GFP-mouse Wild mouse

Radlation

o T rire

"‘-f_. \.;],-\;)

GFP-EMT mouse Parabiotic ﬁalrlng

<«

Wild mouse

Figure 1. Bone marrow-derived osteoblast progenitor cells contribute 10 BMP-2-induced ectopic bone formation via circulation in a parabiotic
mouse. (A): Parabiotic pairing between a GFP-BMT mouse and a wild-type mouse. A BMP-2 pellet was implanted into the wild-type mouse
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Kinetic Analysis of Circulating MOPCs

The data obtained led us to further charactenize the Kinetics of
CD45-negauve cell migration from bone marrow to circulat
ing blood. To view CD45-negative cells in the circulation
five sets of the experiment were performed independently. In
each experiment. seven mice were serially umplanted (i.e

one mouse per day) with a BMP-2 pellet. and at day 7. they
were all at once subjected to flow cylometry analysis to
evaluate the CD45-negative cell populations in the PBMNCs
Before the implantation. the basal population of the CD45

negative cells in PBMNCs was less than 20%. possibly
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Figure 3, MOPCs were detected in PBMNCs from BMP-2 pellet-implanted mice. (A): Representative results of time-course analysis of five different
sets nl experiments, I"he CD45-negative cell population (%) in PBMNCs and BMCs of the BMP-2-implanted mice was analyzed with flow cytometry
for 7 days after BMP-2 implantation. Robust but transient appearance of a CD4S-pegative population in PBMNCs according to the significant
reduction of the CD43-negative population in BMCs within 7 days after BMP-2-implantation was observed in five different sets of experiments
\unq,'!'md with nontreated wild-type mice (day 0). (B): Analysis of average percentage of CD43-negative population in PBMNCs at peak time within
7 days after BMP-2 implantation in five dilferent sets of experiments showed that the CD45-negative population in PBMNCs was significantly
induced by BMP-2-pellet implantation. +, p = 0000142, (C): Reverse wanscription-polymerase chain reaction analysis of the magnetic cell
sortmg-sorted CIM 5-negative PEMNCs showed that these cells exhibited Cbfal expression before culture (lane 1), additional OP expression in culture
without BMP-2 stimulation (lane ), and ALP and OC expression in culture with BMP-2 suimulation for 3 weeks {300 ng/ml; lane 3). (D): The sorted
CD435-negative cells cultured in basal medium and in osteogenic medium for 4 weeks showed morphogenic changes to vsteoblastic features.
Magnification. x40, Alizarin red staining (right panels) showed that calcium deposition was observed only in cells cultured in osteogenic medium
Magnification. x40, (E): ALP assay showed that ALP acuvity was mcreased when the CD45-negative cells in PBMNCs were cultured i osteogenic
medium. (F): Histologic H&E-stained sections of the hulr-\\\..l[ume transplanted in vivo with (right) or without (left) the CD45-negative cells in
PBMNCs revealed that those cells could form bone in hydroxyapatite. Magnification, X 100. Abbreviations: ALP, alkaline phosphatase; BMC. bene
marrow cell; BMP, bone morphogenetic protein: G3PDH, glyceraldehyde-3-phosphate dehydrogenase: K-A, King-Amstrong: OC, osteocalein: OP,
osteopontin: PBMNC, penpheral blood mononuclear cell.
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To determmne whether the mobilized CD45-negative cells
in the circulation contained MOPCs, we enriched the CD45-
negative fraction of the PBMNCs with MACS, The CD45-
negative sorted cells already expressed Cbfal (Fig. 3C). We
cultured the sorted cells in basal medium and examined the
expression of osteoblast-specific mRNA in these cells with or
without BMP-2 stumulation for 3 weeks. Osteopontin (OP},
an early marker of mesenchymal differentiation, started to be
expressed in cultures without BMP-2 (Fig. 3C). As expected.
the addition of BMP-2 to the culture (300 ng/ml) efficiently
induced the expression of osteoblast-specific marker genes
such as ALP and OC (Fig. 3C). These results coincided with
the data at the proten level that we reported previously [11].
We also observed morphological and functional changes of
the CD45-negative sorted cells cultured in the osteogenic
medium for 4 weeks. Those cells showed morphologic
changes with osteoblastic features. and calcium deposition
was clearly observed by alizarin red staining (Fig. 3D). A
significant increase in ALP activity was also demonstrated
(Fig. 3E). To obtain further evidence of the osteogenic po-
tential of the circulating CD45-negative cells in vivo, we
transplanted the fully open interconnected porous calcium
hydroxyapatite with or without the cultured circulating
CD45-negative cells from GFP-transgenic mice under the
muscular fascia in the backs of nude mice (Fig. 3F). Eight
weeks later. the hydroxyapatite was harvested and histolog-
ically analyzed. Newly formed bone was clearly seen only in
the hydroxyapatite with the inoculated CD45-negative cells
(Fig. 3F). Immunofluorescence staining showed that the cells
in the newly formed bone were GFP-positive. suggesting that
not the cells from recipient nude mouse but the transplanted
cells with the hydroxyapatite had formed the bone (supple-
mental online Fig. 2). These data indicate that CD45-negative
cells mobilized from bone marrow 1o the circulating blood
contain a major. if not exclusive. population of MOPCs that
are denved from bone marrow and provide mature osteo-
hlasts to peripheral tissues.

Characterization of Circulating MOPCs

We further analyzed cell surface markers of the circulating
MOPCs in PBMNCs by flow cytometry analysis (Fig. 4). Sig-
nificant expression of CD44, which is expressed in mesenchy-
mal cells as o receptor of OP [18]. was observed (Fig. 4).
However, neither hematopoietic lineage markers. such as CD45.
CD11b. or Gr- 1, nor endothelial lineage markers. such as CD34,
Flk-1. or CD31, were detected. Interestingly, circulating CD45-
negative MOPCs markedly expressed CXCR4 (Fig. 4), a recep-
tor of the chemokine SDF-1 [19]. The SDF-1 chemokine is
known to hold CXCR4-positive stem cells in the bone marrow
miche [20-22] and to recruit those cells to peripheral tissues that
express SDF-| [23. 24].

SDF-1 Is Expressed by Vascular Cells and
Osteoblasts in and Around the BMP-2 Implant

To determine whether the CXCR4 on the MOPCs played a
functional role interacting with SDF-1 for migration o bone
formation. we assessed SDF-1 expression in cells surround-
ing the BMP-2 implant. [mmunofluorescence staining
showed that CD31-positive and CD34-positive vascular en-
dothelhal cells adjacent to the BMP-2 collagen pellet highly
expressed SDF-1 (Fig. 5A), The vasculatures expressing
SDF-1 are likely to be arterioles. because they express
smooth muscle actin at the periphery of the endothelial cells
(Fig. 3A), Quantitative real-ime PCR analysis also revealed
marked elevation of SDF-1 expression in tissues containing
BMP-2 pellets from day | to day 7 after implantation (Fig.
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Wild type

BMP-2 implanted

CD45

Figure 4. Flow cytometry analysis of marrow-derived osteoblast
progenitor cells (MOPCs). Most of the peripheral blood mononuclear
cells (PBMNCs) in wild-type mice (control) were CD45-positive
CD45-negative MOPCs were increased in PBMNCs of BMP-2 pel-
let-implanted mice on day 4. Endothelial lineage markers (CD34,
CD31, and FIKI) and hematopoietic lineage markers (CD45, CD11b,
and Gr-1) were not detected in the CD45-negative MOPCs in BMP-
2-implanted mice. CD44 and CXCRA were highly expressed in the
CDM45-negative MOPCs of BMP-2-implanted mice compared with
the PBMNCs from wild-type mice. Abbreviation: BMP. bone mor-
phogenetic protein.
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- DISCUSSION

Circulating mesenchymal progenitor cells or osteoblast lineage
cells have been shown to exist in various mammals, including
humans and mice [6-8, 25, 26). Those circulating osteoblast
lineage cells were isolated from peripheral blood, expanded in
culture, and inoculated to show their polency to become osteo-
blasts in vitro and in vivo. Major questions raised after those
observations included where those circulating cells came from,
where they went, and how they approached their destination in
vivo,
Recently, we reported that marrow cells in intact bone are a
major, if not exclusive, source of circulating OPCs under a
BMP-2-induced ectopic bone-forming condition in mice, and
these cells endogenously participate in the process of the ectopic
bone formation [11]. In this study, a parabiotic pairing mouse
model showed that ~50% of all osteoblasts were derived from
MOPCs in the BMP-2-induced ectopic bone. Previous studies of
fracture healing have shown that fracture stimulation induces
BMP-2 expression in the surrounding tissues [27-29], suggest-
ing that endogenously circulating MOPCs may also contribute
to fracture healing, as well as to ectopic bone formation.

Circulating MOPCs seem lo present as a small population
without induction, Even after inducing stimulation, the increase
of circulating MOPCs was time-limited and not maintained for
more than few days. The peak of the MOPC induction in
circulation oscillated between day 3 and day 7 after BMP-2
implantation, possibly because of the strength of signals gener-
ated by both BMP-2 and injury stimulation (data not shown).
These findings may explain the previous difficulties in detecting
circulating mesenchymal cells without expansion in culture
[30, 31].

SDF-1 has been characterized as a potent CXC chemokine
that is constitutively expressed in various cell types, including
mesenchymal stem cells and osteoblasts, in bone marrow, and in
dermal and synovial fibroblasts (22, 32, 33]. SDF-1 retains
hematopoietic stem cells that express CXCR4, a receptor for
SDF-1, in bone marrow [21, 22]. SDF-1 expressed in peripheral
tissues under inflammatory conditions recruits circulating lym-
phocytes, monocytes, and other hematopoietic cells, except neu-
trophils, to the peripheral tissues via the CXCR4/SDF-1 system
[34, 35]. A recent study showed that SDF-1 in mural cells
around blood vessels functioned to entrap bone marrow-derived
vascular endothelial progenitor cells, which express CXCR4, in
circulation [36]. We demonstrated significant expression of
CXCR4 on circulating MOPCs. A strong expression of SDF-1
was noted not in the circulating MOPCs (supplemental online
Fig. 4) but in vascular endothelial cells and osteoblasts in the
regions of the ectopic osteogenesis, suggesting that the CXCR4/
SDF-1 system may play an important role in entrapping circu-
lating MOPCs around the area of the bone formation, although
factors besides SDF-1 may also contribute to the osteogenic
processes with MOPCs recruitment. Further analysis showed
that elevations of SDF-1 levels were accompanied by upregu-
lation of HIF-1, a well-known transcriptional factor that upregu-
lates SDF-1 expression. HIF-1 and SDF-1 induction were ob-
tained by implantation of the collagen pellet without BMP-2 and
probably resulted from the hypoxic tissue damage induced by
surgical implantation of the pellet. The BMP-2 pellet, however,
exhibited significantly prolonged expression of HIF-1 and
SDE-1 at day 7 compared with the collagen pellet itself. This
sustained expression of SDF-1 in the BMP-2-pellet was further
confirmed in osteoblasts, as well as in vascular endothelial cells
of the newly generating bone after day 7 (data not shown).
Collectively, HIF-1-dependent initial expression of SDF-1 in
arterioles around the BMP-2 pellet seemed to entrap circulating

MOPCs, followed by BMP-2-dependent recruitment and differ-
entiation of the trapped MOPCs o osteoblasts, which expressed
SDF-1 and may bave further enhanced bone formation by con-
tinsous recruitment of MOPCs to the osseous tissue in collab-
oration with the CXCR4/SDF-1 pathway. Previous studies [37,
38] also showed that the CXCR4/SDF-1 pathway plays a pivotal
role in the migration of stem cells to regencrating tissues,
suggesting that the hypoxic condition induced by tissue injury
plays a role in the induction of SDF-1 expression at the initial
stage of tissue regeneration.

Recent studies have indicated that CD44 binds to the ubig-
uitous matrix protein OP and serves as a receptor on CD44-
expressing cells to bind to OP [18]. Osteopontin is known to be
expressed in osteoblasts and secreted in the areas of the callus
formation [39], suggesting that OP functions as the major ligand
for CD44 on migrating osteoblast progenitor cells in the remod-
eling phase of fracture healing [40]. In this context, it is inter-
esting o note that circulating MOPCs significantly expressed
CD44 on the cell surface. Interaction between OP and CD44 on
MOPCs may be important for the acceleration of bone forma-
tion in combination with the CXCR4/SDF-1 system and BMP
stimulation,

Signals that trigger migration of the particular cell popula-
tion from bone marrow (o the circulation were nol identified in
this study. Vascular endothelial growth factor (VEGF) was
previously shown to be sufficient for recruitment of marrow-
derived vascular endothelial progenitor cells into the circulation
[36]. We also observed elevation of VEGF levels in muscular
tissue around the implanted collagen pellet (data not shown).
This observation may suggest that VEGF contribules to angio-
genesis in the area of bone regeneration, although further evi-
dence must be obtained to support this conclusion. Implantation
of the collagen pellet itself induced a significant number of
MOPCs in the circulation, suggesting that surgical injury may
induce production of MOPC-recruiting signals, probably be-
cause of hypoxic stress in injured tissue, as previously reported
[41]. BMP-2-pellet implantation, however, induced a relatively
higher increase in MOPCs in the circulation compared with
empty collagen pellets. In addition, subcutaneous injection of
BMP-2 without extensive tissue damage could induce ~20% of
CD45-negative cells in circulation (data not shown), suggesting
that both BMP-2 and tissue injury contribute to the mobilization
of MOPCs in circulation. A lack of detectable expression
of bone morphogenetic protein receptor Il (BMPR-II) on the
MOPCs in the circulation (supplemental online Fig. 5) suggests
that BMP-2 does not participate in MOPC mobilization but that
other factors induced by BMP-2 may. This hypothesis may be
supported by our observation that there were no significant
changes in the concentration of BMP-2 in serum between wild-
type nontreated mice and BMP-2 pellet-implanted mice (sup-
plemental online Fig. 5). Furthermore, we could establish a
C57BL/6 mouse bone marrow-derived stromal cell line, which
had been shown to be negative for BMPR-1I but maintained the
capability to differentiate to mature mineralizing osteoblasts
when cultured in osteogenic medium (S. Otsuru et al., unpub-
lished data), suggesting that BMPR-II expression may not be
essential to maintain osteogenic features in the nitial undiffer-
entiated condition of the MOPCs.

The importance of providing additional OPCs to the site of
bone formation has been shown by a number of previous studies
[42-47). Identification of signals that induce migration of
MOPCs in the circulation may have clinical applications in the
future, as the ability to increase MOPCs in the circulation may
help patients with intractable bone fractures by inducing further
accumulation of MOPCs 1o the fractured lesion. Robust induc-
tion of circulating MOPCs may also enable us to easily isolate
these cells by simple blood sampling, providing the possibility
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to develop novel cell-based regenerative therapies for intracta-
ble bone fractures and possibly for other damaged tissues.
Because current procedures to isolate cells directly from bone
marrow are invasive, the easy isolation of MOPCs from periph-

eral blood has advantages in terms of safety,

repeatability, and

acceptability. Genetic manipulation of isolated MOPCs may
also have possible applications in the treatment of genetic dis-
orders such as osteogenesis imperfecta [48, 49].

The potency of circulating MOPCs as stem cells is another

issue to be addressed in future studies. Because Sca-1 is an
established marker of both mesenchymal and hematopoietic
stem cells, MOPCs with low levels of Sca-1 expression seem to
bave different features compared with stem cells in bone mar-
row [50, 51]. Demonstration of efficient differentiation activi-
ties of MOPCs, in addition to osteoblastic lineage, may illustrate
the additional importance of these cells in tissue regeneration.

" CONCLUSION

lized MOPCs that expressed CXCR4 were recruited to the
bone-forming site by SDF-1 expressed in vascular endothelial

ce

Ils and the de novo osteoblasts of the region. These data may

provide perspective on the use of circulating MOPCs to accel-
erate bone regeneration in the future.
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Angiotensin II accelerates osteoporosis by activating

osteoclasts
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ABSTRACT Recent clinical studies suggest that sev-
eral antihypertensive drugs, especially angiotensin-con-
verting enzyme inhibitors, reduced bone fractures. To
clarify the relationship between hypertension and os-
teoporosis, we focused on the role of angiotensin IT
(Ang II) on bone metabolism. In bone marrow-derived
mononuclear cells, Ang II (1x107° M) significantly
increased tartrate-resistant acid phosphatase (TRAP)
-positive multinuclear osteoclasts. Of importance, Ang
Il significantly induced the expression of receptor
activator of NF-kB ligand (RANKL) in osteoblasts,
leading to the activation of osteoclasts, whereas these
effects were completely blocked by an Ang II type 1
receptor blockade (olmesartan) and mitogen-activated
protein kinase Kinase inhibitors. In a rat ovariectomy
model of estrogen deficiency, administration of Ang IT
(200 ng/kg/min) accelerated the increase in TRAP
activity, accompanied by a significant decrease in bone
density and an increase in urinary deoxypyridinoline. In
hypertensive rats, treatment with olmesartan attenuated
the ovariectomy-induced decrease in bone density and
increase in TRAP activity and urinary deoxypyridino-
line. Furthermore, in wild-type mice ovariectomy with
five-sixths nephrectomy decreased bone volume by
microcomputed tomography, whereas these change was
not detect in Ang II type la receptor-deficient mice.
Overall, Ang II accelerates osteoporosis by activating
osteoclasts via RANKL induction. Blockade of Ang IT
might become a novel therapeutic approach to prevent
osteoporosis in ensive patients.—Shimizu, H.,
Nakagami, H., Osako, M. K., Hanayama, R., Kunugiza,
Y., Kizawa, T., Tomita, T., Yoshikawa, H., Ogihara, T,
Morishita, R. Angiotensin II accelerates osteoporosis by
activating osteoclasts. FASEB J. 22, 2465-2475 (2008)

Key Words: hypertension + renin-angiotensin system - RANKL
* ARB + TRAP activity

HYPERTENSION AND OSTEOPOROSIS areé (wo comimon
diseases in the elderly population, which are caused by
the interaction of genetic and environmental factors.
As 50% of the hypertensive population comprises post-
menopausal women at high risk of osteoporosis, hyper-

0892-6638/08/0022-2465 © FASEB

tension represents a considerable health problem in
this population. Animal and epidemiological evidence
suggests that high blood pressure is associated with
abnormalities of calcium metabolism, leading to an
increase in calcium loss, secondary activation of the
parathyroid gland, and increased movement of calcium
from bone, thereby increasing the risk of osteoporosis
(1, 2). Indeed, clinical studies have shown that antihy-
pertensive drugs such as thiazides decrease the risk of
hip fracture by reducing renal calcium excretion (3, 4).
However, other antihypertensive drugs [B-blockers and
angiotensinconverting enzyme (ACE) inhibitors] are
also associated with a reduced risk of fractures (5),
whereas calcium antagonists did not reduce the risk
(5). Recent clinical studies also support the benefit of
ACE inhibitors to reduce risk of fractures or improve
bone metabolism (6, 7). These data suggest that the
renin-angiotensin system might be involved in bone
metabolism.

Because the vasculature plays an important role in
bone remodeling, the effect of the renin-angiotensin
system on bone metabolism may be partially related to
the regulation of blood flow. However, there is no
report documenting a direct relation of the renin-
angiotensin system with bone metabolism. Although
previous reports showed that the receptor for Ang Il is
expressed in osteoblasts and osteoclasts, the effects of
Ang Il are controversial (8, 9). Therefore, in this study,
we examined whether the renin-angiotensin system is
directly involved in bone metabolism, focusing on
osteoclast activation.

MATERIALS AND METHODS
Cell culture

Bone marrow cells were obrained from 3-day-old neonaal
white rabbits as described previously (10). Briefly, rabbit bone

' These authors contributed equally to this work.

2 Correspondence: Division of Clinical Gene Therapy, Osaka
University Graduate School of Medicine, 2-2 Yamadaoka, Suita,
Osaka 5650871, Japan. E-mail: morishit@cgu.med.osaka-u.acjp
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marrow cells were flushed out from the femurs and tibiae,
collected into tubes, and washed wwice with PBS. The mono-
nuclear cell-rich fraction was separated from marrow cells by
density gradient centrifugation with Ficoll and cultured
(1x10* cells/well of 24-well plate) in a-minimal essential
medium (a-MEM) containing 10% FBS.

Osteoclast differentiation was also examined using a rat
osteoclast culture system obtained from Hokudo Co. Ltd.
(Sapporo, Japan). Rat osteoclast precursor cells seeded in a
24-well plate were incubated with macrophage colony-stimu-
lating factor (M-CSF) (10 ng/ml) and receptor activator of
NF-«B ligand (RANKL; also called OPGL, TRANCE, and
ODF) (10 ng/ml) -containing medium or Ang II (1x107°,
1%10°7, or 1X10™® M) to examine the differentiation of
osteoclasts. Human osteoblasts or osteoclast precursors were
obtained from Cell Applications (San Diego, CA, USA) or
Lonza (Walkersville, MD, USA), respectively.

Tartrate-resistant acid phosphatase (TRAP) staining

After treatment with 1,25-dihydroxyvitamin Dy (vitamin D,)
{1%10™® M) or Ang Il (11075, 1x1077, or 1X107% M),
mononuclear cells were fixed with 4.0% paraformaldehyde in
PBS for 10 min at room temperature before being stained for
TRAP. Rat osteoclasts were treated similarly after treatment
with M-CSF and RANKL or Ang II (1x107% 1x1077, or
1X10™% M). Enzyme histochemical staining for TRAP and
Hoechst 33526 nuclear staining were performed as reported
previously (11).

Real-time reverse transcription (RT) -polymerase chain
reaction (PCR)

Human RANKL, receptor activator of NFkB (RANK), and
osteoprotegerin (OPG) expressions were measured by real-
time RT-PCR. Total RNA of cells or tissue samples was
extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) or Isogen (Nippon Gene, Toyama, Japan). cDNA was
synthesized using the Thermo Script RT-PCR System (Invitro-
gen, Carlsbad, CA, USA). Relative gene copy numbers of
RANKL, OPG, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were quantified by reaktime RT-PCR using
TagMan Gene Expression Assays (human RANKL:
Hs00248522, human OPG: Hs00900360, human RANK:
Hs00021375, and human GAPDH: Hs09999005; Applied Bio-
systems, Foster City, CA, USA). The absolute number of gene
copies was normalized using GAPDH and standardized by a
sample standard curve,

Western blotting

Western blotting was performed for analysis of extracellular
signal-regulated kinase (ERK), p38 mitogen-activated protein
kinase (MAPK), and Akt expression using a phospho-specific
antibody as described previously (12). After treatment, cells
were extracted with lysis buffer (50 mM TrisCl, 25 mM
EGTA, 1 mM EDTA, 10 mM NaF, 1% Triton X-100, 1 mM
PMSF, and 2 mM Na,VO,). Samples containing 20 pg of
protein were scparated on 10% sodium dodecyl sulfate (SDS)
-polyacrylamide gels, transferred to nitrocellulose membranes
{Hybond ECL; Amersham Biosciences Corp., Piscataway, NJ.
1USA), and incubated with a polyclonal antibody against
phospho-specific or total ERK, phospho-specific or total p38
MAPK, and phospho-specific or total Akt (polyclonal mbbit
1gG, 1:1000; Cell Signaling Technology Inc., Danvers, MA,
USA) at 4°C overnight. The membranes were then washed
and incubated with a 1:5000 dilution of anti-mabbit IgG
horseradish peroxidaseconjugated antibody (Amersham Bio-
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sciences Corp.). Bound antibodies were detected by en-
hanced chemiluminescence (Amersham Biosciences Corp.)
and Hyperfilm-MP (Amersham Biosciences Corp.).

Inhibition of ERK, Akt, and p38 MAPK

To examine the effect of ERK, p38 MAPK, and Akt in the
regulation of RANKL expression, human osteoblasts were
pretreated (30 min) by the inhibitors of MEK (U0126, 50 pM;
Calbiochem, San Diego, CA, USA), p38 MAPK (SB203580, 10
1M; Cell Signaling Technology Inc.), and phosphatidylinosi-
tol 3-kinase (PISK) (LY204002, 50 pM or wortmannin, 100
nM; Calbiochem) in preparation for assays.

Quantification of RANKL and OPG protein

Human ostecblasts seeded in a 24-well plate were incubated
with vitamin Dy (1X107% M) or Ang I (1x107° M) with
pretreatment (30 min) with olmesartan (1X107% M) or
PD128329 (1x10™* M) for 48 h. Soluble RANKL and OPG in
the conditioned medium were measured according to the
manufacwrer's instructions (Biomedica Medizinprodukte,
Vienna, Austria). Western blotting was also performed for
analysis of RANKL expression using an anti-human RANKL
antibody (polyclonal goat IgG, 1:1000; R&D Systems, Minne-
apolis, MN, USA) and an antiactin (monoclonal mouse
IgG, 1:3000; Sigma-Aldrich Corp., St. Louis, MO, USA).

RNA Interference and oligodeoxynucleotides

The small interfering (si) RNA for human RANK or scramble
siRNA was designed using the siSNIPER system (Genomidea,
Ine., Ibaraki, Japan, and Miwsubishi Space Software Co., Ltd,,
i, Japan). The sequence of human RANK (sense)
was 5-GUACCAGUGAGAAGCAUUATT-3" and the sequence
of scramble siRNA (sense) was 5 -CGAGACCCGUUCACAUU-
GATT-3". The siRNA oligonucleotides were transfected into
human osteoclast precursors wsing a Human Macrophage
Nucleofector Kit (Amaxa Biosystems, Cologne, Germany)
according to the manufacturer’s instructions (13).

Osteoclast formation assay

An osteoclast formation assay was performed using cocultures
of human osteoblasts and osteoclast precursors as described
previously (14). Human osteoblasts seeded in a 24-well plate
were incubated with vitamin Dy (1X10°% M) or Ang I
(1x107° M) with pretreatment (30 min) with olmesanan
(11075 M) or PD123820 (1%10™* M) for 48 h and fixed in
PBS containing 1% paraformaldehyde for 8 min at room
temperature. Human osteoclast precursors were also cultured
for 6 days on the fixed cells in «MEM containing 10% FCS
and 10 ng/ml of human M-CSF in a 24-well plate. After
treatment, the cells were subjected 1o TRAP staining and
nuclear staining as described above.

Rat ovariectomy osteoporosis model

Female adult Wister rats (10 wk old) were purchased from
SLC Japan (Shizuoka, Japan). After the rats were anesthetized
with intraperitoneal ketamine (80 mg/kg) and xylazine (10
mg/kg), bilateral ovariectomy or sham operation was per-
formed, and an osmotic minipump (Alzet model 2004; Alza,
Palo Alto, CA) containing a subpresser dose of Ang IT (200
ng/kg/min) or saline was implanted (15). Female adult
spontaneously hypertensive rats (SHRs) or Wistar-Kyoto rats
(WKYs) (10 wk old) were also purchased from SLC Japan, and
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bilateral ovariectomy or sham operation was performed. In
some groups of rats, an osmotic minipump containing olme-
sartan (0.5, 1. or 3 mg/kg/day) was implanted, and in
another group of rats hydralazine (10 mg/kg/day) was ad-
ministered with drinking water. The body weights of these
rats were recorded for 4 wk. At 4 wk after operation, systolic
blood pressure was then measured using the tailcuff method
(BP-98A,; Softron Beijing Incorporated, Beijing, China), and
rats were deeply anesthetized and sacrificed to collect femurs,
tibiae, and blood for biochemical analysis. Both TRAP and
alkaline phosphatase (ALP) activity were measured to evalu-
ate the total balance of osteoclast and osteoblast activity in the
process of osteoporosis. The proximal tibia and distal femur
were excised and homogenized in 10 mM triethanolamine
buffer (pH 7.5) for TRAP activity and diethanolamine buffer
(pH 9.8) for ALP activity. Supernatants were subjected to
measurement of TRAP activity as described previously (11).
For ALP activity, supernatants were incubated with pnitro-
phenylphosphate as a substrate for 30 min at 25°C, and
absorbance was measured at 405 nm. The urinary deoxypyr-
idinoline level was measured by enzyme immunoassay (Metra
Biosystems, Mountain View, CA, USA) on day 28 of the
experiments,

Dual energy X-ray absorptiometry (DEXA) and
microcomputed tomography

Bone density measurements were performed by DEXA bone
densitometry (GE-Lunar DPX-1Q; Madison, W1, USA). High-
and low-beam energies for all scans were B0 and 35 kV,
respectively, at 0.5 mA as described fre“'ously (16). Bone
mineral density was obtained in g/cm®,

Bone microarchitecture was analyzed by using cone beam
microcomputed tomography (X-ray computed tomography
system, SMX-100CT-SV; Shimazu, Osaka, Japan) and software
(TR1/3D-BON; RATOC System Engineering Co. Ltd., Tokyo,
Japan), which serves as a valuable tool for evaluating both
antiresorptive and anabolic agents in ovariectomized (OVX)
mice (17). Briefly, the proximal tibia metaphysis was scanned
at the region of 0.65-2.35 mm under the growth plate. A total
of 135 consecutive tomographic slices were obtained with a
slice thickness of 12,8 um at 8 pm resolution. After scanning,
three-dimensional microstructual image data were recon-
structed and structural indices were calculated using the
three-dimensional trabecular bone analysis software TRI/3D-
BON as described previously (18). The grayscale images were
segmented using a median filter to remove noise and a fixed
threshold to extract the mineralized bone phase. Subse-
quently, the isolated small particles in the marrow space and
the isolated small holes in the bone were removed using a
cluster-labeling algorithm. The trabecular bone was then
separated and analyzed for structural indices. Bone volume
was caleulated using tetrahedrons corresponding to the en-
closed volume of the triangulated surface. Total tissue volume
was the volume of the entire scanned sample. Trabecular
bone volume [raction was calculated from these values. Tra-
becular thickness and space were estimated as described
previously (19).

Five-sixths nephrectomy and OVX model

Angiotensin I type 1A receptor-deficient (AT,, KO) mice
(20) (n=10; The Jackson Laboratory, Bar Harbor, ME, USA)
and wildtype mice (n=10), 8 wk old, from the same genetic
background (C57BL/6 mice) (Oriental Bioservice Co., Ltd.,
Kyoto, Japan) were used in the present study. Adult female
mice, fed standard rat chow with free access to water, were

ANG || ACCELERATES OSTEQPOROSIS

subjected to subtotal renal ablation (21). Infarction of the left
kiduey was produced by ligation of two segmental renal
arteries, and 2 weeks later, right nephrectomy and ovariec-
tomy were performed. After ablation, systolic blood pressure
was measured by the tail-cuff technique.

Statistical analysis

All values are expressed as means = se. Analysis of variance
with subsequent Bonferroni/Dunnet’s test was used to deter-
mine the significance of differences in multiple comparisons.
Values of P < 0.05 were considered to be statistically signifi-
cant.

RESULTS

Effect of Ang II on osteoclast differentiation

To clarify the direct effects of Ang Il on osteoporosis,
we initially focused on the differentiation of osteoclasts
in two different cell culture systems. In rabbit bone
marrow-derived mononuclear cells, which may include
both osteoblasts and osteoclasts, treatment with Ang I1
(1%107% M) and with vitamin Dy (1X107% M) induced
osteoclast differentiation as assessed by Hoechst 33258
nuclear staining and TRAP staining. These effects were
significantly abolished by cotreatment with an Ang Il
type 1 receptor blocker, olmesartan, but not with an
Ang I type 2 receptor blocker, PD123329 (Fig. 14). To
address the target of Ang II in osteoclast differentia-
tion, we used a rat osteoclast culture system that was
dependent on treatment with recombinant RANKL
and M-CSF without coculture of osteoblasts. Unexpect-
edly, treatment with Ang Il and with 1,25-dihydroxyvi-
tamin Dy (vitamin Dg) did not increase TRAP-positive
multinuclear cells (Fig. 15), although the treatment
with RANKL and M-CSF increased TRAP-positive
multinuclear cells. These results suggest that the osteo-
clast itself is not the direct target of Ang II in the
process of osteoclast differentiation.

Therefore, we examined the effect of Ang II on
osteoblasts, Cell viability (assessed by the MTS assay)
was not significantly changed by treatment with Ang 11
(1X107° M) (data not shown). However, stimulation
with Ang II (1 X107® M) led 1o an increase in RANKL
mRNA expression by 8-fold and in OPG (decoy recep-
tor for RANKL) by 3-fold as quantified by real-time PCR
(Fig. 24). We confirmed that soluble RANKL protein
was up-regulated by Ang I (1X107% M), as shown in
Fig. 2B, consistent with the results of Western blotting
(Fig. 20C). Furthermore, we also confirmed that OPG
protein was upregulated by Ang Il (1X107° M), as
shown in Fig, 2D. These effects of Ang Il in osteoblasts
were significantly abolished by pretreatment with an
Ang II type 1 receptor blocker, olmesartan, but not by
an Ang Il type 2 receptor blocker, PD123320. These
results suggest that Ang II directly induced RANKL
expression in osteoblasts through the activation of the
Ang II type 1 receptor, leading to osteoclast activation.
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Figure 1. Effect of Ang Il on the differentiation of
osteoclasts. A) Ang [linduced differentiation of bone
marrow mononuclear cells to multinuclear cells (bot-
tom panel) and number of multinuclear cells in
(}SI("}\"I;L‘[S r.["Jp P:I]Il"l‘ R{'llr?_‘rn':"i\t’ pll:l.‘l"{"nil'.l_ﬂ
microscopic views showing the differentiation of bone
marrow cells induced by vitamin Ds (Vie.D3) (1x107*
M) and Ang 11 (1x107% M) after 7 days, with TRAP staining (top panel) and Hoechst 33258 staining (bottom panel)
(x40), ARB, treatment with an Ang 1l tvpe 1 receptor blocker, olmesartan (1%10° * M); PD, trestment with an Ang 11 tvpe
2 receptor blocker, PD123329 (1x10 ® M}). By Effect of Ang Il on TRAP activity in RANKL- and M-CSF-dependent rat
asteoclasts. Representative phasecontrast microscopic views showing the differentiation of rat preosteoclast induced by
vitamin D3 (1x107* M), Ang 11 (1x107" M), and RANKL (10 ng/m] RANKL+ 10 ng/ml M-CSF) after 7 davs, with TRAP
staining (top panel) and Hoechst 33238 staining (bottom panel) (X40)

Hoechsl

We clarified the cellular signaling of Ang 11, leading  confirm the function of Ang Il-induced up-regulation

to up-regulation of RANKL in osteoblasts. Treatment
with Ang II rapidly increased phosphorylation of ERK
p38 MAPK, and Akt, whereas this activation was
blocked by pretreatment with an angiotensin receptor
blocker but not with PD123329 (Fig. 2E). Pretreatment
with an angiotensin receptor blocker also blocked the
up-regulation of Ang I[l-induced RANKL expression.
Similarly, pretreatment with U0126 (MEK inhibitor)
attenuated Ang ll-induced up-regulation of RANKL
protein, whereas SB203580 (p38 MAPK inhibitor) and
wortmannin (PI3K inhibitor) did not (Fig. 2F). To

of RANKL protein, we examined the differentiation of
osteoclasts using a coculture system with osteoblasts
and osteoclast precursors. Treatment with Ang II and
with vitamin D, induced the number of TRAP-positive
multinuclear cells. Pretreatment with an angiotensin
receptor blocker or U0126 attenuated the Ang II-
induced increase of the number of TRAP-positive
multinuclear cells, whereas SB203580 and wortmannin
did not (Fig. 26G). These results suggest that the ERK
pathway might be important for the up-regulation of
RANKL protein in osteoblasts.

Figure 2. Effect of Ang [l on RANKL expression in human osteoblasts. 4) Quantification of RANKL and OPG mENA expression
by realdime PCR. Human osteoblasts were treated with Ang 11 (1X107° M) with or without an Ang Il wpe 1 recepror blocker
(ARB) (olmesartan; 1X107> M) or an Ang Il tvpe 2 |ru>|n-u: blocker[PD123329 (PD); 1%10™* M] for 24 h, *P < 0.01 vs. no
treatment; "P < 0.01 vs, Ang Il; # = 6-8 per group. B, €) Effect of Ang Il on RANKL expression in human osteoblasts, assessed
by ( Bj soluble RANKL concentration and (€) Western blosting with anti-RANKL antibody. Human osteoblasts were treated witl
vitamin D3 (Vit.D3) (1x10™" M) or Ang I1 (1X107° M) with or without an Ang Il tvpe 1 receptor blocker (olmesartan; 1x107*
M) oran Ang I type 2 receptor blocker (PD123329; 1107 5 M) for 48 h. *P < 0,01 vs. no treatment; TP < 0.01 os Ang 1l n =
B8 per L'.I'Jl.lp D) Effect of Ang 1l on OPG expression in human osteoblasts. Human osteoblasts were treated with vitamin D,
(1x107% M) or Ang I1 (11077 M) with or without an Ang Il tvpe 1 receptor blocker (olmesartan; 1107 M) or an Ang I
tvpe 2 receptor blocker (PD123329; 1x10°% M) for 48 h. *P < 0.01 vs. no treatment; "F < 0.01 vs. Ang II; n = 6 per group
E) Ang 1l activated ERK, p38 MAPK, and Akt in human osteoblasts. Representative Western blot of phospho-specific (P) -ERK,
ERK, P-p38 MAPK, p38 MAPK, P-Akt, or Aktin human osteoblasts. Human osteoblasts were treated with Ang 11 (1xX107° M) with
or without pretreatment (1 h before) with an Ang 11 tpe | receptor blocker (olmesartan; 1x10 * M) or an Ang I type 2
receptor blocker (PD123320; 1x107* M) for 10 min. F) Inhibition of ERK. p38 MAPK. and Akt by specific inhibitors on soluble
RANKL concentration in human osteoblasts. Effect of an Ang 1l vvpe 1 recepror blocker (olimesartan; 1X 1072 M), an MEK
inhibitor (U0126; 50 pM), a p38 MAPK inhibitor (SB203580; 10 pM), and a PI3K inhibitor (wortmannin; 100 nM}) in a soluble
RANKL concentration in human osteoblasts. *P < 0.01 ws. control; *P< 0.01 vs. Ang 11; n = 8 per group. G) Evaluation of Aug
IFinduced RANKL up-regulation on TRAP acrivity in a « oculture svetemn with human esteoblasts and osteoclast precursors.
Representative phase-contrast microscopic views show the differentiation of osteoclasts indg‘nrd by vitamin Dy (1X107% M) or
Ang Il (11077 M) with or without an Ang Il tpe 1 receptor blocker (olmesartan; 1X107° M), an MEK inhibiror (L'0126; 50
pM), a p38 MAPK inhibitor [SB203580 (SB); 10 uM], and a P13K inhibiter [wortmannin (Wor); 100 nM]. with TRAP stamning
(top panel) and Hoechst 33258 siaining (bottom panel) (%100). H) Evaluation of Ang ll-induced RANKL up-regulation on
TRAP activity in a coculture svstem with human osteoblasts and oseoclast precursors transfected with siRNA for RANK
Representative phase-coutrast microscopic views show the differentiation of osicoclasts induced by Ang I (1x107% M) with
$iIRNA for scramble or RANK. with TRAP staining {top panel) and Hoechst 33258 staining (bottom panel) (x40). Con, control
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To further confirm the involvement of the RANKL-
RANK pathway in Ang Il-induced osteoclasts differen-
tiation, we designed the siRNA for RANK to knockdown
its expression. We successfully inhibited its expression
(87% inhibition) in human osteoclast precursors by
Nucleofector transfection (13). To clarify the contribu-
tion of RANK in Ang Il-induced osteoclast differen-
tiation, we cocultured the siRNA transfected-osteo-
clast precursors with human osteoblasts with or
without treatment with Ang II. Indeed, Ang Il-in-
duced TRAP-positive multinuclear cells were com-
pletely abolished in RANK siRNA transfected cells
(Fig. 2H). These results suggest that Ang Il-induced
osteoclast differentiation may be mediated by the
RANK-RANKL system.

In vive effects of Ang Il on osteoporosis in rat
ovariectomy model

To further clarify the effect of Ang II on the differen-
tiation of osteoclasts, we established a rat ovariectomy
model of estrogen deficiency as a model of osteoporosis
with or without systemic administration of Ang II at a
subpresser dose (200 ng/kg/min). At 28 days after
bilateral ovariectomy, the serum estradiol level was
significantly decreased in the ovariectomy group,

whereas there was no significant difference in body
weight, consistent with our previous report (11). We
examined both TRAP and ALP activity to evaluate the
total balance of osteoclast and osteoblast activity in the
process of osteoporosis. TRAP activity was significantly
increased in the tibiae of ovariectomized rats with
systemic administration of Ang I (Fig. 34). Indeed, the
TRAP-positive stained area was also increased in the
tibiae of OVX rats with systemic administration of Ang
I1 (Fig. 3B). Although ALP activity was also increased in
the tibiae of OVX rats by Ang II (Fig. 3C), the ratio of
ALP to TRAP was significantly decreased in the tibiae of
OVX rats by Ang 11 (Fig. 3D). These results suggest that
Ang Il accelerated the turnover of bone metabolism,
which is similar to the typical pattern in elderly post-
menopausal women who are at high risk for osteopo-
rosis. Of importance, bone density as assessed by DEXA
was significantly decreased in the tibiae of OVX rats by
Ang II (Fig. 3E). These results were accompanied by a
change in urinary deoxypyridinoline, which is released
from bone by the processing of tissue collagen. Treat-
ment with Ang II significantly induced the ovariectomy-
induced increase in urinary deoxypyridinoline (Fig.
3F). These results suggest that Ang II directly acceler-
ated estrogen deficiency-induced osteoporosis inde-
pendent of blood pressure.

A TRAP ¢ £
o (U/bone) % il
020 5 ALP » S o018
016 " > 0.15
2
012 0.14
3 g *
008 B 0,13
004 2 2 0.12
0 1 g 0.11
Sham Angll OVX OVX &
+Ang Il Sham Angll OVX OVX Sham ovX ovXx
B D +Ang I F +Ang li
(% change) g 400 *
130 ALP | TRAP 350
ek 120 E 200
Sham Ang Il 110 E’ 250
100 § 200
80 * T 150
e o 5w
oVX OVX+Ang Il 70 g 50
Sham Angll OVX OVX 0
+Ang Il Sham ovx ovXx
+Ang ll

Figure 3. Effects of Ang Il infusion in ovariectomy-induced osteoporosis rat model. A) TRAP activity. B) TRAP staining. C) ALP
activity. D) Ratio of ALP to TRAP activity. E) Bone marrow density by DEXA. F) Urinary deoxypyridinoline after 28 days of each
treatment. Sham, sham operation; Ang 11, infusion of Ang [I (200 ng/kg/min); OVX, bilateral ovariectomy; OVX + Ang II,
bilateral ovariectomy and treatment with Ang Il (200 ng/kg/min); U, release of 1 pmol of pnitrophenol/min. Urinary
deoxypyridinoline was adjusted for urinary creatinine concentration. *P < 0.05 vs. sham; n = 6-10 per group.
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Ang II type 1 receptor blocker ameliorates
ovariectomy-induced osteoporosis

To clarify the role of Ang II and high blood pressure in
bone metabolism further, we used an ovariectomy
model of estrogen deficiency in a hypertensive model,
SHRs. At 28 days after bilateral ovariectomy, TRAP
activity was significantly increased in the tibiae of OVX
SHRs compared with sham-operated SHRs (Fig. 44, B).
Because ALP activity was not changed in the tibiae of
OVX SHRs (Fig. 4C), the ratio of ALP to TRAP was
significantly decreased in the tibiae of OVX SHRs
compared with that in sham-operated rats (Fig. 4D). Of
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importance, TRAP and ALP activities were not in-
creased in ovariectomnized normotensive WKYs (TRAP
activity, sham: 0.074+0.006, ovariectomy: 0.076+0.008;
ALP acuvity, sham: 2.108+0.121, ovariectomy: 2.203+
0.183). These results indicate that osteoclasts would be
activated in SHRs but not in WKYs with ovariectomy,
leading to worse osteoporosis.

Because tissue Ang I is well known to be increased in
SHRs, we further examined whether an Ang II type 1
receptor blocker, olmesartan, would ameliorate ovari-
ectomy-induced osteoporosis in SHRs. Blood pressure
was decreased with continuous administration of olme-
sartan (0.5, 1, or 3 mg/kg/day by osmotic pump) and

B

OVX+ARB(1) OVX+ARB(3)

ALP/TRAP

OVX+  OVX+
ARB(0.6) ARB(1)

OVX+
ARB(3)

OVX+
HYD

Sham

OvVX+
ARB(3)

QX+
HYD

OvxX+ OVXs
ARB(0.5) ARB(1)

Sham  OVX

Figure 4, Effects of an Ang Il type 1 receptor blocker (ARB), olmesartan, in the ovariectomy-induced osteoporosis SHR model.
A) TRAP activity. B) TRAP staining. C) ALP activity. D) Ratio of ALP 1o TRAP activity. E) Bone mineral density by DEXA.
F) Urinary deoxypyridinoline after 28 days of each treatrment. Sham, sham operation; OVX, bilateral ovariectomy; OVX + ARB
(0.5), bilateral ovariectomy and treatment with olmesartan (0.5 mg/kg/day); OVX + ARB (1), bilateral ovariectomy and
treatment with olmesartan (1 mg/kg/day); OVX + ARB (3), bilateral ovariectomy and treatment with olmesartan
(3 mg/kg/day); OVX + HYD, bilateral ovariectomy and treatment with hydralazine (10 mg/kg/day in drinking water); U,
release of 1 pmol of pnitrophenol/min. Urinary deoxypyridinoline was adjusted for urinary creatinine (Cre) concentration.
*P < 0.05 vs. sham; TP < 0.05 vs. OVX; n = 6-10 per group.
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TABLE 1. Physiological parameters of each group in SHRs

Body weight Systolic blood pressure Heart rate
Group (®) (mmHg) (beats/min)
Sham 230.1 £ 8.1 138 = 38 364 47
ovx 2509 = BB 132 + 9.4 381 = 10.6
OVX + ARB (0.5) 2538 £ 8.3 107 £ 5.8% 352 = 10.2
OVX + ARB (1) 2306 = 5.8 88 = 2.6 359 =58
OVX + ARB (3) 2433 £ 68 70 = 3.4 364 *55
OvX + HYD 2402 £ 8.1 9] = 2.3+ 306 =53

Values are means = se. ARB (0.5, 1, or 3), angiotensin receptor blockade with olmesartan, (0.5, 1,
or 8 mg/kg/day); HYD, hydralazine (10 mg/kg/day). *P < 0.05 ve OVX.

hydralazine (10 mg/kg/day in drinking water), as
shown in Table 1. Ovariectomy-induced TRAP activity
in SHRs was significantly ameliorated by continuous
administration of olmesartan but not hydralazine (Fig.
4A), whereas both drugs lowered blood pressure to the
same level, Indeed, the TRAP-positive stained area was
also increased in the tibiae of OVX SHRs, whereas
treatment with olmesartan significantly decreased the
TRAP-positive stained area (Fig. 4B). ALP activity was
not changed with ovariectomy and only increased by
treatment with high-dose olmesartan (3 mg/kg/day)
(Fig. 4C). The ratio of ALP to TRAP in the tibiae of
ovariectomized SHRs was normalized by treatment with
olmesartan but not hydralazine (Fig. 4D). Of impor-
tance, these results were accompanied by a significant
increase in bone mineral density, as assessed by DEXA,
in the tibiae of OVX SHRs (Fig. 4E). The increase in
urinary deoxypyridinoline induced by ovariectomy in
SHRs was consistently significantly attenuated by olme-
sartan but not by hydralazine (Fig. 4F). These results
suggest that an Ang II type 1 receptor blocker attenu-
ated osteoporosis induced by estrogen deficiency and
high blood pressure.

Furthermore, we used AT, KO mice to examine the
contribution of Ang Il in the process of osteoporosis. It
was reported that there was no gross abnormality in
bone development or osteoporosis in AT, KO mice,
although arterial pressure was reduced (20). Because
amounts of circulating and tissue Ang Il are elevated in
the fivesixths nephrectomy hypertensive model with a
significant increase in systolic blood pressure, we devel-
oped an Ang [I-dependent osteoporosis model by ovari-
ectomy and five-sixths nephrectomy. In the evaluation
of physical characteristics, AT, KO mice showed a
decrease in arterial blood pressure compared with
wild-type mice, whereas treatment with ovariectomy

and fivesixths nephrectomy increased arterial blood
pressure in wild-type mice but not in AT, KO mice
(Table 2). In ovariectomized and five-sixths nephrecto-
mized mice, computed tomography indicated that
bone volume and bone thickness were significantly
decreased, whereas bone trabecular space was signifi-
cantly increased compared with that in sham-operated
mice (Fig. 54, B). In contrast, in AT, KO mice, there
was no difference in these markers between sham
operation and ovariectomy/nephrectomy (Fig. 54, B).
The histology of the proximal tibia showed that TRAP-
positive cells were significantly increased in OVX/
nephrectomized wild-type mice but not in AT,, KO
mice (Fig. 5C). The increase in urinary deoxypyridino-
line induced by ovariectomy/nephrectomy was consis-
tently observed in wild-type mice but not in AT,, KO
mice (Fig. 5D).

DISCUSSION

Clinical epidemiological evidence has demonstrated
that high blood pressure is associated with an increase
in bone loss, especially in elderly women. Systemic
blood pressure is a significant predictor of bone min-
eral loss in the femoral neck. It is known that high
blood pressure is associated with abnormalities of cal-
cium metabolism, including an increase in urinary
calcium excretion for a given sodium intake and evi-
dence of a secondary increase in parathyroid gland
activity (22). Sustained hypercalciuria in patients with
high blood pressure leads to an increased risk of bone
mineral loss, with a negative association between blood
pressure and bone mineral density (23, 24). Thiazides
are thought to protect against age-related bone loss by

TABLE 2.  Physiological parameters of each group in wild-type and ATIR KO mice
Body weight Swtaolic blood presure Heart rate
Group (mmHg) (beats/ min)
Wild-type (sham) 18.1 04 04+ 24 415 = 30.3
Wild-ype (OVX+fivesixths nephrectomy) 185 = 0.21 119 = 25* 540 = 13.7
ATIR KO (sham) 189 = 1.43 59 + 1.0* 435 * 14.4
AT1R KO (OVX+five-sixths nephrectomy) 17.7 = 0,32 65 + 2.4 402 = 309
Values are means = se. *P < 0.05 vs wild (sham)
2472 Val. 22 July 2008 The FASEB |ournal SHIMIZU ET AL
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ure 5. Effects of hypertension on bone metabolism in OVX wild-type (Wild) mice and AT, KO mice. A) Microcomputed
tomography three-dimensional image of the trabecular architecture of the proximal tibia metaphysic in sham operation (Sham)
and ovariectomy and five-sixths nephrectomy (OVX+KC) of wildtvpe or AT,, KO mice. B) Change of trabecular bone
parameters of mouse proximal tibia metaphysic analyzed by microcomputed tomography in sham operation and ovariectomy
and fivesixths nephrectomy of wild-type or AT, KO mice. *P < 0.05 vs. sham; n = 6 per group. €) TRAP saining
) Quantification of the TRAP-positive staining area in cancerous bone under the growth plate. E) Urinary deoxypyridinoline
in sham operation and ovariectomy and five-sixths nephrectomy of wild-tvpe or AT, KO mice, *P < 0.05 vs. sham; # = 6 per

group

reducing urinary calcium excretion (25). In the kidney,
thiazides act at the distal convoluted tubule by blocking
the coupled resorption of Na and Cl through the
thiazide-sensitive Na/Cl cotransporter. This effecr trig-
gers a Na/Ca exchanger promoting calcium influx and
sodium efflux, leading to a decrease in parathyroid
hormone, a mild increase in serum calcium level, and a
decrease in bone turnover. In a prospective cohort
study, use of thiazides for more than 365 days was
associated with a decreased risk of hip fracture (4).
Although this association may reflect calcium loss asso-
ciated with high blood pressure, there are few reports

clarifving the role of hypertension in osteoporosis.
From this viewpoint, we focused on the role of Ang Il in
osteoporosis. Interestingly, subanalysis of a retrospec-
tive case-control study in a large population (30,601
fractures and 120,819 controls) of men and women
with ages ranging from 30 to 79 yr has recently shown
that use of ACE inhibitors significantly reduced the risk
of fractures. However, calcium channel blockers had no
effect on the risk of fractures in the present study, and
thus far there has been no evidence of the value of
caleium channel blockers for treatment of osteoporosis
associated with hypertension. Thus, it is noteworthy
that the present study demonstrated that Ang 1l regu-
lated the bone metabolisin of osteoblasts and osteo-

ANG Il ACCELERATES QSTEOQOPOROSIS

clasts, which potenually conuibutes 1o osteoporosis in
hypertensive patients.

The local renin-angiotensin system plays an impor-
tant role in the regulation of tissue remodeling in
several tissues. Ang Il has been postulated 1o be able o
act on the cells involved in bone metabolism through
receptors located in osteoblasts and osteoclasts or
ulation of flow in bone marrow capillaries. Hatton et al
(8) indicated that Ang I and II were potent stimulators
of osteaclastic bone resorption. On the contrary, Ang Il
stimulates the proliferation of osteoblast-rich popula-
tions of cells (9). Osteoclasts originate from monocyte,/
macrophage lineage multinucleated cells, which can
also be the 1arget of Ang 1l. Osteoblasts/stromal cells
express RANKL in response to several bone-resorbing
factors including vitamin D to support osteoclast dif-
ferentiation from their precursors. Osteoclast precur-
sors, which express RANK, recognize RANKL through
cell-to-cell interactions with osteoblasts/stromal cells
and differentiate into mature osteoclasts in the pres-
ence of M-CSF. Targeted disruption of either RANKL
or RANK in mice causes a lack of asteoclasts and an
osteopetrotic phenorype (26). Of note, the present
study clearly demonstrated that Ang Il indirectly pro-
moted the differentiation and activation of osteoclasts
responsible for bone resorption wa up-regulation of




B

Osteoclastogenesis

Figure 6. Summary scheme of angiotensin [l-induced osteo-
clastogenesis. Osteoclast precursors with RANK (receptor)
recognize RANKL (ligand) of osteoblast by cell-cell contact
and differentiate into matre osteoclasts. The transcription
factor, NFkB, plays a pivotal role in the activation of nuclear
factor of activated T cells ¢l (NFATcl), which regulates
osteoclastogenesis assessed by TRAP activity. Ang 1l increases
RANKL expression in osteoblasts, whereas the angiotensin
receptor blockade (ARB) ameliorates osteoclastogenesis
through down-regulation of RANKL expression.

RANKL in osteoblasts. We also confirm that treatment
with Ang II activated NFkB in osteoclasts (data not
shown). Thus, the renin-angiotensin system could be
involved in the regulation of osteoclast activation. As
osteoclast differentiation is regulated by a variety of
hormones, local factors, and inflammatory cytokines,
such as interleukin-1 and tumor necrosis factor-a (26,
27), the renin-angiotensin system is a novel component
of the osteoclast differentiation system (Fig. 6). On the
other hand, locally elevated extracellular calcium levels
have been suggested to play roles in regulation of bone
remodeling (28, 29), and MAPK pathways mediate the
modulation of the cellular responses by high extracel-
lular calcium (30). Previous reports demonstrated that
ERK would be involved mainly in induction of RANKL
by high extracellular signaling, but not PI3K or p38
MAPK, by using these specific inhibitors (31). Although
it was known that intracellular signaling of Ang 1l wvia
the Ang II type 1 receptor might be coupled with
calcium reflex, especially inducing release of intracel-
lular calcium (32), our results also suggested that
treatment of Ang II in osteoblasts up-regulated RANKL
expression through the ERK pathway, which led to
osteoclast activation and differentiation. Alternatively,
Ang IT also regulates local blood flow in bone marrow
capillaries. As hypertension decreases local blood flow
in microvessels, blockade of the renin-angiotensin sys-
tem may improve tissue blood flow in bone marrow
capillaries, enhancing bone marrow formation.

In this study, we established two rat models and one
mouse model with ovariectomy as osteoporosis models
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corresponding to elderly women in a state of estrogen
withdrawal. Interestingly, continuous administration of
Ang II accelerated osteoclast activation induced by
estrogen deficiency. It has been reported that estrogen
antagonizes the bioactive effect of Ang II through
signaling cross-talk in vascular smooth muscle cells (33,
34). Previous reports suggested that administration of
an ACE inhibitor, enalapril, and an angiotensin II
antagonist, losartan, had no effect on bone metabolism
in normal rats (35). The difference from the present
study might be due to the different model (normoten-
sion vs. SHR or Ang II infusion) or high affinity to the
Ang Il receptor (losartan ws. olmesartan). More strong
evidence about the contribution of Ang II to osteopo-
rosis is that both hypertension and ovariectomy in-
duced the symptoms of osteoporosis in wild-type mice
but not in AT, KO mice.

As osteoporosis is the main cause of bone fractures in
postmenopausal women and elderly individuals and is
associated with pain, deformity, and loss of indepen-
dence (36), the present study suggests new therapeutic
aspects of antihypertensive drugs,-Ang Il receptor
blockers, to treat elderly hypertensive patients, espe-
cially the female population. Because of the increasing
number of elderly people and the increase in the
prevalence of osteoporosis, the need for focused pre-
ventive strategies has become a public health priority.
Peak bone mass attained in the first 20 yr of life and the
rate at which bone is lost in later years are the most
important factors influencing the occurrence of osteo-
porosis. Because Ang Il caused osteoclast activation,
leading to accelerated osteoporosis, angiotensin recep-
tor blockers could lessen the risk of osteoporosis in
elderly people, possibly beyond their blood pressure-
lowering effect. Further clinical trials using Ang 1
receptor blockers are necessary to confirm this

concept. m)
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