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ABSTRACT

Chronic kidney disease (CKD) is associated with both exten-
sive vascular calcification and abnormal bone remodeling,
namely renal osteodystrophy. Moreover, there is increasing
evidence for a close relationship between bone and vessel func-
tion. Pathological vascular calcification has been recently rec-
ognized as an active, cell-mediated process with similarities to

physiological skeletal mineralization. ~Accordingly, we
described the concept of vascular remodeling, in analogy to
bone remodeling. In this review, we discuss the role of uremic
toxins in the cross-talk between bone and vessel, and empha-
size their potential contribution to the development of both
vascular and bone remodeling disorders in patients with CKD.

Vascular calcification (VC) is a process that affects the
arterial wall. It may occur in both intima layer (associ-
ated with atherosclerotic plaques) and media layer
(Monckeberg’s sclerosis). Initially viewed as a passive
phenomenon, VC has been recently recognized as an
active, cell-mediated process. This process shares many
similarities with that of skeletal mineralization, including
the presence of a calcifying osteo/chondrocyte-like cells
and an osteogenic extracellular matrix, as well as the
expression of bone-related proteins (such as collagen
type 1, osteopontin, and alkaline phosphatase) in calci-
fied, atherosclerotic areas (1). More recently, it has also
been shown that monocyte/macrophage cell types are
able to differentiate directly into osteoclasts in calcified
vessels (2). The coexistence of these two bone-like cell
types suggests that VC may mimic the remodeling pro-
cess which is normally observed only in bone tissue. Fur-
thermore, according to the vascular remodeling
hypothesis, VC occurs as the result of an imbalance
between calcification formation and resorption pro-
cesses, in favor of the former (Fig. 1) (2).

Vascular calcification in CKD patients has been
linked to both traditional and uremia-related risk fac-
tors. One of these is renal osteodystrophy (ROD), a
common complication of uremia that appears early in
the course of CKD. ROD is characterized by abnormal
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bone remodeling, that is a disturbance of the delicate
balance between bone formation and resorption, which
may range from a state of high bone turnover to that of
low bone turnover (3). It is noteworthy that recent stud-
ies have generated an increasing body of evidence linking
vascular and bone health in CKD. Indeed, low-turnover
bone disease has been associated both with VC and arte-
rial stiffness in chronic hemodialysis patients (4). Fur-
thermore, improved bone remodeling has been linked to
slower progression of coronary calcification (5). In view
of these perspectives, “Kidney Disease: Improving Glo-
bal Outcomes” (KDIGO) has recommended integrating
the anomalies of mineral and bone metabolism and
extra-skeletal calcification observed in uremic patients
into a unique clinical entity, named CKD-mineral bone
disorder (CKD-MDB) (3).

In this review, we will focus on several uremic toxins
that may participate in the cross-talk between the skele-
tal and the vascular system, and interfere with remodel-
ing at both sites.

Parathyroid Hormone

Chronic kidney disease is associated with a disorder of
mineral homeostasis that generally manifests itself as
hypocalcemia, hyperphosphatemia, and low serum levels
of vitamin D sterols. It leads to the development of
secondary hyperparathyroidism, characterized by an
increase in parathyroid hormone (PTH) secretion, and
parathyroid gland hyperplasia. Secondary hyperparathy-
roidism is a common finding in CKD patients. It gener-
ally occurs early in the course of the condition. It is
associated with a number of negative outcomes in a vari-
ety of tissues and systems, including the bone and the
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FiG. 1. Schematic representation of the effect of uremic toxins on vascular and bone remodeling. In bone, uremic toxins promote an
uncoupling of the physiological remodeling process and the predominance of bone resorption. Conversely, in the vessels, the effects of
uremic toxins result in a preponderance of heterotopic bone formation and inhibition of its resorption.

cardiovascular system. Given this variety of adverse
effects, PTH has been considered as a major uremic toxin.

High PTH levels induce the development of a high-
turnover bone disease called osteitis fibrosa (3). It is
characterized by increased activity of osteoblasts and os-
teoclasts responsible for bone formation and resorption,
respectively. However, the bone resorption rate often
exceeds bone formation rate, leading to the bone loss
that may progress to osteoporosis. Ultimately, this
results in an increased efflux of phosphate and calcium
from bone into the blood.

The direct effects of PTH on the vasculature remain
subject to debate. In a rat model of CKD in which the
animals underwent parathyroidectomy, continuous
infusion of supraphysiological rates of synthetic PTH
was associated with the development of extensive aortic
calcification—independently of phosphate levels or the
presence or the absence of uremia (6). Conversely, it has
been reported that intermittent doses of synthetic PTH
given by the I.P. route have a beneficial effect on vascu-
lar calcification and aortic osteogenic differentiation in a
murine model of diabetic dyslipidaemia (7). Differences
in methodology (i.e., continuous vs. intermittent PTH
replacement) may explain these conflicting results.
Importantly, a large epidemiological study recently
reported an association between high PTH levels (intact-
PTH >600 pg/ml) on the one hand, and both cardio-
vascular hospitalization and poor survival in CKD
patients on the other (8). Whether these clinical effects
are mediated by a direct effect of PTH on VC develop-
ment needs to be determined in further studies.

Phosphate

Phosphate is critical for many physiological functions,
including skeletal development, mineral metabolism,

energy transfer via mitochondrial metabolism, and cell
membrane phospholipid content and function. Eighty-
five percent of the body’s phosphorus stores are con-
tained in bone as hydroxyapatite. Freely circulating
phosphorus corresponds only to 0.15% of total body
stores.

Urinary excretion of phosphate is regulated by several
factors, including calcitriol, PTH, fibroblast growth
factor-23 (FGF23) together with klotho, and, to a lesser
extent, metabolic acidosis, volume expansion, glucocor-
ticoids, calcitonin, growth hormone, and thyroid hor-
mone. As CKD progresses, the kidneys are less able to
adequately regulate phosphate levels, resulting in
phosphate retention. Hyperphosphatemia has been
recognized as a potent stimulus of secondary hyper-
parathyroidism. High phosphate levels may directly
stimulate PTH secretion, PTH gene expression and
parathyroid cell proliferation. Moreover, due to its
inhibitory effect on 1-z-hydroxylase activity, phosphate
may also indirectly enhance PTH secretion by reducing
circulating calcitriol levels. High phosphate levels have
also been linked to uremic skeletal resistance to the calce-
mic action of PTH (9). This view is supported by the
demonstration that high inorganic phosphate concentra-
tions in culture media directly inhibit (i) the generation
of new osteoclasts and (ii) bone resorption by mature
osteoclasts via an up-regulation of osteoprotegerin
(OPG) expression (10).

Phosphate has also been implicated in the pathogene-
sis of VC. In vitro studies have confirmed that cultured
vascular smooth muscle cells (VSMCs) calcify when
exposed to elevated phosphate levels in the culture med-
ium. Concomitantly, the VSMCs undergo a profound
phenotypic transition characterized by (i) the loss of
expression of markers of the VSMCs’ contractile pheno-
type and (ii) simultaneous expression of osteochondro-
genic markers [such as osteopontin, core binding factor
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1 (Cbfa-1), osteocalcin] (1). In line with these in vitro
observations, it has been recently demonstrated that the
administration of oral phosphate binders in an animal
model of CKD is able to prevent phosphate-induced
vascular calcification (11). In chronic hemodialysis
patients, it has been demonstrated that controlling
phosphate levels with the noncalcium and nonaluminum
containing phosphate binder sevelamer slows the pro-
gression of coronary artery calcification, as compared to
calcium-containing binders (12).

Recently, our group has provided additional evidence
ofthe involvement of phosphatein VC. We demonstrated
that phosphate down-regulates the differentiation of
monocyte/macrophage precursors into osteoclast-like
cells via a negative feedback mechanism that interferes
with the receptor activator of nuclear factor kappa B
ligand (RANKL) and its receptor (RANK) (13). This
finding may explain, at least partially, the difficulty in
identifying osteoclast-like cells in calcified vessel areas.
Thus, in addition to inducing the differentiation of
VSMCs into osteoblast-like cells, phosphate may inhibit
osteoclast-like cell differentiation in the vessel wall. Our
postulate is that phosphate plays an important role in the
proposed vascular remodeling imbalance not only by
stimulating extra-osseous bone formation but also by
bluntingits resorption (Fig. 1).

Indoxyl Sulfate

Indoxyl sulfate (IS) is produced by the metabolism of
dietary tryptophan. Briefly, tryptophan is metabolized
to indole by intestinal bacteria. After intestinal absorp-
tion, indole is metabolized in the liver to indoxyl and
then IS. As excretion of this compound depends on
proximal tubular secretion, IS accumulates in the blood
of CKD patients. It is noteworthy that the serum IS con-
centration is 30-80 times higher in nondialyzed CKD
patients than in healthy subjects (14). It has been sug-
gested that IS plays a role in the response of blood
vessels and bone to the uremic environment (15,16).

In a rat model of chronic renal failure with low-
turnover bone disease, osteoblast function worsens with
the progression of kidney disease. This observation is
compatible with the hypothesis that uremic toxins
(including IS) accumulating in blood may be involved in
low-turnover bone discase, as proposed by Iwasaki-
Ishizuka et al. (16). In an additional study, this same
group demonstrated that the oral charcoal adsorbent
AST-120, which prevents IS accumulation in the blood,
protected the animals against the development of
low-turnover bone disease (17). Taken together, these
findings indicate that IS may be at least one of the factors
responsible for the skeletal resistance to PTH observed
in the uremic state. Studies in CKD patients are required
to test this hypothesis further.

Indoxyl sulfate may also act as a vascular toxin. It
directly stimulates rat VSMC proliferation in a
concentration-dependent manner (18). Furthermore, an
increase in aortic wall thickness and severe aortic calcifi-
cation, with colocalization of osteoblast-specific proteins
such as Cbfa-1, osteopontin, and alkaline phosphatase,

were observed in salt-sensitive hypertensive Dahl rats to
which IS was administered together with a high-salt diet
(15). However, the effect of IS on human cells in vitro
and in vivo remains to be proven.

Leptin

Leptin is a 16 kDa peptide hormone that regulates
food intake and stimulates thermogenesis by acting on
the hypothalamus. It is mainly produced by white fat
cells. Therefore, serum leptin levels usually reflect the
amount of adipose tissue. They are elevated both in pro-
gressive obesity and chronic renal failure, the latter as a
consequence of reduced leptin ultrafiltration by the dis-
eased kidney (19). Leptin exerts its effects by interacting
with six different receptors (ObRa, ObRb, ObRc,
ObRd, ObRe, and ODbRY(). In the circulation, leptin is
carried by the ObRa receptor, released from vascular
endothelial cells, and transported across the blood—brain
barrier, where it activates ObRb receptors in the hypo-
thalamus. This signal then stimulates expression of a
hypothalamic osteoblast inhibitory factor (HOBIF),
which lowers the osteoblasts’ matrix-making ability (20).
It has also been demonstrated that leptin has a direct os-
teotropic effect by (i) promoting the differentiation of
bone marrow stromal cells into osteoblasts (21) and (ii)
inhibiting osteoclast generation (22). The postulated
relation between serum leptin levels and bone mass in
humans is not yet well established. Concerning CKD, an
inverse correlation between serum leptin levels and his-
tomorphometric findings of bone resorption was
reported in a cohort of 46 chronic hemodialysis patients
(23). These apparent discrepancies may reflect a subtle
balance between leptin’s direct stimulatory action on
osteoblast precursors and its indirect suppressive action
on bone activity via the hypothalamus.

It seems plausible that leptin also plays a role on het-
erotopic bone formation, i.e., vascular calcification. It
has been shown that mice express the leptin receptor in
the artery wall and that in vitro, leptin induces osteoblast
differentiation and VSMC calcification (24). Although it
has been suggested that leptin may act selectively on cer-
tain VSMC subpopulations, which are more prone to
calcification, additional evidence is required to define
the precise role of leptin in vascular calcification unam-
biguously.

Conclusion

In recent decades, many steps involved in the patho-
genesis of vascular calcification have been elucidated. It
has been clearly demonstrated that active mechanisms,
very much resembling those of skeletal ossification, are
also involved in heterotopic bone formation. Recent
studies have reinforced the link between abnormal bone
remodeling and vascular calcification in CKD. Several
uremic toxins such as PTH, phosphate, leptin, and IS
may affect both skeletal and vascular remodeling by
interfering with osteoblast function, osteoclast function,
or both and thus contribute to renal osteodystrophy and
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TABLE 1. The effects of uremic toxins on bone and vessels

Uremic toxin Action on bone

Action on vessels

PTH Increased osteoblast activity
Increased osteoclast activity
Phosphate Induction of skeletal resistance to PTH

Indoxyl sulfate
Leptin

Osteoblast dysfunction

hypothalamus)

Promotion of differentiation of bone marrow

precursors into osteoblasts
Inhibition of osteoclasteogenesis

Osteoblast dysfunction (indirect effect, via the

Promotion of VC?

Induction of VSMC osteoblastic differentiation

Inhibition of monocyte/macrophage osteoclastic
differentiation

Raising phosphate—calcium products

Induction of VSMC proliferation

Induction of VSMC osteoblastic differentiation

PTH, parathyroid hormone; VC, vascular calcification; VSMC, vascular smooth muscle cell.

vascular calcification (Table 1). In particular, phosphate
may play an important role in this context, as it has been
demonstrated that phosphate may restrict osteoclast dif-
ferentiation and activation and promote VSMC osteo-
blast differentiation. Other uremic toxins such as
proinflammatory cytokines, advanced protein oxidation
products, and advanced glycation products may also
play a role. An integrative approach is essential in evalu-
ating the respective roles of each of these factors.

Therapeutic interventions aimed at reducing or pre-
venting vascular calcification should be seen in the con-
text of each treatment’s potential effects on bone and
vice versa. Approaches that reduce levels of uremic tox-
ins, e.g., via the use of phosphate binders and AST-120,
have already been shown to exert beneficial effects, albeit
in relatively small patient cohorts. Randomized clinical
trials addressing the impact of such therapeutic interven-
tions on vascular calcification, bone remodeling, and
morbidity/mortality in CKD patients are clearly
required. Stimulating osteoclast activity in calcified vas-
cular areas appears to be a promising field as well, given
that active osteoclasts are capable of demineralizing cal-
cified elastin thereby limiting calcification (25). How-
ever, whether focal stimulation of osteoclast activity in
calcifying blood vessels is possible in the absence of
effects on osteoclast activity in bone, and if so, whether
it is beneficial or not remains to be determined.
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