literature (84). We also found more VSMC nuclei loss in the aged WT mice than in the 458 

aged PdgfbcTG mice. This can also be attributed to the upregulated PDGF-R expression and 459 
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Pdgfb signaling that may lead to vascular smooth muscle cell proliferation in the old conditional 460 

transgenic mice. Our studies further show that the lumen diameter of the aged PdgfbcTG mice is 461 

significantly higher than the WT littermates. Furthermore, while wall thickness was not 462 

significantly higher in the aged PdgfbcTG mice, the number of cells in the vessel wall was higher. 463 

Collectively, our findings from young and old PdgfbcTG mice imply that conditional Pdgfb 464 

transgenic mice not only have an accelerated stiffening response to age, but also exaggerated 465 

endothelial and vascular dysfunction. More importantly, arterial stiffening induced by a HFD 466 

was significantly alleviated in the PDGF-BB knockout mice, confirming the critical role of 467 

preosteoclast-derived PDGF-BB in the increase in vascular stiffness. Thus, our study supports a 468 

growing body of evidence showing that in addition to the extracellular matrix stiffness and 469 

remodeling, aortic tone and VSMC stiffness are critical determinants of in vivo vascular 470 

stiffness.  471 

The observation that young conditional Pdgfb transgenic mice fed a CHD develop both 472 

low bone mass and an arterial stiffening phenotype spontaneously is intriguing. This 473 

phenomenon implies that preosteoclast-derived increases in PDGF-BB, which are sufficient to 474 

cause bone loss and arterial stiffening, function as a molecular link for the “bone-vascular axis.” 475 

Of great relevance for the clinic, our finding reveals that serum PDGF-BB can be used as a 476 

biomarker to determine who are at the greatest risk for age-associated vascular diseases. Our 477 

observations also provide the basis for future investigations to determine whether targeting 478 

preosteoclasts or PDGF-BB signaling is an efficient strategy to prevent or treat cardiovascular 479 

disease in the elderly population, especially those who develop cardiovascular disease together 480 

with osteoporosis. The use of intervention to inhibit or neutralize PDGF-BB in the aging and 481 

HFD conditions is a goal of future studies.       482 
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 483 

METHODS 484 

Animals and treatment 485 

Male C57BL/6J mice were purchased from The Jackson Laboratory (Farmington, CT). Male 486 

Sprague-Dawley rats were purchased from Charles River Laboratories (Wilmington, MA). All 487 

animals were bred and housed in the animal facility at our institution. At 10–12 weeks of age, 488 

mice were placed on a Western HFD (21.2% fat by weight) (TD 88137, Harlan Laboratories, 489 

Madison, WI) or normal CHD for 8–20 weeks. 490 

 491 

Micro-CT and histomorphometric analyses of femoral bone 492 

Mice were anesthetized by inhalation of 2.5% isoflurane (Abbott Laboratories, Abbott Park, IL) 493 

mixed with O2 (1.5 L/min). For µCT analysis, mice femora were dissected free of soft tissue, 494 

fixed overnight in 10% formalin at 4°C, and analyzed by high-resolution µCT (Skyscan 1172, 495 

Bruker MicroCT, Kontich, Belgium). The scanner was set at 65 kV, 153 µA, and a resolution of 496 

9.0 µm/pixel. We used NRecon image reconstruction software, version 1.6 (Bruker MicroCT), 497 

CTAn data-analysis software, version 1.9 (Bruker MicroCT), and CTVol 3-dimensional model 498 

visualization software, version 2.0 (Bruker MicroCT) to analyze parameters of trabecular bone in 499 

the metaphysis. To perform 3-dimensional histomorphometric analysis of trabecular bone, we 500 

selected the regions of interest from 1 mm below the distal epiphyseal growth plate and extended 501 

distally for proximally 2 mm. Trabecular bone was analyzed to determine trabecular BV/TV, Tb. 502 

Th, Tb. N, and Tb. Sp. Cortical morphometry was analyzed within a 600 µm long section at mid-503 

diaphysis of the femur and included measurements of average thickness and cross-sectional area. 504 

 505 



- 24 - 

For histomorphometric analysis, the femora were resected and fixed in 4% paraformaldehyde for 506 

48 hours, decalcified in 0.5M EDTA (pH 7.4) at 4°C, and embedded in paraffin. Five µm–thick 507 

longitudinally oriented sections of bone were processed for OCN immunohistochemical staining 508 

(for osteoblast analysis), and TRAP staining (for osteoclast analysis). All sections were observed 509 

using an Olympus BX51 microscope. Quantitative histomorphometry analyses were performed as 510 

described previously (85) in a blinded fashion using OsteoMeasure Software (OsteoMetrics, Inc., 511 

Decatur, GA, USA).  The sample area selected for calculation was a 1 mm2 area within the 512 

metaphyseal trabecular bone. Number of osteoblasts per bone perimeter (N.OB/B.Pm) and number 513 

of osteoclasts per bone perimeter (N.OC/B.Pm) in five randomly selected visual fields per 514 

specimen, in four specimens per mouse in each group were measured.  515 

 516 

Immunofluorescence staining of bone and aorta tissue sections  517 

Femora and aortae were dissected after mouse sacrifice and fixed in phosphate-buffered saline 518 

(PBS) (pH 7.4) containing 4% paraformaldehyde for 48 hours. Femora were then decalcified in 519 

0.5M EDTA (pH 7.4) with constant shaking for 8 days. For dehydration, the decalcified bones 520 

and aortae were immersed in a solution of 20% sucrose and 2% polyvinylpyrrolidone for 24 521 

hours. The tissues were embedded in OCT, and 10-µm-thick longitudinally oriented sections of 522 

bone were collected for immunofluorescence staining as described previously (86). Transverse 523 

and longitudinal sections of aorta were also prepared. The tissue sections were incubated with 524 

primary antibody to PDGF-BB (ab178409, Abcam, 1:50, Polyclonal) or PDGFRβ (ab32570, 525 

Abcam, 1:100, Monoclonal) followed by fluorescence-conjugated secondary antibodies. Nuclei 526 

were counterstained with DAPI (Sigma-Aldrich, St. Louis, MO). The sections were mounted 527 
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with the ProLong Antifade Kit (Molecular Probes, Eugene, OR) and observed under a Zeiss 528 

LSM 780 confocal microscope (Carl Zeiss AG, Oberkochen, Germany). 529 

 530 

Isolation of bone/bone marrow preosteoclasts and blood myeloid cells 531 

To isolated bone/bone marrow preosteoclasts, two approaches were utilized. As the 1st approach, 532 

mixture of bone and bone marrow cell suspensions was prepared from C57B/L6 mice as 533 

previously described (86), with modifications. Briefly, the epiphysis was removed from the distal 534 

femora and proximal tibia, bone marrow was flushed. Moreover, the metaphyseal region of bone 535 

tissue was harvested, crushed in ice-cold PBS with a mortar and pestle, and digested with 536 

collagenase I (3 mg/mL), dispase I (4 mg/mL), and deoxyribonuclease (1 U/mL) in PBS at 37°C 537 

for 30 minutes. The resultant single bone cell suspensions were combined with the flushed bone 538 

marrow cells.  After red cell lysis, cells were incubated with a mix of antibodies against CD3 (a 539 

T cell marker, ab16669, Abcam), CD45R/B220 (a B cell marker, 562313, BD), and Ter119 (an 540 

erythrocytes marker, 14-5921-82, Thermo Fisher), all conjugated to APC. After exclusion of 541 

CD3/B220/Ter119+ cells, RANK+ cells were sorted using CD265 (RANK) antibody (119805, 542 

BioLegend, San Diego, CA) by FACS. As the 2nd approach, mixture of bone and bone marrow 543 

cell suspensions was prepared from TRAP/tdTom mice as described above. After exclusion of 544 

CD3/B220/Ter119+ cells, tdTom+ cells were sorted by FACS using a 5-laser FACS and FACS 545 

Diva (Becton Dickinson Biosciences, San Jose, CA). To isolate peripheral blood myeloid cells, 546 

EasySep™ Mouse Monocyte Isolation Kit (STEMCELL Technologies Inc.) was used by 547 

following manufacturer's instructions.  548 

 549 

Human subjects and ELISA analysis of serum PDGF-BB concentration 550 
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Serum samples collected from a total of 15 human subjects were included. The young cohort is 551 

composed of individuals 21-26 years old; 3 females and 2 males. The old cohort is composed of 552 

individuals >58-71 years old; 6 females (post-menopause) and 4 males. All subjects are healthy 553 

subjects with no reported co-morbidities of obesity, diabetes, heart disease, hypertension, and 554 

other vascular disorders. 555 

 556 

PWV measurement 557 

In vivo vascular stiffness was analyzed by obtaining invasive PWV measurements at mean 558 

arterial pressures varying from 55 to 130 mm Hg as previously described (13, 14, 26). We used a 559 

high-fidelity dual-pressure catheter sensor to measure aortic PWV. Mice were anesthetized with 560 

an intraperitoneal injection of 1.2% Avertin (2,2,2-tribromoethanol, 240 mg/kg) in 0.9% saline. 561 

The mouse was positioned supine on the heating pad, with water temperature set to 40°C. 562 

Anesthesia was maintained by mask ventilation with 1.0%–1.5% isoflurane (in 100% O2), and 563 

the reflex response to hind-paw pinching was assessed to monitor depth of anesthesia. After 564 

making a midline neck incision from mandible to sternum, we introduced a 1.2-Fr, dual-565 

pressure sensor catheter (Scisense, London, Ontario, Canada) into the descending thoracic aorta 566 

through the left carotid artery without opening the chest cavity. The distance between two 567 

sensors is fixed at 1 cm. A 30-gauge cannulation needle connected to polyethylene tubing was 568 

inserted into the left femoral vein for infusion of fluid/drugs. After stabilization of the signal for 569 

10–15 minutes, baseline blood pressures were recorded. Mean arterial pressure was raised and 570 

lowered to obtain a full physiological range of blood pressure using intravenous infusion of 571 

phenylephrine and sodium nitroprusside, respectively. PWV at corresponding mean arterial 572 

pressure was calculated using the foot-to-foot method, the foot being defined by the peak of the 573 
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second time derivative of two aortic pressures measured simultaneously during each pulse. PWV 574 

was plotted against mean arterial pressure to construct phase plots to characterize PWV over a 575 

wide range of mean arterial pressures from 50–150 mm Hg in the aorta. 576 

 577 

Non-invasive Blood Pressure Measurements 578 

Blood pressure of awake mice was determined by a tail cuff measurement system as described 579 

previously (Kent Scientific, Torrington, CT) (26, 60).Systolic, mean, and diastolic BPs were 580 

measured.  581 

 582 

Tensile testing 583 

The elastic properties of the samples were analyzed by tensile testing as previously described 584 

(13, 26). We used the descending aortas of mice, which were harvested and cut into 2-mm rings. 585 

The sample to be tested was imaged longitudinally, and the cross-section of a 0.5-mm segment 586 

proximal to the test sample ring was imaged at ×10 magnification along with a graticule. Vessel 587 

lumen diameter (Di), wall thickness (t), and sample length were calculated using ImageJ software 588 

(National Institutes of Health, Bethesda, MD). The 2-mm ring was then mounted onto the pins of 589 

an electromechanical puller (DMT560; Danish Myo Technology A/S, Aarhus, Denmark). After 590 

calibration and alignment, the pins were slowly moved apart using an electromotor at a rate of 50 591 

µm/s to apply radial stress on the specimen until breakage. Displacement and force were 592 

recorded continuously. Engineering stress (S) was calculated by normalizing force (F) to the 593 

initial stress-free area of the specimen using the following equation: 594 

S = F / 2t × l, 595 
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 in which t = thickness and l = length of the sample. Engineering strain (λ) was calculated as the 596 

ratio of displacement to the initial stress-free diameter. The stress–strain relationship was 597 

represented by the following equation: 598 

S = α exp (βλ), 599 

in which α and β are constants. α and β were determined by nonlinear regression for each sample 600 

and used to generate stress–strain curves by treating the x-axis as a continuous variable. 601 

 602 

Wire myography 603 

Vasoconstriction in response to phenylephrine treatment was examined by wire myography as 604 

previously described (13, 26) . Briefly, after careful excision and cleaning from the surrounding 605 

soft tissues, the thoracic aorta was cut into 2-mm rings. The endothelium was removed by 606 

mechanical scraping for a subset of the rings. Each ring was placed in Krebs (containing [in 607 

mmol/L] 118.3 NaCl, 4.7 KCl, 1.6 CaCl2, 1.2 KH2PO4, 25 NaHCO3, 1.2 MgSO4, and 11.1 608 

dextrose at a pH of 7.4) and then transferred to a myograph chamber (DMT, Hinnerup, 609 

Denmark) and continuously bubbled with 95% O2 and 5% CO2 (37°C). The rings were stretched 610 

in 100-mg increments to a final tension of 600 mg. After passive stretching of the rings, KCl (60 611 

mmol/L) was added to determine the viability of the vascular preparation and to obtain maximal 612 

contractility. Concentration-response curves were constructed for phenylephrine (10−9 to 10−5 613 

mol/L). Next, endothelial-mediated vasorelaxation was studied using increasing doses of 614 

acetylcholine (10−9 to 10−5 mol/L) in vessels preconstricted with phenylephrine. Finally, 615 

endothelial-independent vasorelaxation mediated by increasing doses of sodium nitroprusside 616 

(10−9 to 10−5 mol/L) was examined in vessels preconstricted with phenylephrine. 617 
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 618 

Aorta histology, von kossa staining, and Quantitative Analysis 619 

Descending thoracic aortas from mice were harvested and fixed in 10% formalin for 48 hours 620 

and then transferred to 70% ethanol for storage at 4°C. Fixed aortic segments were embedded in 621 

paraffin and sectioned at 5 µm thickness. Sequential sections were stained with hematoxylin and 622 

eosin as well as Masson's trichrome staining. Images were acquired using an Olympus BX51 623 

microscope. Aortic diameter and wall thickness were determined is 10x images using ImageJ. 624 

Number of cells in the vascular media was determined using object count in ImageJ. 625 

Calcification of the descending thoracic aortas was detected by von Kossa staining of 5-µm 626 

longitudinal cryosections as previously described (87). Calcification was visualized as distinct 627 

black deposits of calcium using an BX51 microscope (Olympus) coupled with imaging software 628 

(Cellsens). 629 

 630 

Statistical analysis 631 

Data are presented as means ± standard errors. Unpaired, two-tailed Student t-tests were used for 632 

comparisons between two groups. For multiple comparisons, one-way analysis of variance 633 

(ANOVA) with Bonferroni post hoc test was used. All data were normally distributed and had 634 

similar variation between groups. Statistical analyses were performed using SAS, version 9.3, 635 

software (SAS Institute, Inc, Cary, NC) or GraphPad Prism 9.0. p < 0.05 was deemed significant. 636 

 637 

Study approval 638 

All animal studies described were conducted under protocol MO18M139, approved by the 639 
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Figure 1 Aged mice and HFD-challenged mice develop low bone mass and an arterial stiffening phenotype. (A–E) Representative
µCT images (A) and quantitative analysis (B–E) of the trabecular bone area of the distal femur from 4- and 20-month-old male

C57BL/6 mice. Bone volume per tissue volume (BV/TV) (B), trabecular bone thickness (Tb.Th) (C), trabecular bone number (Tb.N)
(D), and trabecular bone separation (Tb.Sp) (E). (F–G) Pulse-wave velocity (PWV) and systolic, diastolic, and mean blood pressure
(BP) measurements of 4- and 20-month-old male mice. (H-L) Representative µCT images (H) and quantitative analysis (I–L) of the

trabecular bone area of the distal femur from 3-month-old male C57BL/6 mice fed a Western HFD or normal CHD for 5 months. BV/TV

(I), Tb.Th (J), Tb.N (K), and Tb. Sp (L). (M–N) PWV and BP measurements of the mice fed high-fat diet (HFD) or chow food diet

(CHD). n=5-9. Data are shown as mean ± SD, *p<0.05, *p<0.01, ***p<0.005, as determined by Student’s t-tests.
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Figure 2 Aged mice, rats, and humans and HFD-challenged mice have elevated serum PDGF-BB concentration. (A) ELISA

measurement of serum PDGF-BB concentrations in 3- and 20-month-old mice. (B) ELISA measurement of serum PDGF-BB

concentrations in 4- and 25-month-old rats. (C) ELISA measurement of serum PDGF-BB concentrations in young and aged

humans. Old, ages 58-71 years; young, ages 21-26 years. (D) ELISA measurement of serum PDGF-BB concentrations in HFD mice

and CHD mice. n=5-10. Data are shown as mean ± SD, *p<0.05, as determined by Student’s t-tests.
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Figure 3 Bone/bone marrow preosteoclasts in aged mice and HFD mice are a main source of elevated circulating PDGF-BB. (A–B)
Immunofluorescence staining of femoral bone tissue from 3- and 20-month-old mice. Representative PDGF-BB staining image (A)

and quantitative analysis of the number of PDGF-BB+ cells per tissue area (B). (C–D) Frozen femoral bone (C) and aorta tissue
sections (D) from TRAP/tdTom mice were subjected to immunofluorescence staining using specific PDGF-BB antibody.

Fluorescence imaging of tdTom-positive cells (red), PDGF-BB-positive cells (green), and double positive cells (yellow) are shown.

(E-H) Measurement of Pdgfb mRNA in bone/bone marrow preosteoclasts. Diagram showing the procedure for the isolation of

bone/bone marrow cells from femoral bone using our previously described approach (E) (also see description in Methods section).

Cell suspension collected from TRAP/tdTom mice with CHD and HFD was subject to FACS to isolate tdTom+ cells. mRNA

expression levels of Pdgfb were measured by qRT-PCR (F). Cell suspension collected from C57B/L6 mice was subject to FACS to

isolate CD3/B220/T119-RANK+ cells. The mRNA levels of Pdgfb in aged mice (vs. young mice) (G) and HFD mice (vs. CHD mice)

(H) were measured by qRT-PCR. n=5. Data are shown as mean ± SD. *p<0.001, as determined by Student’s t-tests.



Figure 4

0

100

200

300

N
. m

ig
ra

te
d 

ce
lls

/F
V

*

Ctrl 
med

ium
Mo/M

ac
 C

M
Pre

-O
C C

M

IgG
 

PDGF-
BB A

b

D

Pre-OC CM

*

0

50

100

150

200

250

0

50

100

150

200
C

Ctrl 
med

ium
Mo/M

ac
 C

M
Pre

-O
C C

M IgG
 

PDGF-
BB A

b

Pre-OC CM

**

P
ro

lif
er

at
io

n 
(%

 o
f c

on
tro

l)

P
D

G
F-

B
B

 (p
g/

m
l)

Mo/M
ac

 C
M

Pre
-O

C C
M

OC C
M

B

A
!"#$%&'$&(

)
*+,-

.

/$012
34"#14

5#64

%&

'78'19

'$&() *+,-.

:$01234"#145#64

;*+!

Figure 4 Preosteoclast-derived PDGF-BB stimulates vascular smooth muscle cell (VSMC) proliferation and migration. (A)

Schematic diagram showing the in vitro isolation of bone marrow monocytes/macrophages (Mo/Mac) and the induction of osteoclast

differentiation. (B) Conditioned medium (CM) were collected from Mo/Mac, preosteoclast, and osteoclast cultures, as described in

the Methods section. PDGF-BB protein concentration in different CMs was measured using ELISA. (C) Rat VSMCs were incubated

with CM from Mo/Mac, preosteoclasts, and osteoclasts for 48h. Cell proliferation was assessed using the MTT method. (D)

Transwell assays for preosteoclast CM–induced migration of VSMCs. n=5. Data are shown as mean ± SD. *p<0.05, one-way

analysis of variance (ANOVA) with Bonferroni post hoc test.
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Figure 5 Conditional Pdgfb transgenic mice have increased PDGF-BB expression in bone/bone marrow and elevated serum PDGF-

BB concentration. (A) ELISA measurements of bone marrow (BM) and serum PDGF-BB concentrations in PdgfbcTG and WT

littermates. (B-D) Bone/bone marrow CD3/B220/T119-RANK+ cells (B), peripheral blood myeloid cells (C), and aorta tissue (D) were

collected from 6-month-old PdgfbcTG mice and WT littermates as describe in the Methods section. mRNA expression of Pdgfb was

measured by qRT-PCR. (E-F) Representative PDGF-BB immunofluorescence staining of the femoral bone (E) and aorta (F) tissue

sections from 6-month-old PdgfbcTG mice and WT littermates. n=5, Data are shown as mean ± SD. ***p<0.001, as determined by

Student’s t-tests.
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Figure 6 Conditional Pdgfb transgenic mice recapitulate an aging-associated bone phenotype. (A-E) Representative µCT images
(A) and quantitative analyses (B–E) of the trabecular bone area of the distal femur from male 6-month-old PdgfbcTG mice and WT

littermates. BV/TV (B), Tb.Th (C), Tb.N (D), and Tb. Sp (E). Representative µCT images (F) and quantitative analysis (G–H) of the
cross-sections of femoral mid-diaphysis of mice. Ct.Th, cortical bone thickness; B.Ar, bone area. (I-L) Quantitative µCT analyses of
the trabecular bone area of the distal femur from female 9-month-old PdgfbcTG mice and WT littermates. BV/TV (I), Tb.Th (J), Tb.N

(K), and Tb. Sp (L). (M–N) Representative immunohistochemical staining (M) and quantitative analysis of osteocalcin (OCN) (N) in
femur sections. (O-P) Representative TRAP staining (O) and quantitative analysis of TRAP+ cells in femur sections (P). N.OB/B.Pm,

number of osteocalcin-positive osteoblasts per bone perimeter; N.OC/B.Pm, number of TRAP-positive osteoclasts per bone

perimeter. n=5-8, Data are shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001 as determined by Student’s t-tests.
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Figure 7. Conditional transgenic mice expressing PDGF-BB in preosteoclasts recapitulate aging-associated artery phenotype.

PWV (A), systolic BP (B), diastolic BP (C), and mean BP (D) were measured in young (3-4-month old) and old (>18-month-old)

PdgfbcTG and WT littermates. PWV (E), systolic BP (F), diastolic BP (G), and mean BP (H) were measured in old (>18-months old)
male and female PdgfbcTG and WT littermates. n=5-14. Data are shown as mean ± SEM, *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001 as determined by one-way ANOVA with Bonferroni post hoc test.
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Figure 8 Conditional Pdgfb transgenic mice develop pathological aortic morphology and vascular calcification. (A) Representative
histological staining analysis (10x; inset 40x) showing hematoxylin and eosin (H&E) and Masson’s tricrhome staining of aorta from

4- and 18-month-old PdgfbcTG and WT littermates. (B) Lumen diameter, (C) Vessel wall thickness, and (D) smooth muscle cell
nuclei, Lamellar thickness (E) and intralamellar distance (F) in aortas were calculated. n=5-11. ∗p<0.05, ∗∗p<0.01, ∗∗∗p<0.001,
and ∗∗∗∗p<0.0001 as determined by one-way ANOVA with Bonferroni post hoc test. (G) Representative micrographs of Von Kossa
stained sections of the thoracic aorta from young (4-month-old) and old (20-month-old) mice (left panels) and from 6-month-old

PdgfbcTG and WT littermates (right panels). (H-I) Aorta tissues were harvested from 6-month-old PdgfbcTG and WT littermates.

mRNA expressions of RUNX2 (H) and alkaline phosphotase (ALP) (I) were measured by qRT-PCR. n=6. Data are shown as mean
± SD, ∗∗p<0.01, ∗∗∗p<0.001 as determined by Student’s t-tests. (J) Immunofluorescence staining of aortic tissue sections with
antibody against PDGFRβ from young (4-month-old) and old (20-month-old) mice (left panels) and from 6-month-old PdgfbcTG and

WT littermates (right panels).
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Figure 9 Aortic plasticity and vasoreactivity are impaired in Conditional Pdgfb transgenic mice. (A-D) Tensile testing of aortic
rings was measured in 4- and 18-month-old PdgfbcTG and WT littermates. n=10 rings, Data are shown as mean ± SEM, ****p <

0.0001, vs. WT mice, as determined one-way ANOVA with Bonferroni post hoc analysis. Aortic constriction in response to

increasing doses of phenylephrine was measured in the young (E) and aged (F) PdgfbcTG mice vs. WT littermates. n=8 aortic
rings, Data are shown as mean ± SEM, *p<0.05, **p<0.01, as determined by one-way ANOVA with Bonferroni post hoc test.

Endothelium-dependent aortic relaxation in response to increasing doses of acetylcholine was measured in young (G) and aged
(H) PdgfbcTG mice vs. WT littermates. n=8 aortic rings; Data are shown as mean ± SEM. *p<0.05, **p<0.01, as determined by

one-way ANOVA with Bonferroni post hoc test. Endothelium-independent vasorelaxation in response to sodium nitroprusside

was measured in young (I) and aged (J) PdgfbcTG mice vs. WT littermates. n=8 aortic rings. Data are shown as mean± SEM.
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Figure 10 Deletion of Pdgfb in preosteoclasts attenuates HFD-induced bone loss. (A) Measurement of PDGF-BB mRNA in
isolated CD3/B220/T119-RANK+ cells from bone/bone marrow of Trap-Cre;Pdgfbf/f mice (PdgfbcKO) and Pdgfbf/f littermates

(WT). (B) ELISA measurements of serum PDGF-BB concentrations in PdgfbcKO and WT littermates fed a HFD or CHD. n=5,

Data are shown as mean ± SD. *p<0.05, **p<0.01, as determined by Student’s t-tests and one-way ANOVA with Bonferroni

post hoc test. (C-G) Representative µCT images (C) and quantitative analysis of the trabecular bone area of the distal femur

from 3-month-old PdgfbcKO mice and WT littermates after 14 weeks of a Western HFD or chow diet (CHD). BV/TV (D), Tb.Th
(E), Tb.N (F), and Tb. Sp (G). Representative µCT images (H) and quantitative analysis (I–J) of the cross-sections of femoral

mid-diaphysis of mice. Ct.Th, cortical bone thickness; B.Ar, bone area. n=7. Data are shown as mean ± SD. *p<0.05,

**p<0.01, ***p<0.001, as determined by one-way ANOVA with Bonferroni post hoc analysis.
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Figure 11 Deletion of Pdgfb in preosteoclasts attenuates HFD-induced vascular stiffening. PWV (A), systolic BP (B), diastolic
BP (C), and mean BP (D) were measured in PdgfbcKO and WT littermates after 8 and 14 weeks of a Western HFD. n=6-11. Data

are shown as mean ± SEM. *p<0.05, **p<0.01 vs. WT mice, as determined by one-way ANOVA with Bonferroni post hoc test.

(E) Tensile testing of aortic rings was measured after 14 weeks of a Western HFD diet. n=10 rings, Data are shown as mean ±
SEM, ***p<0.001, vs. WT mice, as determined one-way ANOVA with Bonferroni post hoc analysis. (F) Phenylephrine-induced

contractility was measured after 14 weeks of a HFD in PdgfbcKO and WT littermates. n = 8-10 rings, Data are shown as mean ±

SEM. **p<0.01, as determined by one-way ANOVA with Bonferroni post hoc analysis. (G) Acetylcholine-induced endothelium-

dependent relaxation of phenylephrine-preconstricted aortic rings was measured after 14 weeks of a HFD in PdgfbcKO and WT

littermates. n=8-10 rings, Data are shown as mean ± SEM, **p<0.01, as determined by one-way ANOVA with Bonferroni post

hoc analysis. (H) The endothelial-independent sodium nitroprusside–induced relaxation was measured after 14 weeks of a HFD

in PdgfbcKO and WT littermates.



Figure 12

Figure 12 Schematic model illustrating the bone-vascular interplay during aging. With advancing age or under metabolic
stress, preosteoclasts in bone secrete high amount of PDGF-BB, which infuses into blood circulation. Elevated circulating

PDGF-BB, serving as a systemic pro-geronic factor, drives arterial stiffening.
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