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Kidney-Bone, Bone-Kidney, and Cell-Cell Communications
in Renal Osteodystrophy

By Keith A. Hruska, Georges Saab, Lala R. Chaudhary, Cheryl O. Quinn, Richard J. Lund,
and Kameswaran Surendran

he relationship between bone and the kidney in renal osteodystrophy is a complex interplay of kidney to bone
onnections, bone to kidney connections, and cell to cell connections. In addition, such interactions have a
rofound effect on the vasculature. In this review, we discuss the role of the bone morphogenetic proteins (BMPs)

n the skeleton, kidney, and vasculature. In addition, we propose that deficiencies of these BMPs seen in chronic
idney disease (CKD) result in decreased bone remodeling and a compensatory secondary hyperparathyroidism

high turnover state). Treatment of the hyperparathyroidism blocks this compensatory arm and thus decreased
one remodeling occurs (low turnover). We review animal models of CKD in which treatment with BMP-7 resulted

n normalization of both high and low turnover states. Finally, we discuss vascular calcification as it relates to bone
etabolism. We discuss the roles of BMP-7 and 2 other bone regulatory proteins, osteoprotegerin (OPG) and
2-HS glycoprotein (AHSG, human fetuin), in the human vasculature and their implications for vascular
alcification.

2004 Elsevier Inc. All rights reserved.
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EW DISCOVERIES RELATED to sub-
stances made in the kidney regulating bone

emodeling are addressed in this article along with
ention of new skeletal hormones that regulate

idney function. In addition, recent progress re-
ated to the receptor activator of nuclear factor � B
igand (RANKL)/RANK/osteoprotegerin (OPG)
athway, the bone regulatory protein �2-HS gly-
oprotein, and the dependency of bone remodeling
n heterotypic cell-cell communications is dis-
ussed. Thus, kidney-bone, bone-kidney, and cell-
ell communications are discussed as they relate to
he pathogenesis of renal osteodystrophy.

BONE REMODELING

The human skeleton is remodeled continuously
uring life, and the rate of remodeling is stimulated
uring growth and fracture healing. A concept
xists that skeletal growth is a modeling-only is-
ue. This is not true because the term modeling
efers to the function of the epiphyses of long
ones where their elongation occurs owing to en-
ochondral bone formation and the process of peri-
steal deposition and endosteal resorption that
hape long bones. However, a critical remodeling
omponent is present during growth in most parts
f the skeleton. At remodeling sites, the rates of
one formation exceed those of bone resorption.
nappreciated until the present time are critical

egulatory relationships between bone modeling,
emodeling, and the hematopoietic system in the
arrow space of long bones. These ties contribute

o the normal function of the alternate environ-
ent. Thus, the functioning immune system is an
mportant regulator of bone remodeling (Fig 1),

eminars in Nephrology, Vol 24, No 1 (January), 2004: pp 25-38
nd the bone mesenchymal compartment contrib-
tes to regulation of hematopoiesis. Bone is the
ajor storehouse of calcium, phosphorus, and

uffer equivalents in the body, and bone remodel-
ng is regulated to maintain calcium homeostasis
uring pregnancy, lactation, and metabolic acido-
is. Osteodystrophies develop from disordered
one remodeling—such is the case in renal os-
eodystrophy.1-4 Regulation of bone remodeling in-
olves both endocrine and paracrine signaling to
steoblasts and osteoclasts through hormones, cy-
okines, and growth factors (Fig 2). In chronic
idney disease (CKD), aberrant levels of agents
egulating bone remodeling are released into the
ystem, resulting in the lack of normal bone for-
ation rates, inappropriate bone resorption, and

efects in mineralization constituting renal os-
eodystrophy.

THE KIDNEY-BONE AND BONE-KIDNEY
CONNECTIONS

Evidence exists to indicate that CKD produces a
ecrease in skeletal remodeling that leads to an
ttempt to maintain remodeling through increased
arathyroid hormone (PTH) activity. The best clin-
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HRUSKA ET AL26
cal demonstration of this is the observation that
revention of hyperparathyroidism in CKD pa-
ients leads to the adynamic bone disorder.3 We
ecently have shown in an animal model of CKD
hat maintenance of normal phosphorous, calcium,
nd PTH levels through phosphate restriction and
alcitriol supplementation leads to a marked de-
rease in osteoblast number, bone formation rates,
nd activation frequency similar to adynamic bone
isease.4 Based on these findings, we hypothesized
hat CKD inhibits osteoblast differentiation by de-
reased growth factors and/or increased levels of
nhibitory substances blocking the action of growth
actors. Two important regulatory families in-
olved in osteoblast differentiation are the bone
orphogenetic proteins (BMPs) and the Wnt fam-

ly proteins. Phosphatonins are potential inhibitors

Fig 1. Interactions between systems and cell types
timulated by hormones such as PTH (interaction be
emodeling), interleukin 1 and TNF�, cytokines release
roduced by cells of the immune system contribute ma
, which support osteoclast progenitor survival and di
ormation and bone resorption because differentiati
steoblast lineage, and preosteoblasts directly inte
ell–expressed RANKL binding to its receptor, RANK,
erminal differentiation and regulation of osteoclast fu
y bone cells and immune cells, decreases RANKL stim
ANK. The effects of PTH and calcitriol (1,25[OH]2

esorption are mediated by their stimulation of RANK
mmune cell activation leading to increased interleuki
one marrow environment.
f the Wnt family and are discussed in a separate o
rticle in this issue by Kumar. We focus our dis-
ussion on the BMPs and their relationship to
one, the kidney, and the vasculature.

he BMPs in Bone

BMPs are members of the transforming growth
actor � (TGF-�) superfamily. BMPs were first
solated from demineralized bone, indicating that
emineralized bone is a rich source for BMPs.5,6

t least 15 BMPs have been identified, of which
MP-2, BMP-3, BMP-4, BMP-6, and BMP-7 (os-

eogenic protein-1) have been shown to be potent
nducers of ontogenesis. BMPs interact with a
omplex set of type I and type II receptors of the
ctivin receptor family to mediate their biologic
unction7,8 through activation of the Smad family

stimulation of bone remodeling. Remodeling can be
the system for divalent ion homeostasis and bone
cells of the immune system. Furthermore, cytokines

age colony stimulating factor (M-CSF) and interleukin
iation. Bone remodeling is a coupled process of bone
bone marrow stromal cells, the progenitors of the
ith cells in the osteoclast lineage through surface
preosteoclasts. RANKL is required and sufficient for
Osteoprotegerin, a RANKL decoy receptor produced
n by decreasing availability of RANKL for binding with
osteoclast differentiation and stimulation of bone

duction by preosteoblasts. CKD is a state of altered
F�, and interleukin 6 levels in the circulation and the
during
tween
d by T
croph

fferent
on of
ract w
on the

nction.
ulatio

D3) on
L pro

n 1, TN
f transcription factors.
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RENAL OSTEODYSTROPHY 27
BMPs have a profound effect on osteoblastic
rowth and differentiation as shown by in vitro cell
ulture studies. BMP-2, BMP-4, and BMP-6 stim-
late osteoblast differentiation of rat and mouse
ells.9-11 BMP-2 and BMP-7 stimulate a differen-
iation program of human bone marrow osteopro-
enitors and bone-derived osteoblasts.12-15

This is accompanied by increased expression of
lkaline phosphatase, type I collagen, osteopontin,
steocalcin, decorin, osteonectin, and bone sialo-
rotein. BMP-2 is a potent inducer of osteopro-
enitor differentiation with a decreased effective-
ess in more mature cells. BMP-3 increased
lkaline phosphatase activity, type I collagen, and
steocalcin in human bone marrow stromal cells.16

MP-3 antagonizes the osteogenic effects of
MP-2 and TGF-� in osteoblastic cells.17,18 Ad-
noviral vectors carrying BMP-2, BMP-4, BMP-6,
MP-7, and BMP-13 complementary DNAs deliv-
red intramuscularly or subcutaneously to animals
nduce ectopic bone formation at the site of deliv-
ry through endochondral ossification,19-21 show-

Fig 2. The physiology and pathophysiology of osteo
tem cells (also referred to as bone marrow stroma
egulated by the BMP family and the Wnt family of diffe
ormonal origin deriving from the kidney. PTH regulat

evels by stimulating osteoprogenitor proliferation and
ffects of PTH on the phenotype of cells in the osteob
ffects osteoblast differentiation by impairing the BMP
re increased, but the phenotype of the osteoblastic c
ng that BMP gene therapy may have potential use a
n the treatment of degenerative, rheumatic, trau-
atic bone injury, and kidney diseases.
The expression of BMP-7 in adult rat kidney is

ecreased in conditions such as animal models of
cute renal ischemia and diabetic nephropathy.22-25

his suggests that part of the pathophysiology of
enal osteodystrophy may in part be caused by
MP deficiency and decreased osteoblast differen-

iation (Fig 2). Hyperparathyroidism, an adaptive
echanism to maintain remodeling rates in the

ace of CKD, is a maladaptive process because
TH is not an osteoblast differentiation factor.26-30

ncreased levels of PTH stimulate an abnormal
henotype of osteoblastic cells with fibroblast-like
roperties that accumulate in the peritrabecular
pace and produce marrow fibrosis (Fig 3). Treat-
ent with recombinant BMP-7 results in the dis-

ppearance of these cells, probably by promoting
ommitment to the osteoblast program.31 BMP-7,
ven in the presence of high PTH levels, stimulated
emodeling, increased bone formation, and de-
reased bone resorption. BMP-7 also reversed the

differentiation. Osteoblasts derive from mesenchymal
; Fig 1) through a multistep differentiation program
tion factors. Some of the skeletal BMP-7 burden is of
oblast differentiation in the presence of normal BMP
ing mature osteoblast and osteocytes apoptosis. The

ifferentiation program are resorptive (see Fig 3). CKD
nt physiologic system. As an adaptation, PTH levels

not normal and excess bone resorption is stimulated.
blast
l cells
rentia

es oste
inhibit
last d
and W
dynamic bone disorder and restored bone remod-
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HRUSKA ET AL28
ling.4 The successful treatment of renal osteodys-
rophy (both high and low turnover) in animal
odels of CKD, regardless of serum PTH, cal-

ium, or phosphorous levels, by BMP-7, implicates
MP deficiency in the pathogenesis of renal os-

eodystrophy.

he Function of BMPs in the Kidney

BMPs have emerged (through genetic studies)
s important regulators of kidney development.32,33

n addition to being present during kidney devel-
pment, BMP-7 messenger RNA also is expressed
n the adult kidney, predominantly in the tubules of
he outer medulla, podocytes, and ureter.34 Further-
ore, BMP-7 expression has been shown in cul-

ured kidney cells including glomerular cells and
istal Madin Darby kidney cell (MDKC), but not
uman proximal HK-2 cells.35

BMP-7 prevented renal failure in a variety of
nimal models of renal injury including acute
enal ischemia, unilateral ureteral obstruction,
iabetic nephropathy, and lupus nephritis.36-40 In
ddition, treatment with BMP-7 was superior to
reatment with enalapril in preventing tubuloin-
erstitial fibrosis in the unilateral ureteral ob-
truction and lupus nephritis models. Tubuloin-
erstitial fibrosis is a major component of several
idney diseases associated with the progression

o CKD stage V. Finally, treatment with BMP-7 c
n the diabetic nephropathy model was more
ffective than enalapril in reversing proteinuria,
reserving glomerular filtration rate, and pre-
enting glomerular sclerosis. Taken together, the
MP-7 actions appear to be preservation of ep-

thelial phenotype,40 inhibition of epithelial-
esenchymal transdifferentiation,37,40 and inhi-

ition of injury-induced epithelial cell
poptosis.37

MPs in the Vasculature

Vascular calcification is a common problem
hat correlates with increased cardiovascular
ortality among patients with CKD. The process

ppears to be regulated by an osteoblast-like
ell,41 possibly of vascular smooth muscle cell
VSMC) origin. VSMCs share a common pro-
enitor lineage with osteoblasts and retain suf-
cient pluripotentiality to transdifferentiate.
SMCs are a potential therapeutic target for
MP-7 because they have been shown to inhibit

mooth muscle proliferation and to stimulate
xpression of markers of smooth muscle cells in
itro.42 In low-density lipoprotein receptor�/�
ice, an animal model of atherosclerosis and

ascular calcification, BMP-7 prevented vascu-
ar calcification in uremic animals,43 suggesting
possible protective role for BMP-7 in the vas-

Fig 3. The relationship
between secondary hyper-
parathyroidism and the
osteodystrophy of CKD.
Because of decreased os-
teoblast differentiation as a
result of CKD, skeletal re-
sistance to PTH actions de-
velop, leading to changes
in phosphorus and calcium
homeostasis and second-
ary hyperparathyroidism.
The increased PTH levels
restore rates of bone re-
modeling, but an osteodys-
trophy develops because
PTH stimulates an abnor-
mal phenotype of osteo-
blastic cells. Decreased
mineralization (hyperos-
teoidosis) and increased
bone resorption result, the
latter caused by PTH stim-
ulation of excess RANKL
production by preosteo-
blasts and stromal cells.
ulature among patients with CKD.



t
c
i
s
p
a
l

O

b
g
n
r
t
b
t
t
R
b
r
t
d

u
t
a

O
R
p
b
m
t
e
O

r
a
b
c
s
a
o
b
t
a
o
t
t
t
r
r
t
a
n

O
s
b
c
c
i
m
i
R
o
t
t
r
c
f
h
l
l
R
o
i

RENAL OSTEODYSTROPHY 29
CELL-CELL CONNECTIONS

In states in which there is decreased mineraliza-
ion of bone, there is an association with vascular
alcification. Various regulatory proteins involved
n bone metabolism and mineralization exist in
erum and the vasculature. The role of 2 such
roteins, OPG and �2-HS glycoprotein (AHSG),
re discussed with regard to bone and the vascu-
ature in patients with CKD.

PG in Bone

With the discovery of OPG, osteoblasts have
een implicated in the regulation of osteoclasto-
enesis (Fig 4). OPG initially was isolated as a
ovel member of the tumor necrosis factor (TNF)
eceptor superfamily made by stromal cells, preos-
eoblasts, and preosteoclasts. Unlike most mem-
ers of the TNF receptor superfamily, which are
ransmembrane proteins, OPG is a secreted pro-
ein.44 The discovery that OPG can bind to
ANKL, and compete with RANK, a membrane-
ound receptor found on osteoclast precursor cells,
evealed a complex mechanism regulating the cell-
o-cell contact–dependent process of osteoclast
ifferentiation.
RANKL, present in a membrane-bound or sol-

ble form, is produced by the osteoblast and binds
o RANK to stimulate osteoclast formation and

Fig 4. RANKL/RANK/
PG regulation of bone re-
orption. RANKL produced
y bone marrow stromal
ells, preosteoblasts, and
ells of the immune system

n either a soluble or cell
embrane–anchored form

nteracts with the receptor
ANK on cells in the oste-
clast lineage supporting
heir terminal differentiation
o multinucleated bone-
esorbing cells. OPG is a se-
reted circulating receptor
or RANKL, making it an in-
ibitor of osteoclast stimu-

ation by the RANKL/RANK
igand/receptor complex.
ANKL is the main regulator
f mature osteoclast activ-

ty.
ctivity (Figs 1 and 4). However, the binding of v
PG to the soluble or membrane-bound form of
ANKL inhibits osteoclastogenesis through com-
etition of binding and prevention of RANKL
inding to RANK on the osteoclast precursor cell
embrane. Therefore, it has been suggested that

he degree of osteoclastogenesis and resulting bone
rosion is dependent on the ratio of RANKL to
PG.45

Studies performed in animal models support the
ole of OPG and RANKL in osteoclast activation
nd differentiation. Mice genetically engineered to
e OPG deficient (opg�/opg�) exhibit, by adoles-
ence and adulthood, an early onset of osteoporo-
is.46 Intravenous injection of recombinant OPG
nd transgenic overexpression of OPG in opg�/
pg� mice effectively rescued this osteoporotic
one phenotype.47 Overexpression of OPG in
ransgenic mice resulted in osteopetrosis, a state of
bnormally dense bone caused by inhibition of
steoclast activity.44 In vitro cell culture was used
o determine that OPG inhibits osteoclast matura-
ion in a dose-dependent manner.44 In vivo, injec-
ion of OPG resulted in osteoclast apoptosis.48 In
ats, in vitro studies showed incubation of mature
at osteoclasts with RANKL stimulated them
hrough multiple cycles of bone resorption.49 In
ddition, in vitro studies indicate that RANKL is
ecessary but not sufficient for osteoclast sur-

48
ival.
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HRUSKA ET AL30
HSG Glycoprotein in Bone

AHSG is a noncollagenous protein found both in
he serum and in bone matrix. In mineralized hu-
an tissues, AHSG has been shown to be concen-

rated with respect to other plasma proteins by
actors of 30 to 100.50 However, the concentration
f AHSG in bone and in serum is not constant and
s age dependent. The protein appears to be in
igher concentrations in children as compared with
dults.51,52 In addition, in states of high bone re-
orption such as renal osteodystrophy and Paget’s
isease, the content of AHSG in bone is higher
han in normal controls.53 However, the serum
evels of AHSG in patients with CKD stages I
hrough V and Paget’s disease is lower than in
ormal controls.54-56 This has led to speculation
hat AHSG is involved in bone metabolism. Initial
tudies supported this by revealing that AHSG
odulates bone resorption in a concentration-de-

endent manner.57 The ability to modulate bone
esorption may be related in part to osteoclast
recursors. Osteoclasts are derived from mono-
ytes and AHSG has been shown to increase re-
ruitment and enhance the function of monocytes
n vitro.58-60

AHSG is a 2-chain protein composed of a heavy
A) and light (B) chain connected by a disulfide
ond.61 AHSG has been shown to be structurally
imilar to bovine fetuin, a protein that makes up the
ajor portion of bovine fetal serum.62,63 This led to

peculation that fetuin is the bovine homologue of
HSG, designating AHSG as fetuin-A or human

etuin. Furthermore, a striking sequence homology
as found between AHSG and the cystatin super-

amily of cysteine proteinase inhibitors.64,65 Fur-
her analysis of the A chain of fetuin revealed it to
e composed of 5 disulfide loops arranged in a
anner similar to the disulfide loops of the cystatin

uperfamily.65 Because cysteine proteinases are in-
olved in bone resorption, it was speculated that
HSG may inhibit bone resorption in this man-
er.64

The function of AHSG/fetuin has been exam-
ned in bone cell cultures. When grown in media
ontaining calcium and phosphorous in concentra-
ions that cause spontaneous salt precipitation, the
ddition of bovine fetuin to rat calvaria osteoblast
ultures inhibited apatite formation.66 Similar find-
ngs occurred when other fetuins were used includ-

ng AHSG. It also was found that the concentration t
f fetuin necessary to prevent precipitation is much
ower than the concentration of fetuin in serum.
ubsequently, it also was determined that the
mino acids in the cystatin-like domain 1 of the
rotein mediated the inhibition of apatite forma-
ion.66

Fetuin also has been shown to have effects on
one independent of apatite inhibition. Bovine fe-
uin has been found to be an antagonist to the
GF-� cytokines.67 Fetuin binds to BMP-2 �
MP-4 � BMP-6 � TGF-�1 � TGF-�2. Fetuin
nd TGF-� receptor type II share sequence homol-
gy with a disulfide looped sequence termed TRH1
hat is the major cytokine binding domain.67 The
inding of fetuin to the cytokine blocks binding to
he receptor and has been shown to inhibit the
ctivity of TGF-�1 and BMP-2 in cell culture.67

urther studies have shown that although TGF-�1
s required for osteogenesis in dexamethasone-
reated rat bone marrow cells, TGF-�1 in high
oncentrations inhibits osteogenesis.68 The addi-
ion of bovine fetuin to the high concentration
GF-�1 cultures restores osteogenesis. However,
hen added to cultures in the presence of low

oncentrations of TGF-�1, bovine fetuin is inhib-
tory. The inhibition of osteogenesis by bovine
etuin or high-concentration TGF-�1 also occurs
ell before bone mineralization.68 This suggests

hat the relative concentrations of fetuin and
GF-�1 play an important role in regulating os-

eogenesis. In addition, this biphasic response also
an explain how, despite being antagonists, both
HSG/fetuin and BMPs can have protective roles

n vascular calcification (see later).
Studies with mice genetically engineered to be

etuin deficient (ahsg�/ahsg�) have had some-
hat inconsistent results. One study showed that
hsg�/ahsg� mice were fertile and showed no
ross skeletal abnormalities at day 1 or at 4
onths.69 Another study found impaired matura-

ion of growth plate cartilage and slower femur
engthening among ahsg�/ahsg� mice later in life
3-18 mo).70 Interestingly, however, bone forma-
ion was increased, manifested by greater cortical
hickness, increased trabecular remodeling, and in-
reased osteoblast numbers on bone surfaces.70

he increased bone formation may be caused in
art by the absence of the inhibitory effects of
etuin on TGF-�1 or BMPs at physiologic concen-

rations.
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RENAL OSTEODYSTROPHY 31
PG in the Vasculature

Apart from bone, OPG is found in a number of
issues including the major arteries such as the
bdominal aorta.44 Furthermore, OPG is highly
xpressed in VSMCs, but not endothelial cells.
latelet-derived growth factor, basic fibroblast
rowth factor, angiotensin II, tumor necrosis factor
, and interleukin-1� all up-regulate OPG expres-
ion in VSMCs.71 In addition to osteoporosis, mice
ngineered to be opg�/opg� exhibit medial cal-
ification of the aorta and renal arteries.46 These
ata support a link between osteoporosis and vas-
ular calcification wherein decreased orthotopic
ineralization leads to increased pressure for het-

rotopic mineralizaton. However, despite the fact
hat intravenous injection of recombinant OPG res-
ued the osteoporosis phenotype, it did not reverse
he arterial calcification in opg�/opg� mice.47 In
ontrast, transgenic OPG delivered from midges-
ation to adulthood does prevent arterial calcifica-
ion in opg�/opg� mice,47 suggesting that al-
hough OPG can help prevent arterial calcification,
t cannot reverse it. Similarly, mice null for matrix
la-protein (MGP) develop severe medial vascular
alcification and die at age 1 month from coronary
rtery disease and vascular aneurysms.72 This an-
mal model has similarities to a rat model of vas-
ular calcification induced by warfarin.25,73 Warfa-
in inhibits �-carboxylation of the gla residues on

GP and results in aortic calcification in the rat.
nterestingly, warfarin therapy of humans does not
ead to vascular calcification. OPG therapy of war-
arin-induced vascular calcification eliminates it.73

n addition, other inhibitors of bone resorption
uch as the bisphosphonates and SB 242784, a
elective inhibitor of the osteoclastic V-H-adeno-
ine triphosphatase, have been shown to inhibit
arfarin- and vitamin D–induced vascular calcifi-

ation.24,74 These findings all support a causal link
ith bone mineralization and medial calcification.
Although OPG normally is present in arteries,

ANKL and RANK are not detected in the arterial
alls of wild-type opg�/opg� adult mice.47 How-

ver, RANKL and RANK transcripts are found in
he calcified arteries of opg�/opg� mice. Further-
ore, RANK expression in the calcified arteries

oincides with the presence of multinucleated os-
eoclast-like cells. The presence of osteoclast acti-
ators and osteoclast-like cells in the calcified ves-

els may imply an attempt to inhibit the m
ineralization by stimulating bone resorption. This
lso further emphasizes the importance of the
ANKL:OPG ratio in modulating osteoclast dif-

erentiation and bone resorption.
Studies of human medial calcification and ath-

rosclerosis have revealed possible roles for bone
egulating proteins in vascular calcification. With

onckeberg’s sclerosis, calcification occurs in di-
ect apposition to VSMCs without the presence of
acrophages in lipids seen in the intimal calcifi-

ation of atherosclerosis.75 These VSMCs directly
butting the area of calcification express high lev-
ls of MGP. In contrast, as compared with normal
essels, vessels with medial calcification globally
xpress lower levels of MGP and higher levels of
arkers for osteoblasts and chondrocytes such as

lkaline phosphatase, bone sialoprotein, and colla-
en II.75 The low levels of MGP in vessels with
edial calcification may suggest a predisposition

o calcification. The localized up-regulation of
GP by VSMCs may reflect a reaction to the

alcification and an attempt to increase calcium
learance. This is supported by the fact that when
SMCs calcify, MGP expression is up-regu-

ated.76 Similarly, in a study of human calcified
therosclerotic plaques, expression of calcification
nhibitors such as MGP and OPG are down-regu-
ated whereas markers of osteoblasts and chondro-
ytes were up-regulated.77 Another study of human
therosclerotic plaques also found increased ex-
ression of MGP along the boundary of mineral
eposits in advanced calcific lesions similar to that
een with purely medial calcification.78 In addition,
ANKL, weakly expressed in VSMCs in normal
essels, only could have been shown in association
ith the extracellular matrix surrounding calcium
eposits.
OPG also has been studied as a potential marker

f cardiovascular disease. In one study, 490 Cau-
asian women of at least 65 years of age were
ecruited to assess whether OPG levels were asso-
iated with stroke, mortality, and cardiovascular
isk factors such as diabetes mellitus. The study
ound that OPG levels obtained at baseline were
bout 30% greater in women with diabetes mellitus
nd that increased OPG levels were associated
ith an increase in all-cause mortality and cardio-
ascular mortality.79 OPG levels did not correlate
ith C-reactive protein levels in these patients,

uggesting that OPG was not a marker of inflam-

ation. Another study evaluated whether OPG was
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HRUSKA ET AL32
ssociated with the presence of coronary disease. A
otal of 201 patients who underwent coronary an-
iography because of chest pain had serum OPG
evels measured. The study found that serum OPG
evels were increased significantly in patients with
ignificant stenoses as compared with those with-
ut stenoses. In addition, as the severity of disease
ncreased, there also was a subsequent increase in
PG levels.80 Another study with 522 Caucasian
en undergoing coronary angiography showed

hat once again there was a positive correlation
etween serum OPG levels and the severity of
oronary disease.81 In addition, OPG levels in-
reased with age and were increased in diabetic as
ompared with nondiabetic patients. Finally, the
nvestigators of the previous study also have re-
orted that among 346 Caucasian men undergoing
oronary angiography, serum levels of soluble
ANKL were significantly lower in patients with
oronary disease than those without. However,
here was no correlation between soluble RANKL
nd the severity of coronary disease.82 This is an
nteresting finding because it suggests the
ANKL:OPG ratio in diseased vessels is much
reater than that found in serum among those with
ardiovascular disease. How this applies to the
athogenesis of cardiovascular disease and vascu-
ar calcification, particularly in CKD patients in
hom OPG levels accumulate in part owing to
ecreased clearance (see later), remains to be
een. Clearly, however, it again appears that the
ANKL:OPG ratio is more important than the

ndividual concentrations.
Why OPG is down-regulated in diseased tissues

nd up-regulated in the serum in vascular disease is
nclear. Animal models suggest that low OPG
evels predispose to vascular calcification. The
resence of RANKL, RANK, and osteoclast-like
ells in the calcified vessels of opg�/opg� mice
uggests a protective mechanism against calcifica-
ion by osteoclastogenesis. Perhaps the down-reg-
lation of OPG also plays a role in this manner.
owever, it is possible that the role of OPG in
SMCs is independent and separate from regula-

ion of osteoclastogenesis. TNF-related apoptosis-
nducing ligand (TRAIL) plays an important role
n a variety of processes including inducing cellu-
ar apoptosis. TRAIL is found in a variety of tis-
ues throughout the body including vascular
mooth muscle and has been found to be cytotoxic

o both vascular endothelial cells and medial m
mooth muscle cells.83 OPG has been found to
ind TRAIL and inhibits TRAIL-induced apopto-
is.84 In addition, OPG expression in VSMCs has
een shown to be down-regulated by ligands for
he peroxisome proliferator-activated receptor-�
PPAR-�), part of a family of ligand-activated
uclear transcription factors. PPAR-� has been
dentified as a nuclear receptor for thiazolidinedio-
es, compounds used to treat diabetes as insulin
ensitizers.85 Ligands for PPAR-� have been
hown to inhibit VSMC proliferation86 and thus are
hought to have anti-atherogenic properties. Fi-
ally, platelet-derived growth factor and basic fi-
roblast growth factor, known to stimulate expres-
ion of OPG in VSMCs, also are potent stimulators
f VSMC proliferation and migration. Moreover,
igands for PPAR-� have been shown to inhibit the
ffects of platelet-derived growth factor and basic
broblast growth factor on VSMCs.87 All of these
ndings taken together suggest that OPG may play
regulatory role in VSMCs. Decreased OPG ex-

ression in diseased vessels may be an attempt to
nhibit VSMC proliferation and migration. How-
ver, further studies need to be performed, partic-
larly in regard to what role, if any, the increased
erum OPG plays in the pathogenesis.

HSG in the Vasculature

In addition to osteoblast cell cultures, fetuin
nhibits apatite formation in vitro, suggesting a
imilar role for fetuin in the serum.66 Recently, in
n attempt to understand how MGP inhibits ec-
opic calcification, a new circulating protein min-
ral complex was discovered. The composition of
his complex consists of mineral, fetuin, and

GP.88 The protein mineral complex was discov-
red after rats were injected with etidronate, result-
ng in the increase of nonionic calcium, as well as
hosphorous and MGP, in serum. Subsequent anal-
sis determined the nonionic calcium, phospho-
ous, and MGP to be components of this protein
ineral complex. Fetuin was discovered to be the

redominant molecule in this complex. The source
f the fetuin content was found to be derived from
erum, consuming nearly half of the serum fetuin
ontent without affecting total serum levels (50%
ound to the protein mineral complex, 50% free).
oreover, the protein mineral complex is cleared

apidly from blood by 9 to 24 hours after etidronate
njection. The investigators concluded that the for-

ation of the complex occurred as a result of
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nhibition of bone mineralization rather than inhi-
ition of bone resorption. This was supported by
he fact that the appearance of the complex occurs
efore any expected inhibition of bone resorption
nd by the fact that treatment with alendronate, a
isphosphonate that did not inhibit bone mineral-
zation, did not result in the formation of the pro-
ein mineral complex.88 In addition, etidronate in-
ection in rats pretreated with warfarin did not
esult in an increase in serum MGP levels. This
uggests that the increase in MGP is caused by new
ynthesis and the �-carboxylation of MGP is re-
uired for its binding to the protein mineral com-
lex.
In a second study, the formation of the fetuin
ineral complex was inhibited by calcitonin, OPG,

nd alendronate—all inhibitors of bone resorption.
he investigators suggested that this implied a
one origin of the mineral complex.89 This was
orroborated by a similar increase in calcium,
hosphorous, and MGP levels after injection with
tidronate among mice fed a calcium-deficient diet
s compared with those fed a calcium-replete diet,
uggesting bone as the origin of the increased
alcium. A third study found that after the protein
ineral complex was cleared, there was a nearly

0% reduction of the serum fetuin level, suggest-
ng that clearance of the protein mineral complex
lso cleared the associated fetuin.90 In addition, the
hird study also showed that the protein mineral
omplex also contained an additional protein, se-
reted phosphoprotein 24, a protein similar in do-
ain structure to fetuin. Exogenous secreted phos-

hoprotein 24 was found to associate strongly with
he protein mineral complex when added to it. A
ourth study documented that the addition of cal-
ium and phosphate to rat serum, increasing the
oncentration of each by 10 nmol/L, also resulted
n the formation of this protein mineral complex.91

oreover, bovine fetuin inhibits mineral precipi-
ation when added to solutions containing 5
mol/L of phosphate and calcium, and this inhibi-
ion is associated with the formation of a fetuin-
ineral complex. This fetuin-mineral complex also
as found to bind MGP strongly.
Finally, a recent study showed, using electron
icroscopy and dynamic light scattering, that apa-

ite precipitation inhibition by fetuin/AHSG is
aused by the transient formation of soluble, col-
oid spheres containing calcium, phosphorous, and

92
etuin/AHSG in vitro. The findings also support t
revious reports that the cystatin-like domain 1
as critical to precipitation inhibition. The inves-

igators also speculated that these colloid spheres
ay be identical to the protein mineral complex

escribed earlier. These findings all suggest that
his circulating protein mineral complex serves as
n inhibitor of mineral precipitation in serum.

Among ahsg�/ahsg� mice, some developed
ctopic microcalcifications in soft tissues.69 Also,
he addition of BMPs to ectopic sites resulted in
urther bone extension in ahsg�/ahsg� mice as
ompared with ahsg�/ahsg� mice.70 This further
upports the concept that fetuin/AHSG acts as an
nhibitor of mineralization. Among calcifications
f atherosclerotic human aortic tissue, AHSG has
een found in concentrations approximately 7-fold
reater than that in plasma.93

As stated earlier, AHSG levels are lower among
atients with CKD stages I through V than with
ormal controls. In patients with CKD stage V on
emodialysis, low concentration of AHSG is asso-
iated with increased C-reactive protein, enhanced
ardiovascular mortality, and enhanced all-cause
ortality.56 In addition, the sera of these patients

howed impaired ex vivo ability to inhibit apatite
ormation. Patients on long-term hemodialysis (�2
) showed a trend toward increased severity of
ascular calcification than patients on short-term
ialysis (�1 y), however, this was not statistically
ignificant.

Another study found that nondiabetic patients
resenting with acute ST elevation myocardial in-
arction showed a trend toward lower serum
HSG levels than normal controls.94 AHSG levels

n these patients also trended back to normal levels
n discharge. This finding suggests the long-
nown idea that AHSG is also a negative marker of
nflammation. Previous studies have shown that
HSG has a negative correlation with acute phase

eactants such as �1-antitrypsin and haptoglobin
nd a positive correlation with albumin.95 In addi-
ion, interleukin 1� and interleukin 6 have been
hown to down-regulate expression of AHSG and
ts messenger RNA in cell culture similar to albu-
in.96 Because inflammation is thought to play a

ivotal role in the pathogenesis of atherosclerosis,
he association of low AHSG levels and cardiovas-
ular mortality among patients with CKD stage V
nd nondiabetic patients presenting with ST eleva-
ion myocardial infarction, may in part be related

o inflammation.
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PG in Patients With CKD

Two recent reports indicate that levels of OPG
re increased in patients with CKD stages I
hrough V.97,98 One of these reports98 determined
hat OPG levels increase with age in a healthy
opulation as well as in patients with CKD stage V
n hemodialysis. The levels in the latter, however,
ere significantly higher independent of age. In
atients with CKD stages I through V not on
emodialysis, serum levels of OPG correlated with
erum creatinine levels and had a reciprocal rela-
ionship to creatinine clearance over a 24-hour
eriod. Thus, the kidney was reported to be the
ajor site for clearance of OPG. In addition, it was

etermined that OPG found in serum of patients
ith CKD was capable of binding to RANKL in
itro, showing putative bioactivity in vivo.
Recent studies have looked at serum OPG as a

ossible predictor of bone turnover rate in renal
steodystrophy. One study examined 26 patients
ith CKD stage V just before kidney transplanta-

ion.99 These patients had been on maintenance
emodialysis from 9 to 67 months at the time of
ampling. Determination of bone mineral density
nd bone histomorphometry allowed the correla-
ion of bone morphology to markers of bone me-
abolism. The patients were divided into type II
normal or low turnover) and III (high turnover)
enal osteodystrophy based on the histomorpho-
etric results. In corroboration of previous studies

t was determined that significantly high intact
arathyroid hormone (iPTH) levels correlated with
istomorphometric indices of high bone turnover.
xamination of OPG indicated increased levels in
ll dialysis patients, but with lower amounts in type
II as compared with type II disease state. Finally,
t was reported that the combination of iPTH and
PG levels correctly classified types II and III in
2% and 88% of the patients, respectively. Thus
oncluding that measuring circulating OPG and
PTH levels might be a valid noninvasive means of
etermining bone turnover rate in renal osteodys-
rophy.

A second study also examined bone biopsy
pecimens along with markers of bone turnover in
9 patients with CKD stage V.100 The average time
n dialysis was 60.9 � 83.4 months. Patients were
escribed as having adynamic bone disease, osteo-
alacia (low turnover states), predominant hyper-
arathyroidism, or mixed osteodystrophy (high A
urnover states). Results similar to those reported
arlier indicated that OPG levels were increased
arkedly over the normal range in both the low

nd high turnover conditions. Correlation of dis-
ase state with OPG levels in conjunction with the
arkers of bone remodeling indicated significant

elationships. Similar to what was reported earlier,
iagnosis of high turnover osteodystrophy, and
TH levels less than 1,000 pg/mL, OPG was cor-
elated inversely to iPTH, total PTH, and parame-
ers of bone resorption. In addition, negative cor-
elations were reported between OPG and
arameters of bone formation. However, when pa-
ameters of patients with iPTH levels less than 300
g/mL were examined, those with adynamic bone
isease were found to have lower OPG levels than
hose diagnosed with either hyperparathyroidism
r mixed osteodystrophy.
The discrepancy between the 2 studies described

arlier, in which attempts were made to use OPG
evels to predict degree of renal osteodystrophy,
ould be owing to the small number of patients
xamined. This incongruity also could reflect that
ther factors, as noted earlier, are involved in the
steoblast regulation of osteoclastogenesis. The ra-
io of RANKL to OPG is actually the important
arameter in determining the progress of osteoclast
evelopment and activation in the bone, thus mea-
uring the serum levels of OPG rather than deter-
ining ratios of RANKL to OPG, a more difficult

eat, appears to have significant shortcomings.

HSG in Patients With CKD

As stated earlier, AHSG levels appear to be
ower among patients with CKD stages I through V
s compared with normal controls. In addition,
HSG appears to have increased expression in

alcified vessels. This is in contrast to OPG, which
as increased serum expression and decreased ex-
ression in calcified vessels. Possible causes for
he decreased serum AHSG levels in patients with
KD include chronic inflammation and protein
alnutrition. Current theories regarding vascular

alcification suggest that decreased bone mineral-
zation leads to heterotopic mineralization. In rats,
ecreased mineralization leads to the formation of
protein mineral complex containing fetuin, the rat
omologue of AHSG. The purpose of this protein
ineral complex is thought to be inhibition of

patite precipitation at ectopic sites. Low levels of

HSG in these patients also predicted an increased
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ardiovascular risk. It certainly is conceivable that
mong patients with CKD, low levels of AHSG
esult in a reduced ability to inhibit apatite precip-
tation. Indeed, it was documented that patients
ith CKD stage V on hemodialysis had such an

mpaired inhibition. In addition, fetuin has been
hown to modulate osteogenesis. What role de-
reased levels of AHSG in CKD patients plays
ith regard to osteogenesis, either in bone or in
SMCs, remains to be seen.

CONCLUSION

The relationship between bone and the kidney is
complex interplay of kidney-bone connections,

one-kidney connections, and cell-cell connec-
ions. Bone is in a constant state of remodeling.
lterations in remodeling rates lead to adaptive
rocesses to correct it. In CKD, deficiency of
MP-7 leads to decreased osteoblast differentia-

ion and decreased bone remodeling. As an adap-
ive mechanism, PTH levels increase in an attempt
o restore normal bone remodeling. However, PTH
s not an osteoblastic differentiation factor. Instead,
ncreased levels of PTH stimulate osteoblast pro-
enitors to become fibroblast-like cells, resulting in
arrow fibrosis. In addition, PTH stimulation

eads to increased RANKL expression and de-
reased OPG, resulting in osteoclast formation and
one resorption. Treatment of this maladaptive
rocess results in quiescent bone or the adynamic
one disorder. We have shown that treatment with
MP-7 in animal models of CKD effectively re-
erses both of these high and low turnover states.
Second, vascular calcification is an important

ause of morbidity and mortality in CKD. The
athogenesis of medial calcification likely involves
n osteoblast-like cell within the vessel wall. The
ikely candidate for this is the VSMC because it
hares common progenitors with osteoblasts and
etains the ability to transdifferentiate. Evidence
as shown that decreased bone mineralization
eads to increased pressure toward heterotopic
ineralization. BMP-7 has been shown to induce

he phenotype of VSMCs. In addition, by restoring
ormal bone mineralization, BMP-7, in theory,
lso decreases the pressure toward heterotopic
ineralization. Indeed, we have shown that treat-
ent with BMP-7 in animal models of atheroscle-

osis and vascular disease in CKD reverses vascu-

ar calcification. Thus, it appears that BMP-7 is a b
otential therapy for renal osteodystrophy and vas-
ular calcification.

Finally, 2 bone regulating proteins found in
one, serum, and the vasculature also play a role in
one remodeling and vascular calcification. OPG
nd AHSG, the human homologue of fetuin, have
arying roles in these processes. Indeed, mice en-
ineered to be OPG deficient show severe osteo-
orosis and vascular calcification, whereas those
ngineered to be fetuin deficient have increased
one formation and an increased susceptibility to
ctopic calcification. Among patients with CKD,
erum OPG levels appear higher than in normal
ontrols whereas serum AHSG levels are lower
han normal in controls. Higher serum levels of
PG correlate with increased cardiovascular mor-

ality, diabetes, and coronary disease whereas low
HSG levels correlate with increased cardiovas-

ular mortality. AHSG modulates osteogenesis and
nhibits apatite formation by forming soluble min-
ral complexes, indicating a protective role of this
ubstance against vascular calcification. The over-
ll role of OPG in vascular calcification is less
lear, and likely the ratio of RANKL and OPG
lays a more important role.
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