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Bone-vessel connection
Cardiovascular disease (CVD) remains the 
leading cause of morbidity and mortality 
worldwide, with a steady increase in the 
number of deaths over the past decade. 
Osteoporosis is likewise a crippling disease 
of public health importance, which contin-
ues to grow in prevalence in older women 
and men. The two diseases often present 
concurrently, especially in an increasing-
ly aging population. Mounting biologi-
cal and epidemiological data support a 
direct association of CVD with bone loss. 
It is clear from large-scale, cross-section-
al, and longitudinal studies that reduced 
bone density and cardiovascular risk cor-
relate (1). There is also a strong correla-
tion among bone loss, atherosclerosis, and 
aortic calcification, particularly in patients 
with chronic kidney disease. These find-
ings underpin the evolving concept of a 

bone-vessel connection (2–5). In this cir-
cuitry, molecules secreted by bone cells, 
namely osteopontin, osteoprotegerin, and 
sclerostin, will participate in such inter- 
organ crosstalk.

The skeleton has traditionally been 
viewed as an inert organ responsible for 
physical support and locomotion, and as 
a reservoir for calcium that is regulated by 
ions, autacoids, cytokines, and hormones 
(6). Thus, it has been suggested that lost 
bone in osteoporosis is merely a risk fac-
tor for CVD (7). Contrarily, there is recent 
recognition that bone is itself an endocrine 
organ, and that bone cells—osteoclasts, 
osteoblasts, and osteocytes—synthesize 
and secrete molecules that regulate bodily 
functions, including energy expenditure, 
fat deposition, appetite control, skele-
tal muscle adaptation, male fertility, and 
cognition (8). In particular, the osteoclast 

not only secretes growth factors and cyto-
kines, collectively termed “clastokines,” 
but, during resorption, also releases mol-
ecules trapped within the bone matrix, 
such as transforming factor β (9–11). The 
clastokine of interest in this Commentary 
is the potent angiogenesis factor, platelet- 
derived growth factor–BB (PDGF-BB). Ele-
gant prior studies have shown that osteo-
clast precursor cells, or preosteoclasts, 
secrete PDGF-BB, which, in turn, induces 
the formation of a capillary subtype, type 
H vessels, for new bone formation during 
bone modeling and remodeling (12). Thus, 
the cell-selective depletion of Pdgfb in 
preosteoclasts reduces both angiogenesis 
and bone synthesis, eventually resulting 
in bone loss (12). Preosteoclast-derived 
PDGF-BB is therefore a mediator of angio-
genesis and bone formation (Figure 1).

Preosteoclasts produce PDGF-BB 
in the circulation
In this issue of the JCI, Santhanam and 
colleagues describe a role for PDGF-BB 
in skeletal and vascular pathologies (13). 
They found that bone-derived PDGF-
BB was higher in aged as compared with 
young mice, and in mice fed on a high-fat 
diet (HFD) versus those on normal chow. 
Based on this finding, the authors exam-
ined the concentration dependence of 
PDGF-BB actions on bone in loss- and 
gain-of-function studies, respectively, 
using cell-specific deletion mutants for 
Pdgfb (cKO), and transgenic mice (cTG) 
overexpressing PDGF-BB selectively in 
preosteoclasts. Young cTG mice, in which 
PDGF-BB was higher in bone marrow, 
faithfully recapitulated the age-dependent 
low bone mass phenotype. This result was 
testament to the deleterious skeletal effect 
of excessive preosteoclast-derived PDGF-
BB during aging. Paradoxically, young, 
healthy cKO mice also displayed low bone 
mass at baseline (13), a finding that is con-
sistent with the authors’ earlier report for 
a necessary function of PDGF-BB in skel-
etal remodeling (12). Nonetheless, aged 
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Cardiovascular disease (CVD) and osteoporosis often occur together, 
suggesting an association between CVD and bone loss. Similarly, 
the correlation of bone loss, atherosclerosis, and aortic calcification, 
especially in patients with chronic kidney disease, exemplifies a bone-
vessel connection. In this issue of the JCI, Santhanam et al. investigated 
the role of the angiogenesis factor platelet-derived growth factor–BB 
(PDGF-BB) in vascular stiffening. Serum levels of bone-derived PDGF-BB 
differed between young and aged mice, and in mice fed a high-fat diet 
(HFD) compared with those fed normal chow. Experiments with genetic 
models led the authors to conclude that bone-derived PDGF-BB mediates 
the hallmark arterial stiffening of aging and metabolic stress. Notably, 
excessive preosteoclast-derived PDGF-BB production during aging inhibited 
osteoblastic bone formation and increased circulating PDGF-BB, which in 
turn, accelerated vascular stiffness. These findings suggest that modifying 
circulating PDGF-BB levels may benefit patients with CVD, osteoporosis, 
and other age-related diseases.
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and importantly, age- and HFD-induced 
vascular stiffening was markedly atten-
uated by Pdgfb deletion in preosteoclasts 
in cKO mice (13). In all, it is clear that the 
excessive production of PDGF-BB from 
preosteoclasts during aging induces bone 
loss by inhibiting osteoblastic bone forma-
tion on one hand, and on the other, acceler-
ates the aging of blood vessels by increasing 
circulating PDGF-BB.

PDGF-BB has been widely implicated 
in cardiovascular pathogenesis, includ-
ing atherosclerosis, pulmonary arterial 
hypertension, diabetes, angiogenesis, and 
inflammation (16). The importance of the 
current study therefore is not to link PDGF-
BB with cardiovascular pathogenesis or 
risk, but instead, to illuminate the fact that 
the increased circulating PDGF-BB in aging 
is derived from a bone cell, at least in mice 
(13). This clarity leads to calls to determine 
the mechanism of action through which 
aging alters the production of PDGF-BB in 
bone and bone marrow preosteoclasts.

Conclusions and future 
directions
The bigger question for bone biologists is 
whether preosteoclasts begin to produce 
other modifiers in addition to PDGF-BB 
with aging. Indeed, no prior studies have 
investigated whether skeletal preosteo-
clasts acquire a senescence-associated 
secretory phenotype (SASP). We also need 
to know precisely how increased bone-de-
rived PDGF-BB causes bone loss. The 
authors showed reduced osteoblast num-
bers and unchanged osteoclast numbers in 
the cTG mice, providing a basic framework 
for future studies (13). It presently remains 
unclear whether PDGF-BB affects osteo-
blast commitment from mesenchymal 
stromal cells, their differentiation, and/or 
the function and lifespan of mature cells.

Influential future experiments would 
determine whether the aberrant production 
of PDGF-BB during aging is also associated 
with other disorders of aging, such as osteo-
arthritis, obesity, or neurodegeneration. It 
is plausible that single hormones, such as 
PDGF and follicle-stimulating hormone 
(FSH), among others, which become ele-
vated with age, have ubiquitous functions. 
High serum FSH levels, for example, asso-
ciate not only with bone loss, but also with 
obesity, hyperlipidemia, osteoarthritis, 
and neurodegeneration (17–20). Likewise, 

play a shift from contractile to a dediffer-
entiated, synthetic phenotype, resulting in 
intimal and medial thickening, elevated 
collagen/elastin ratio in the arterial wall, 
and increased mechanical vessel rigidity 
and stiffness (14). Vascular stiffness is an 
independent predictor of cardiovascular 
morbidity and mortality (15).

Santhanam et al. provide complemen-
tary in vitro, in vivo, and ex vivo evidence 
for a role of bone-derived PDGF-BB in 
vascular aging. First, conditioned media 
from Pdgfb-overexpressing preosteoclasts 
promoted VSMC proliferation and migra-
tion. Second, noninvasive measurements 
of blood pressure and pulse wave veloci-
ty, the latter being a surrogate for vascular 
stiffness, showed that young cTG mice 
develop increased aorta stiffness. Third, ex 
vivo tensile and vasoconstriction response 
testing showed dramatically higher passive 
stiffness and an increased vasoconstriction 
response in vessels from young cTG mice. 
Histologically, cTG mice showed increased 
collagen fibers in the extracellular matrix 
and calcification of the aortic wall, both 
of which are important contributors to the 
pathogenesis of arterial stiffening. Finally, 

cKO mice had increased bone mass with 
attenuated HFD-induced bone loss (13). In 
all, the findings suggest that preosteoclast- 
derived PDGF-BB is a critical mediator of 
bone loss in aging.

The next experiments set forth to 
explore the contribution of PDGF-BB 
secreted from preosteoclasts to total 
serum PDGF-BB levels, which double 
with aging in mice. Notably, the selective 
deletion of Pdgfb in preosteoclasts in aged 
mice normalized serum PDGF-BB levels to 
levels observed in young mice, while over-
expression of proteoclast PDGF-BB specif-
ically in young mice elevated serum levels 
to those noted for aged cTG mice. That 
preosteoclast-derived PDGF-BB appears 
to be a main source of circulating PDGF-
BB led the authors to examine a role for 
this clastokine in arterial stiffness (13).

A momentous claim
The authors make a momentous claim—
that bone-derived PDGF-BB mediates 
the hallmark arterial stiffening of aging 
and metabolic stress (13). Arterial aging 
is characterized by changes in vascular 
smooth muscle cells (VSMCs), which dis-

Figure 1. A model of preosteoclast-derived PDGF-BB in bone and vascular aging. Osteoclast precursors 
(preosteoclasts) in bone marrow secrete PDGF-BB that acts in a concentration-dependent manner on 
mesenchymal stem cells (MSCs), which ultimately give rise to bone-forming osteoblasts. High bone 
marrow PDGF-BB levels, as in the Pgdfb-overexpressing mouse (cTG), cause reduced osteoblastic bone 
formation and bone loss, whereas loss of PDGF-BB in a conditional preosteoclast-selective mutant 
(cKO) attenuates age- and HFD-induced osteopenia. Preosteoclast-derived PDGF-BB also contributes 
substantially to circulating PDGF-BB, which increases with age. High serum PDGF-BB acts via PDGFR-β 
receptors on VSMCs to promote a contractile-to-synthetic phenotypic switch that results in arterial 
stiffening (13). PDGF-BB may thus be another piece of the puzzle that connects bone with vessel, and 
osteoporosis with CVD.
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the authors have previously shown that 
PDGF-BB derived from preosteoclasts 
drives subchondral bone angiogenesis in 
osteoarthritis (21). Dysregulated PDGFR-β 
signaling is also involved in multiple pathol-
ogies, including compromised brain–blood 
barrier, ocular neovascularization, and 
importantly, oncogenesis, just to name a 
few. And, while targeted therapies to block 
this tyrosine kinase receptor continue to 
be developed for certain cancers, it may be 
prudent in the future to focus on ligand-spe-
cific molecules, such as antibodies (17), 
that would fine-tune circulating PDGF-BB 
levels toward a therapeutic advantage in 
chronic diseases that accompany aging.
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