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Abstract The RAS (renin–angiotensin system) plays a

key role in the regulation of blood pressure, fluid and

electrolyte homeostasis and cardiovascular and renal

structure and function. There is evidence that in addition to

the systemic RAS the components of the RAS are

expressed in the local milieu of bone, where angiotensin II

increases the osteoclastogenesis while inhibit the

osteoblastic activity leading to a decrease in bone mineral

density. Hypertension and osteoporosis are two common

diseases that frequently coexist in the elderly population,

and it has been hypothesized that the activation of the local

RAS might be involved in the occurrence of both diseases

often seen with advancing age. Epidemiological studies

have found that RAS inhibitors, including angiotensin-

converting enzyme inhibitors and angiotensin receptor

blockers, may exert a beneficial effect on bone mineral

density, increasing the bone mass and decreasing the risk of

bone fractures in patients with osteoporosis and cardio-

vascular diseases, and might accelerate the fracture healing

process. However, both experimental and clinical studies

with these RAS inhibitors led to sparse and contradictory

results. Thus, in the next future a better understanding on

how the components of the local RAS influence bone

metabolism and remodeling will allow us to select the best

therapeutic strategy for patients with osteoporosis and

cardiovascular diseases.
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Introduction

The circulating endocrine renin–aldosterone system (RAS)

plays a key role in the regulation of arterial blood pressure,

volume and electrolyte balance and cardiovascular and

renal structure and function [1–5]. RAS activation has been

implicated in the development of age-related cardiovas-

cular, metabolic and kidney diseases, and elevated plasma

levels of RAS peptides are associated with worse clinical

outcomes [1–7]. Furthermore, RAS also exerts a much

broader range of effects in other organs, as it plays an

important role in tissue repair and remodeling, cognitive

and autonomic functions, embryonic development and

reproduction [5, 6, 9–12]. Conversely, RAS inhibitors,

including angiotensin-converting enzyme inhibitors

(ACEIs), which inhibit the conversion of angiotensin (Ang)

I into Ang II, and angiotensin AT1 receptor (AT1R)

blockers (ARBs), which block the binding and the

responses of Ang II mediated via AT1R activation, are

widely used for the prophylaxis and treatment of these

diseases [1–10]. Interestingly, recent evidence confirmed

the existence of the RAS components in the bone and

activation of this local RAS stimulates the expression of

osteoclastogenic mediators in the osteoblasts. Thus, it has

been hypothesized that local RAS activation may play an

important role in bone homeostasis, leading to imbalance

between bone formation and resorption, characteristic of

various bone disorders, such as osteoporosis, independent

of the involvement of systemic RAS. This was the basis for

the clinical use of ACEIs and ARBs to increase bone

& Juan Tamargo

jtamargo@med.ucm.es

1 Department of Pharmacology, School of Medicine,

Universidad Complutense, 28040 Madrid, Spain

123

Clinic Rev Bone Miner Metab (2015) 13:125–148

DOI 10.1007/s12018-015-9189-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12018-015-9189-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12018-015-9189-6&amp;domain=pdf


mineral density (BMD), decrease fractures and accelerate

the fracture healing process in patients with osteoporosis

and concomitant cardiovascular comorbidities (i.e.,

hypertension, heart failure, renal disease or diabetic

nephropathy).

In this article, we have reviewed the systemic and local

RAS, the evidence supporting the presence of a local RAS

and the effects of Ang II in the bone. Then, we analyzed

the role of RAS in the genesis of osteoporosis, the effects

of ACEIs and ARBs in experimental models and clinical

trials and the possible limitations of these studies to iden-

tify the possible gaps of knowledge that should be

answered in the near future.

Bone Remodeling

Bone is a metabolically active tissue that undergoes con-

tinuous remodeling during life, a process by which old

microdamaged bone is removed and replaced with newly

synthesized bone to maintain bone strength and mineral

homeostasis [13, 14]. Bone homeostasis depends upon the

balanced function of osteoblasts, which synthesize bone

matrix proteins and promote bone deposition and miner-

alization, and osteoclasts, which are the principal bone-

resorpting cells, removing both the mineral and the organic

matrix of bone (Fig. 1). Mechanical forces, proinflamma-

tory cytokines, growth factors and hormones cause an

imbalance between osteoclast and osteoblast activities and

in the rate of bone remodeling which result in bone-related

diseases, including postmenopausal osteoporosis, hyper-

parathyroidism, rheumatoid arthritis and osteopetrosis.

Bone resorption is a multistep process initiated by the

recruitment and activation of osteoclast precursors derived

from mononuclear monocyte/macrophage-lineage

hematopoietic cells located in the bone marrow cavity and

blood stream followed by the commitment of these cells to

the osteoclast phenotype [13–16]. Macrophage colony-

stimulating factor (M-CSF) and RANK–RANKL–OPG

signaling pathway are two major factors in osteoclast dif-

ferentiation [17] (Fig. 1).

The RANK–RANKL–OPG Signaling Pathway

It is composed of three elements [18–21]:

(a) The receptor activator of nuclear factor-jB or

RANK (TNFRSF11A) which is strongly induced,

especially on osteoclast precursor cells by M-CSF.

(b) The RANK-Ligand (RANKL, TNFSF11) is

expressed in osteoblastic lineage cells, synovial

fibroblasts, bone marrow stromal cells and activated

T cells [21, 22]. Binding of RANKL to RANK on the

surface of pre-osteoclasts and mature osteoclasts

provides the signal to induce osteoclast differentia-

tion from precursors to mature osteoclasts in the

presence of M-CSF, and stimulates the bone-re-

sorbing activity and survival of mature osteoclasts

[18–23] (Fig. 2). Most of the factors that induce

osteoclast differentiation and stimulate osteoclast

formation and activity induce RANKL expression by

osteoblasts, including proinflammatory cytokines

[interleukin-1 (IL-1) and IL-11 and tumor necrosis

factor a (TNFa)], parathyroid hormone (PTH),

prostaglandin E2, glucocorticoids, 1,25 dihydroxyvi-

tamin D3 and Wnt ligands, while estrogens or TGFb
decrease RANKL expression [21, 24, 25]. Con-

versely, RANKL-deficient mice present severe

osteopetrosis due to a complete lack of osteoclasts

[26–28].

(c) Osteoprotegerin (OPG, TNFRSF11B) is secreted by

various cell types, including B lymphocytes, osteo-

genic stromal stem cells and osteoblasts in response

to anabolic agents such as estrogens and TGFb-

related bone morphogenetic proteins [29]. OPG acts

as a decoy receptor that binds to RANKL and

prevents RANKL binding to RANK, exerting osteo-

protective effects by inhibiting osteoclast differenti-

ation and activation and promoting osteoclast

apoptosis [30]. OPG-deficient mice develop early-

onset osteoporosis, accelerated osteoclastogenesis,

vascular inflammation and calcification of aorta and

renal arteries, while OPG overexpression precipi-

tates osteopetrosis [22, 31, 32]. Thus, the RANKL/

OPG ratio is critical for controlling osteoclast

differentiation and bone resorptive function, so that

the osteoclast number and activity increased when

the RANKL/OPG ratio increases due to either an

increase in RANKL or a decrease in OPG [18, 22,

33]. Postmenopausal osteoporosis is associated with

a high rate of bone remodeling and an increased

RANKL/OPG ratio [24, 34], and OPG treatment can

reverse the accelerated osteoclastogenesis and bone

loss in ovariectomized (OVX) female rats [22].

Osteoclastogenic Differentiation

As already mentioned binding of RANKL to RANK

commits monocytic precursor cells to the osteoclastic lin-

eage. RANK lacks intrinsic kinase activity, and thus, it

must interact with several adaptor and docking proteins

[TNF receptor-associated factors (TRAFs), Gab2 and Cbl]

to activate downstream signaling pathways (Fig. 1).

Binding of RANKL to RANK, located on the surface of

pre-osteoclasts and mature osteoclasts, leads to receptor
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trimerization followed by the recruitment of the cytoplas-

mic adaptor protein TRAF6, leading to the activation of

several downstream signaling pathways, including [18–21,

25, 28, 34]:

(a) The IKK (I kappa B kinase complex)-NF-jB

(nuclear factor-kappa B) signaling pathway.

(b) Three MAPKs, MKK6-p38-MITF (microphthalmia-

associated transcription factor), MEKK7-JNK1-c-Jun

and Raf-MEK1/2-ERK1/2 (extracellular receptor

kinases)-c-fos AP-1 that are essential for the differ-

entiation of monocytic precursors into osteoclasts.

(c) The c-Sr-PI3K/AKt (phosphatidylinositol 3-kinase/

Akt) signaling pathway through the interaction with

TRAF6 and Cbl proteins, and.

(d) The Tec family of cytoplasmic tyrosine kinases

[Bruton’s tyrosine kinase (Btk) and Tec] that activates

phospholipase C (PLC) and regulates several cellular

functions including Ca2? influx, cytoskeletal remod-

eling, apoptosis and proliferation or differentiation.

(e) NF-jB, c-fos and AP-1 (activator protein-1 complex,

which consists of c-Fos, c-Jun and ATF proteins)

upregulate the expression of a key molecule for

osteoclast differentiation, the nuclear factor of

activated T cells cytoplasmic 1 (NFATc1) transcrip-

tion factor, which translocates into the nucleus after

dephosphorylation by calcineurin, where it binds to

its own promoter, resulting in the autoamplification

of NFATc1 expression [15–20, 35]. Additionally,

Fig. 1 RANK–RANKL–OPG signaling cascades during osteoclasto-

genesis. Akt protein kinase B, Ang II angiotensin II, AP-1 activator

protein-1, Btk/Tec Tec family tyrosine kinases, BNLK/SLP76 B cell

linker/SH2 domain-containing leukocyte protein of 76 kDa, CaMKIV

Ca2?/calmodulin-dependent protein kinase IV, c-fms colony-stimu-

lating factor-1 receptor, c-fos proto-oncogene c-Fos, CREB cyclic

adenosine monophosphate responsive-element-binding protein, CTR

calcitonin receptor, ERK extracellular signal-regulated kinase, GRB2

growth factor receptor-bound protein 2, IKK I kappa B kinase, JNK

c-Jun N-terminal kinase, M-CSF macrophage colony-stimulating

factor, MAPK mitogen-activated protein kinases, MEK1/2 mitogen-

activated protein kinase kinase, MEKK MAP kinase, MITF

microphthalmia-associated transcription factor, MKK MAPK kinases,

mTOR mammalian target of rapamycin, NFATc1 nuclear factor of

activated T cells cytoplasmic 1, NF-jB nuclear factor-jB, OPG

osteoprotegerin, OSCAR osteoclast-associated receptor, p38 p38

MAPK, PI3K phosphoinositide 3-kinase, PLCc phospholipase Cc,

PU.1 transcription factor PU, Raf receptor tyrosine kinase effector,

RANK receptor activator of nuclear factor-jB, RANKL receptor

activator of nuclear factor-jB ligand, SLP-76 Src homology 2 (SH2)

domain-containing leukocyte protein of 76 kDa, Src proto-oncogene

tyrosine-protein kinase, TRAF6 tumor necrosis factor receptor-

associated factor 6, TRACP tartrate-resistant acid phosphatase
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activation of MAPK pathways promotes transloca-

tion and activation of other transcription factors,

including c-Fos, AP-1 (activator protein-1 complex,

which consists of c-Fos, c-Jun and ATF proteins),

Fra-1 (Fos-related antigen 1), CREB (cAMP

response element-binding), NF-jB, PU.1 [a member

of the E-26 (ETS) family of transcription factors)

and MIFT. The cooperation of all these factors

regulates the transcription of several target genes

involved in osteoclast differentiation, including

cathepsin K, calcitonin receptor (CTR), TRACP

(encoding tartrate-resistant acid phosphatase), b3

integrin and osteoclast-associated receptor

(OSCAR).

The Classical Renin–Angiotensin System

In the classical view of the RAS (Fig. 3), angiotensinogen

(AGT), an a-2 macroglobulin released by the liver, is

enzymatically cleaved to the inactive decapeptide angio-

tensin I (Ang I) by renin (EC 3.4.23.15), a highly selective

protease secreted from the juxtaglomerular cells of the

renal afferent arterioles in response to various physiologi-

cal stimuli, including a decrease in arterial blood pressure,

decreased sodium reabsorption in the distal tubule,

decreased blood volume and stimulation of b1-adrenore-

ceptors [4–6].

Ang I is then cleaved, mainly in the lung, by the

angiotensin-converting enzyme (ACE, EC 3.4.15.1) to the

Fig. 2 Schematic representation of the osteoblast–osteoclast interac-

tion. RANKL expression is induced in osteoblasts and bone marrow

stromal cells. RANKL binds to its specific membrane-bound receptor

RANK located in pre-osteoclasts and mature osteoclasts promoting

osteoclast differentiation, activation and survival. Proresorptive

factors promote the RANK–RANKL interaction, while anti-resorptive

actors increase osteoprotegerin (OPG) expression. OPG binds and

neutralizes RANKL, blocks osteoclastogenesis and decreases survival

of preexisting osteoclasts. Mature osteoclasts polarize, adhere to the

bone surface and degrade the organic and inorganic phases of bone by

secreting H? and Cl- ions [via the activation of the carbonic

anhydrase II and vacuolar ATPase proton pumps, and the Cl-/H?

antiporter ClC-7, respectively] and lytic enzymes [cathepsin K,

tartrate-resistant acid phosphatase (TRAP) and matrix metallopro-

teinases-3 and 9] into a sealed resorption vacuole formed between the

basal surface of the osteoclast and the bone surface. Ang II

angiotensin II, ALP alkaline phosphatase, CLCN7 chloride channel,

IL interleukin, PDGF platelet-derived growth factor, PGE2 prosta-

glandin E2, OPG osteoprotegerin, PTH parathyroid hormone, RANK

receptor activator of nuclear factor-jB, RANKL receptor activator of

nuclear factor-jB ligand, TGF-b1 transforming growth factor beta-1,

TNFa tumor necrosis factor a, TRAP tartrate-resistant acid

phosphatase
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octapeptide angiotensin II [Ang II or Ang (1–8)], the pre-

dominant physiologically active peptide of RAS. Ang II

exerts multiple biological effects through its type 1 (AT1R,

359 amino acids, 40 kDa) and type 2 receptors (AT2R, 363

amino acids, 41 kDa), members of the 7-transmembrane-

spanning G protein-coupled receptors exhibiting only

*34 % amino acid sequence identity [12, 36, 37]. The

homology is mainly localized in the seven membrane-

spanning domains or transmembrane helices. However, the

AT1R contains three potential N-glycosylation sites [38],

while the AT2R contains five N-glycosylation sites located

exclusively in the extracellular N-terminal domain and

almost complete divergence between AT1R and AT2R is

observed in the third intracellular loop and mainly in the

C-terminal tail [12, 36, 37]. Two AT1R subtypes (AT1aR

and AT1bR) have been found in mouse and rat, but they

show 96 % identity with each other [12, 36].

Signal Transduction from the AT1R

Following the stimulation of AT1R present in almost all

tissues coupled to Gq/11 and Gi/o proteins, Ang II activates

multiple second-messenger signal transduction pathways,

including [7, 12, 39–41]:

(a) Activation of phospholipases Cc1 (which generates

inositol 1,4,5-triphosphate and increase in intracel-

lular Ca2? levels), A2 and D.

(b) Inhibition of adenylate cyclase leading to a decrease

in the cellular levels of adenosine 30,50-cyclic

monophosphate (cAMP).

(c) Activation of various intracellular protein kinases:

mitogen-activated protein kinases [MAPKs: ERK

1/2 (extracellular signal-regulated kinases), JNK

(c-Jun N-terminal kinase) and p38], receptor

tyrosine kinases [PDGF (platelet-derived growth

factor), EGFR (epidermal growth factor receptor),

PI3K (phosphoinositide 3-kinase)-Akt pathway],

RhoA (ras homolog family member A), non-

receptor tyrosine kinases [proto-oncogene tyro-

sine-protein kinase c-Src, focal adhesion kinase

(FAK), protein tyrosine kinase 2 beta (PYK2),

Janus kinase 2 (JAK2)] and various protein kinase

C isoforms.

Fig. 3 Mechanism of action of angiotensin-converting enzyme

inhibitors (ACEIs) and angiotensin AT1 receptor blockers (ARBs).

AT1R angiotensin AT1 receptor, AT2R angiotensin AT2 receptor, B1/

B2 bradykinin receptor B1 and B2, ET-1 endothelin-1, gK potassium

conductance, NO nitric oxide, PG prostaglandin, ROS reactive

oxygen species, : increase
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(d) Generation of reactive oxygen species (ROS) by a

mechanism that involves activation of the mem-

brane-bound NAD(P)H oxidase.

As a result, activation of AT1R produces arterial

vasoconstriction and endothelial dysfunction, increases

Na? and water reabsorption, aldosterone, endothelin-1

and vasopressin release and ROS generation, stimulates

sympathetic tone and cardiovascular and renal remodeling

(hypertrophy, fibrosis) and exerts proinflammatory, mito-

genic, proarrhythmic and anti-apoptotic effects [7, 12, 39,

41] (Fig. 3).

Signal Transduction from the AT2R

They are highly expressed in fetal tissues, but their

expression is dramatically decreased after birth, although

they are upregulated in various pathological conditions

associated with tissue remodeling or inflammation,

including hypertension, atherosclerosis, heart failure,

myocardial ischemia and diabetes mellitus [42, 43]. Stim-

ulation of AT2R, coupled to Gi and to unknown G proteins

[7, 42–44]:

(a) Activates the AT2R-nitric oxide (NO)-cGMP and

AT2R-PLA2 (phospholipase A2)-arachidonic acid-

BKCa (large conductance Ca2?-activated potassium

channels) pathways, which regulate blood pressure

and natriuresis and neuronal activity, respectively.

(b) Activates various protein tyrosine phosphatases

[protein tyrosine phosphatase (PTP), SH2 domain-

containing phosphatase 1 (SHP-1), protein phos-

phatase 2A (PP2A) and mitogen-activated protein

kinase (MAPK) phosphatase-1 (MKP-1)], which

directly inhibit the activation of ERK1/2 and the

growth-promoting actions associated with AT1R

stimulation.

(c) Inhibits AT1R-mediated tyrosine phosphorylation of

signal transducers and activators of transcription

(STATs) 1–3.

(d) In different cell types, AT2R-induced apoptosis

involves ERK inactivation, activation of JNK in a

PP2A-dependent manner and/or activation of cer-

amide-caspase 3 pathway.

As a result, AT2R stimulation produces effects opposite

to those mediated via AT1R stimulation, i.e., vasodilation

(via the release of nitric oxide, NO, prostaglandins and an

increase in potassium conductance), natriuresis, neuronal

regeneration, cellular differentiation, growth inhibition

(anti-proliferative, anti-hypertrophic and proapoptotic

effects) and reduces ROS production [45] (Fig. 3). These

findings confirm that the beneficial vascular effects of

ARBs are, at least partially, attributed to unopposed AT2R

stimulation [43, 46].

However, the finding that activation of AT2R may, in

some tissues, result in parallel rather than opposite effects

to AT1R activation suggests that AT1R and AT2R may

share, at least in part, some common signaling pathways

[43]. Indeed, there is a physiological cross-talk between

AT1R and AT2R, a mechanism by which the AT2R may

act as an AT1R antagonist [47, 48]. Ang II receptors can

form homo- or hetero-dimers (and undergo complex

associations with other G protein-coupled receptors), and it

has been found that the AT2R binds directly to the AT1R

and, thereby, inhibits different functions of the AT1R [43,

49]. Dimerization of the AT2R with the AT1R inhibits cell

proliferation and growth effects of the latter, whereas

homodimerization of the AT1R or the AT2R enhances

cellular effects of these receptors [43]. Additionally, under

certain pathological conditions, AT2R mimic AT1R func-

tion and exert detrimental effects including vasoconstric-

tion and hypertrophy [46].

The RAS Much More Complex that Previously

Described (Fig. 4)

Ang II (1–8) is not the only bioactive peptide as other

peptides, including prorenin, renin, Ang III (2–8), Ang IV

(3–8) and Ang (1–7), are also active, and additional recep-

tors, including AT3, AT4, AT7-Mas and pro(renin), have

been identified [6, 7, 50–52]. ACE2, a homolog of ACE,

hydrolyses Ang I into Ang-(1–9), which is subsequently

converted into Ang-(1–7), an endogenous ligand for the G

protein-coupled receptor AT7-Mas through ACE and neutral

endopeptidase [7, 52–54]. The biological activities of Ang-

(1–7) are mediated through the release of prostaglandins and

NO, and the inactivation of the PI3K-PKB/Akt, p38 MAPK

and JNK signaling pathways opposes the vasopressor, pro-

liferative, profibrotic, proinflammatory and prothrombotic

actions mediated by Ang II via the AT1R [53, 55]. Thus, it

has been hypothesized that at both systemic and local levels

the RAS is composed of two opposite arms: the ACE/Ang

II/AT1 axis and the ACE2/Ang-(1–7)/Mas axis [55].

Signal Transduction from the Pro(renin) Receptor

The Renin not only increased the synthesis of Ang II, but

both renin and prorenin bind to a specific pro(renin)

receptor (PRR) which increased the catalytic activity of

renin and activated prorenin [56] (Fig. 4). The stimulation

of this receptor [7, 46, 56–58]:

(a) Activates ERK1/2 independently of Ang II forma-

tion and increases cell proliferation. This activation
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is not blocked by renin inhibitors, suggesting that

binding of these inhibitors to prorenin does not

prevent binding of prorenin to the PRR, although

inhibitor binding prevents the generation of Ang I.

(b) Increases the production of transforming growth

factor-b1 (TGF-b1), resulting in the upregulation of

profibrotic factors, such as the plasminogen-acti-

vated inhibitor-1 (PAI-1), fibronectin and collagen.

(c) Activates the protein kinase B/Akt pathway in

vascular smooth muscle cells and the p38

MAPK—heat-shock protein 27 cascade in cardiomy-

ocytes; this latter cascade regulates actin cytoskele-

ton dynamics [28, 29].

Thus, activation of the PRR produces vasoconstriction,

hypertrophy, fibrosis and apoptosis [27–29]. This indicates

that increases in renin and prorenin levels will not only

result in diminished RAS suppression, but also result in

unwanted effects via PRR stimulation independently of the

formation of Ang II [46, 51]. Furthermore, during RAS

blockade or under pathological conditions prorenin levels

in vivo are too low to stimulate the PRR. Thus, it has been

proposed that the phenotype that develops in response to

PRR overexpression must be the result of RAS-indepen-

dent effects of PRR stimulation [46]. The PRR is colo-

calized with the V-type proton ATPase (V-ATPase), and

PRR is indispensable for V-ATPase integrity. Additionally,

PRR also acts as an adaptor between V-ATPase and Wnt

signaling molecules. These findings underscore the

importance of the PRR beyond renin/prorenin binding,

although they do not rule out the possibility that the PRR

has an important role in tissue damage, or that the bene-

ficial effects of RAS blockade occur as a result of a

reduction in PRR expression [46].

The Local Renin–Angiotensin System in Bone

In addition to the classical circulating-systemic RAS, the

components of RAS are synthesized in various tissues

exerting paracrine, autocrine and intracrine actions. Local

RAS operates independently from systemic RAS and par-

ticipates in various physiopathological processes such as

inflammation, hypertension, atherosclerosis, heart failure,

brain ischemia, glomerular sclerosis, insulin secretion,

Fig. 4 Classic and new components of the renin–angiotensin–aldos-

terone system. The effects mediated via the activation of the

(pro)renin and MAS receptors are also shown. Angiotensin II (Ang

II) and Ang III stimulate AT1 and AT2 receptors, Ang (1–7)

stimulates the Mas receptor (and possibly AT2 receptors) and Ang IV

stimulates AT4 receptors or insulin-regulated membrane aminopep-

tidase. ACE angiotensin I-converting enzyme, ACE2 angiotensin

I-converting enzyme 2, AMPA aminopeptidase A, AMPM

aminopeptidase M, Ang I–IV angiotensins I, II, III and IV, Ang-(1–

7) angiotensin-(1–7), AT1R angiotensin II type 1 receptor, AT2R

angiotensin II type 2 receptor, IRAP insulin-regulated aminopepti-

dase, MASR Ang-(1-7) or MAS receptor, MMP9 matrix metallopep-

tidase-9, NEP neutral endopeptidase, NO nitric oxide, PAI-1

plasminogen activator inhibitor 1, PEP prolylendopeptidase, (Pro)RR

(pro)renin receptor, ROS reactive oxygen species, TGF-b1 trans-

forming growth factor-b1. Modified from Tamargo et al. [7]
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cardiovascular remodeling, cell growth and proliferation

and apoptosis [41, 58, 59]. Under physiological conditions,

the components of RAS, such as angiotensinogen, renin,

ACE and AT1R and AT2R are expressed in different bone

cells and chondrocytes of epiphyseal plates, which impli-

cates local RAS in epiphyseal elongation during bone

growth and healing [60–72] (Table 1). Tsukamoto et al.

[73] studied the expression of local RAS components in

8-week-old C57BL/6 adult mice and in cultured bovine’s

articular cartilage chondrocytes. Hypertrophic chondro-

cytes of epiphyseal plates in the tibia and the lamina ter-

minals expressed local RAS components, while hyaline

chondrocytes, including the knee articular cartilages, the

parenchyma of nasal septums and of the tracheal walls, and

cultured bovine’s articular cartilage chondrocytes, did not

express the RAS components. After inducing hypertrophy

with interleukin (IL)-1b or tumor necrosis factor a,

(TNFa), cultured articular chondrocytes expressed AT1R

and AT2R. All these findings confirmed the existence of

local RAS in the bone where it can play an important role

in both metabolism and remodeling independently of the

systemic RAS.

Additionally, a locally active RAS affecting the growth,

production, proliferation and differentiation of

hematopoietic cells has been described in bone marrow

cells (BMC), hematopoietic-lineage BMC and cultured

marrow stromal cells (MSC) [74–80] (Table 1). Ang II

stimulates AT1R present on human bone marrow

CD34(?)CD38(-) cells, CD34(?)CD38(?) cells, lym-

phocytes and stromal cell clones increasing hematopoietic

progenitor cell proliferation, an effect blocked by losartan

[78, 79]. The presence of RAS components in both

hematopoietic-lineage BMC and MSC, and the de novo

synthesis of Ang II by MSC suggest a potential autocrine-

paracrine mechanism for local RAS-mediated regulation of

hematopoiesis [75]. Ang II regulates hematopoiesis by

directly activating hematopoietic stem cell proliferation via

the JAK/STAT pathway, or indirectly activating the syn-

thesis of several cytokines and growth factors by stromal

cells [74, 76]. Interestingly, ACE mRNA is expressed in

the yolk sac endoderm in close contact with blood islands

during early embryogenesis (stage HH4), at a stage when

blood circulation is not yet established and systemic reg-

ulation of blood pressure by RAS is therefore not yet

required [80]. All RAS components are also expressed

close to these blood islands, suggesting that local RAS

modulates primitive erythropoiesis. Indeed, the ACEI fos-

inopril decreased hematocrit by 15 %. Furthermore, while

peripheral blood ACE levels increase, blast percentages in

the bone marrow accumulate and migrate to the circulation.

Therefore, ECA hyperfunction may lead to the degradation

of negative hematopoietic regulator peptide AcSDKP,

which in turn lowers its level in the bone marrow

microenvironment, removing its anti-proliferative effect on

the hematopoietic cells and blasts [74, 77].

Effects of Angiotensin II on Bone

The identification of all the components of the RAS in bone

and the finding that the transgenic activation of RAS in the

transgenic Tsukuba hypertensive mouse (THM) mice [69] or

the chronic infusion of subpressor doses of angiotensin II in

rats [81] produced an osteopenic phenotype due to excessive

bone resorption led to the hypothesis that local bone RAS

might play an important role in the pathogenesis and pro-

gression of some metabolic bone diseases through two dif-

ferent ways: (a) an imbalance in bone remodeling,

characterized by an inhibition of osteoblastic activity and an

increased osteoclastic activity [70, 71, 81] (Fig. 2); and

(b) changes in blood flow in bone marrow capillaries [60, 81].

Ang II had no effect on osteoclast differentiation or on

bone resorption by isolated osteoclasts and did not potentiate

osteoclast formation triggered by RANKL, but it stimulated

osteoclastogenesis in osteoblast and osteoclast co-cultures,

an effect inhibited by the ACEI captopril [63, 70, 82]. In rat

calvarial osteoblastic cells, Ang II via stimulation of AT1R

markedly inhibited osteoblastic differentiation and miner-

alization and reduced the number of mineralized nodules and

in osteoblast UMR-106 cells incubated in the presence of

special mineralization medium produced a dose-dependent

inhibition of the mineralization [70, 71]. In bone marrow-

derived mononuclear cells, which may include both osteo-

blasts and osteoclasts, Ang II induced cell differentiation of

bone marrow mononuclear cells to multinuclear cells and of

multinuclear cells to osteoclasts and increased TRAP (tar-

trate-resistant acid phosphatase) positive multinuclear

osteoclasts. Of interest, Ang II acted on osteoblasts and not

directly on osteoclast precursor cells and increased the

expression of RANKL in osteoblasts, leading to the activa-

tion of osteoclasts [69, 81]. These effects were completely

blocked by olmesartan and mitogen-activated protein kinase

kinase inhibitors [81]. Ang II also stimulated DNA and

collagen synthesis [63, 71, 82, 83], decreased the mRNA

expression of osteocalcin, a protein that is specifically

expressed during maturation of osteoblastic cells [70] and

the activity of alkaline phosphatase (ALP, a marker of

osteoblastic differentiation) in osteoblast-rich cultures

obtained from fetal rat calvariae of newborn rats [39, 40, 72]

and in human adult trabecular bone cells [71] (Fig. 2). Both

effects were inhibited by losartan.

Role of AT1R and AT2R

The relative role of AT1R and AT2R signaling in Ang II-

induced osteoclastogenesis was also studied by knocking
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Table 1 Presence of local RAS in bone cells under physiological and pathological conditions

I. Physiological conditions

Local RAS components mRNAs for Renin, ACE, AT1R and AT2R are expressed in:

Primary cultures of osteoblasts at different stages of maturation derived from mouse neonatal calvarial cells [60–62]

Co-cultures of osteoclasts with calvarial or MC3T3-E1 osteoblastic cells [63]

Rat osteoblast cell line UMR-106 [64]

Bones (tibia/femur) of adult mice [60, 65]

AGT It is expressed in chondrocytes in the epiphyseal plate of the rat tibia [46]

Renin It is not expressed by osteoblasts and osteoclasts, but by cells within the bone microenvironment [63]

ACE It is expressed in:

Osteoblasts, osteoclasts and bone marrow cells, but not in osteocytes [60, 66–68]

Osteoblasts during endochondral bone formation in the growth plate [60]

AT1R They are expressed in:

Cultured primary osteoblasts harvested from calvariae [62, 69, 70] and from human trabecular bone explants [70, 71]

Osteoblasts, osteoclasts and bone marrow cells, but not in osteocytes [66–68]

Chondrocytes in the epiphyseal plate of the rat tibia [64]

Human osteoblastic clonal cells and primary cells from fetal and adult bone of uncertain cell type [72]

AT1aR are expressed in bone in vivo and in primary osteoblasts and in osteoclast precursors, although weakly [61, 69].

Elimination of AT1aR did not affect the expression of AT1bR or AT2R [61]

AT2R is only weakly expressed in bone marrow macrophages and pre-osteoclasts [69]

AT2R AT2R are expressed in.

Rat neonatal calvarial osteoblasts [69, 70]

Both osteoblasts and osteoclasts [60]

Human osteoblastic clonal cells and in primary cells from adult bone of uncertain cell type [72]

AT2R is not expressed in bone marrow macrophages and pre-osteoclasts [69]

Transgenic THM mice AT1R and AT2R are expressed in osteoblasts

Bone marrow cells and pre-osteoclasts show a weak expression of AT1R, but not AT2R [69]

AT1R mRNA expression seems to be constitutive, whereas AT2R expression increased with the stage of differentiation [69].

Bone marrow cells mRNAs for AGT, renin, ACE, AT1aR and AT2R receptors are present in unfractionated BMC, hematopoietic-lineage BMC

and in MSC [74–77]

ACE, AT1R, AT2R and Ang II are present in CD4(?), CD11b/c(?), CD45R(?) and CD90(?) BMC and MSC; renin was not

found in CD4(?) BMC [75]

Ang II stimulates AT1R expressed by human bone marrow CD34(?)CD38(-) cells, CD34(?) CD38(?) cells, lymphocytes

and stromal cell clones increasing hematopoietic progenitor cell proliferation [76, 78, 79]

ACE mRNA is expressed in the yolk sac endoderm in close contact with blood islands during early embryogenesis [80].

II. Pathological conditions

Local bone RAS

components

a) They are expressed in:

- Osteoblasts and hypertrophic chondrocytes in the periosteal callus during fracture healing [133]

- Hypertrophic chondrocytes of epiphyseal plates of C57BL/6 adult mice [73]

- Cultured bovine’s articular cartilage chondrocytes [73]

b) RAS components are not expressed in hyaline chondrocytes, but after inducing hypertrophy with IL-1b or TNFa cultured

articular chondrocytes express AT1R and AT2R [73]

c) mRNA expression of local bone RAS components (AGT, ACE, PRR and AT1R) are upregulated in:

- Age-related osteoporosis in mice [65]

- Postmenopausal osteoporosis in OVX animals [81, 131]

- Glucocorticoid-induced osteoporosis (GIOP) [67, 132]

- Renal osteodystrophy induced by acute kidney disease [134]

- Type 1 diabetes induced by streptozotocin [68, 135]

ACE angiotensin-converting enzyme, AGT angiotensinogen, Ang II angiotensin II, AT1R/2R angiotensin II type 1/type 2 receptor, BMC bone

marrow cells, GIOP glucocorticoid-induced osteoporosis, IL interleukin, MSC cultured marrow stromal cells, OVX ovariectomized, PRR

pro(renin) receptor, THM transgenic Tsukuba hypertensive mouse. TNFa tumor necrosis factor a
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down their expression with specific siRNAs in primary

osteoblasts in culture [69]. In AT1-KO cells, the effects of

Ang II on osteoclastogenesis were somewhat enhanced,

while in AT2-KO cells the activity of Ang II was inhibited,

which suggested that AT2 was the major transducing

receptor. The same group studied the transgenic THM mice

which displayed elevated serum Ang II levels, osteopenia

caused by high bone turnover and hypertension [69]. Ang

II had no effect on osteoclast differentiation nor exerted a

stimulatory effect on osteoclastogenesis triggered by a

lower concentration of RANKL, but it stimulated the for-

mation of osteoclasts in the co-culture of calvaria-derived

primary osteoblasts and bone marrow macrophages in a

dose-dependent manner. These results suggested that Ang

II stimulates osteoclastogenesis by acting on osteoblastic

cells (i.e., ‘‘the soil cells’’) and not through a direct action

on hematopoietic ‘‘seed cells.’’

Izu et al. [60] found that AT2R blockade with

PD123319 increased bone volume/tissue volume (BV/TV)

and trabecular number and spacing in the distal metaphy-

seal regions of femora in mice. AT2R-deficient mice also

presented an increase in bone mass compared with wild-

type mice. These effects resulted from an enhancement of

osteoblastic activity and the suppression of osteoclastic

activity. In organ cultures using new-born mouse, ulnae

and radii PD123319 suppressed the number of TRAP-

positive osteoclasts and in the proximal tibiae of 9-week-

old male mice reduced the number of osteoclasts and the

osteoclasts surface per bone surface. However, losartan did

not affect bone mass and no gross abnormalities in bone

development or osteoporosis were described in AT1aR KO

mice, although they showed hypotension and hyper-

reninemia [84].

On the contrary, Shimizu et al. [81] reported that Ang II

accelerated osteoporosis via the AT1R pathway and

Kaneko et al. [61] found that mice lacking the gene

encoding the AT1aR had a significantly higher BV/TV

than age- and sex-matched wild-type mice. Histomorpho-

metric analysis of the proximal tibia of AT1aR null mice

showed that both bone formation (osteoid surface, osteo-

blast surface and bone formation rate) and resorption

(number of osteoclasts, bone surface area covered by

osteoclasts and eroded surface) were significantly elevated

and mice presented elevated serum levels of osteocalcin

and C-terminal collagen crosslink concentrations, a

degradation product of type I collagen. Osteoclastogenesis

and osteoblastogenesis assays in ex vivo cultures did not

reveal any intrinsic alteration in the differentiation poten-

tial of AT1a-deficient cells, and serum and urinary calcium

and plasma PTH levels did not differ between genotypes,

which make it unlikely that the high bone mass and high

bone turnover were secondary to alterations in systemic

calcium metabolism. Moreover, the RANKL/OPG ratio

and the expression of stromal cell-derived factor (SDF)1a

increased, while the expression of the SOST gene

decreased, which may account for the increased bone

resorption and formation, respectively. Interestingly,

25-month-old male AT1aR KO mice maintained higher

bone mass and female mice were protected against OVX-

induced bone loss compared with wild-type mice. All these

results suggested that AT1aR signaling negatively regu-

lates bone turnover and mass and thus, it can be hypothe-

sized that ARBs might represent a putative therapeutic

strategy for osteoporosis.

Therefore, further studies are needed to understand the

pathophysiological role of AT1 and AT2 receptors in Ang

II-induced osteoclastogenesis and in bone metabolism.

Mechanism of Action of Ang II on the Bone

Local bone RAS might play an important role in the

pathogenesis and progression of some bone diseases

through two different ways:

A. An imbalance in bone remodeling, characterized by an

inhibition of osteoblastic activity and an increased

osteoclastic activity, leading to increased bone resorp-

tion [70, 71, 81] (Fig. 3). This increase in osteoclastic

bone resorption produced by Ang II is the result of

multiple actions, among them (Table 2):

1. An increase in RANKL expression and in the

RANKL/OPG ratio. In human osteoblasts and

UMR-106 cells, Ang II significantly increased

RANKL (eightfold) and OPG (threefold) mRNA

expression and the RANKL/OPG ratio, promoted

the differentiation of mesenchymal stem cells in

multinuclear cells, activated mature osteoclasts

responsible for bone resorption and increased the

number of TRAP-positive multinuclear osteoclasts

and thereby osteoclastogenesis [69, 81, 85, 86].

These effects were abolished by the AT1R blocker

olmesartan or U0126 (an extracellular signaling

kinase pathway MEK/ERK inhibitor), but not by

the AT2R blocker PD123329 [81]. Moreover,

using mRNA isolated from the tibia and femur of

AT1a-deficient mice revealed that Ang II

increased the RANKL/OPG ratio and the expres-

sion of SDF1a, which may account for the

increased bone resorption [61, 81]. Taken together,

these results suggested that Ang II-induced osteo-

clast differentiation and activation may be medi-

ated via the upregulation of RANKL following the

activation of the AT1R-ERK signaling pathway.

However, Asaba et al. [69] described that Ang II-

increased RANKL expression via AT2R. Addi-

tionally, Ang II-induced TRAP-positive
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multinuclear cells were completely abolished in

RANK siRNA transfected-osteoclast precursors

co-cultured with human osteoblasts [81]. These

results suggest that Ang II-induced osteoclast

differentiation may be mediated by the RANK–

RANKL system and recent evidence showed that

RANKL significantly increased AT1R and ACE

expression in vascular smooth muscle cells via

ERK phosphorylation [87]. Thus, a cross-talk

between RAS and RANKL system might work

as a vicious cycle to promote bone resorption.

2. An increase in cAMP levels. The differentiation of

osteoblast and osteoclasts is primarily controlled

by RANKL and core-binding factor subunit alpha-

1 (Cbfa1/Runx2), and both are regulated by cAMP

[13, 16, 88, 89]. Cbfa1/Runx2 is an essential

transcription factor for the differentiation of

osteoblasts from mesenchymal precursors and

subsequent bone matrix mineralization [90, 91].

In cultured osteoblasts, Ang II increased dose-

dependently the intracellular cAMP levels, an

effect abolished by losartan, while PD123319

barely affected the stimulatory effect of Ang II

[70]. In cultured rat vascular smooth muscle cells,

Ang II enhances cAMP levels by facilitating the

interaction between activated Gs and adenylyl

cyclase [92]. The increase in cAMP levels then

activates downstream signaling pathways, which,

in turn, downregulates the expression of Cbfa1/

Runx2, while the RANKL expression increased

and subsequently reduced osteoblast number and

function, leading to enhanced bone resorption and

reduced bone formation [81, 88]. These effects of

Ang II in rat calvarial cell [70] or in co-cultures of

human osteoblast and osteoclast precursor cells

were abolished by pretreatment with ARBs (losar-

tan, olmesartan), but not by PD-123329, which

suggested that Ang II inhibited osteoblast differ-

entiation and activity throughout the AT1R-

adenylyl cyclase-cAMP pathway [70, 81–83]. Of

note, increased cAMP levels in plasma and urine

have been found in osteoporotic and hypertensive

patients [88, 93, 94].

3. Upregulation of the SOST gene expression. Ang II,

via the activation of AT1aR, upregulates SOST

gene expression in osteocytes. SOST encodes for

an osteocyte-specific secretory protein, sclerostin,

which binds to LRP5/6 (low-density lipoprotein

receptor-related protein) receptors on the cell

membrane of osteoblasts, inhibits the Wnt/b-

catenin signaling and reduces osteoblastic bone

formation [95, 96]. In fact, Wnt/b-catenin signal-

ing decreased bone resorption by inhibiting osteo-

clast differentiation from their precursors and

Table 2 Mechanisms involved in Ang II-induced osteoclastogenesis

A. An imbalance in bone remodeling, characterized by an inhibition of osteoblastic activity and an increased osteoclastic activity

1. Ang II increases RANKL expression and the RANKL/OPG ratio [61, 69, 70, 74, 75, 81]

- Via the activation of ERK signaling pathway [81]

2. Increases dose-dependently the cAMP levels in osteoblasts [70, 83, 92], which downregulates the expression of Cbfa1/Runx2, while

increases RANKL expression [88]

3. Upregulates SOST gene expression which inhibits the Wnt/b-catenin signaling and reduces osteoblastic bone formation [95, 97]

4. Increases the expression of matrix metalloproteinases (MMP)-3 and 13 via AT1R stimulation and activation of ERK1/2, p38 MAPK and

SAP/JNK pathways [99]

5. Increases IL-6 mRNA expression and protein synthesis through activation of the AT1R-ERK1/2 pathway [100]

- IL-6 induces osteoclast formation from precursors and stimulates bone resorption [101, 102]

6. Increases the expression of vascular endothelial growth factor (VEGF) in osteoblasts [69, 105]

7. Inhibits mitochondrial respiratory enzyme complexes leading to:

- Membrane potential dissipation, ATP loss, generation of reactive oxygen species and cell apoptosis via the JNK signaling pathway [106]

8. Changes in intracellular Ca2? handling:

- Reduces Ca2? uptake [60, 107] and accumulation of calcium in the matrix layer [70], decreases ionized calcium and increases PTH levels

[77, 108]

9. Increases the release/expression of TGFb1 [112]

B. Changes in blood flow in bone marrow capillaries

1. Produces endothelial dysfunction and arteriolar vasoconstriction, blood flow through the bone microvasculature [34, 112, 113]

Ang II angiotensin II, ATP adenosine triphosphate, cAMP cyclic adenosine monophosphate, ERK extracellular signal-regulated kinase, MAPK

mitogen-activated protein kinases, MEK1/2 mitogen-activated protein kinase kinase, OPG osteoprotegerin, PTH parathyroid hormone, RANKL

receptor activator of nuclear factor-jB ligand, SAP/JNK stress-activated protein kinases/Jun amino-terminal kinases. TGFb1 transforming

growth factor beta-1
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increasing the expression of OPG [95, 97]. A

decreased expression of SOST is responsible, at

least in part, for the stimulation of bone formation

in the AT1aR-KO mice [61] and the SOST-KO

mice presented a high bone mass phenotype

characterized by marked increases in BMD, bone

volume and bone strength [98].

4. An increased the expression of matrix metallopro-

teinase (MMP)-3 and 13. In osteoblastic ROS17/

2.8 cells, Ang II stimulated the degradation

process occurring during extracellular matrix

turnover in the osteoid [99]. These effects were

mediated via AT1R stimulation and Ang II-

induced phosphorylation of ERK1/2, p38 MAPK

and stress-activated protein kinases (SAP)/JNK

pathways. Losartan, PD98059 (a MAPK kinase

1/2 inhibitor) and SP600125 (a JNK-specific

inhibitor) suppressed Ang II-induced expression

of MMP-3 and MMP-13.

5. An increased expression of interleukin (IL)-6. Ang

II induced IL-6 mRNA expression and protein

synthesis in cultured osteoblasts through activation

of the AT1R-ERK1/2 pathway, and this increase

was abolished by losartan, and the ERK1/2

inhibitor U0126 [100]. IL-6 induced osteoclast

formation from precursors and stimulated bone

resorption [101, 102], and bone resorption pro-

moters (such as TNFa, IL-1 and PTH) stimulated

IL-6 production in cultured osteoblasts [103, 104].

6. An increased expression vascular endothelial

growth factor (VEGF). In the THM mice, Ang II

increased VEGF mRNA levels in osteoblasts,

which stimulated osteoclastogenesis through the

VEGF receptor 1 (Flt-1) expressed on hematopoi-

etic cells [69, 105].

7. Inhibition of mitochondrial respiratory enzyme

complexes. In primary mouse calvaria osteoblasts,

Ang II exerted an inhibitory effect on mitochon-

drial respiratory enzyme complexes, producing

membrane potential dissipation, ATP loss, gener-

ation of ROS and cell apoptosis via the JNK

signaling pathway [106]. SP600125 rescued osteo-

blast cells from apoptosis by enhancing the anti-

apoptotic protein Bcl-2 expression, suppressing

the translocation of Bax from cytosol into the

mitochondria and blocking cytochrome C release

and caspase-3 activation.

8. Changes in intracellular Ca2? handling. Ang II

reduced Ca2? uptake into calvarial bone disks, an

effect abolished by an antiserum to TGF-b1 [107],

and accumulation of calcium in the matrix layer

[70], decreased ionized Ca2? and increased PTH

levels [108, 109].

9. Activation of TGF-b1. Many bone cells (os-

teoblasts, fibroblasts and osteoclasts) produce

TGF-b1, so that this is the most abundant growth

factor in bone [109] and exhibits both stimulant

and suppressive actions on osteoclast differentia-

tion and bone resorption [110]. Osteoblast-derived

TGFb1 acts directly on osteoclast precursors to

prime them for RANKL-induced osteoclast for-

mation; however, following the initiation of

resorption, TGF-b acts on osteoblasts to reduce

the availability of RANKL and further osteoclast

formation [110]. The expression of ACE, TGFb1

and IL-11 increased in osteolytic lesions of

patients with Langerhans cell histiocytosis, which

is consistent with a stimulation of osteoclastoge-

nesis by TGF-b1 and IL-11 released by the action

of locally generated Ang II [111].

B. Changes in blood flow in bone marrow capillaries.

Blood flow plays a significant role on bone remodeling

and bone microvessels have just the endothelium, but

they do not have muscle and connective tissue layers.

Ang II can influence bone remodeling indirectly

through the modulation of mean arterial blood pres-

sure, which determines the intramedullary pressure, the

driving force for transcortical interstitial fluid [66, 112,

113]. Moreover, Ang II produces endothelial dysfunc-

tion and arteriolar vasoconstriction, two effects that

might reduce the flow through the bone microvascu-

lature, thus contributing to the decrease in BMD and

development of osteoporosis [112].

Osteoporosis and Hypertension: Two Common
Risk Factors in the Elderly

Osteoporosis, defined as a systemic skeletal disorder

characterized by a reduction in BMD, deterioration in bone

microarchitecture, susceptibility to skeletal fragility and

increased risk of fractures, is a major global health problem

[114, 115]. In young adults, bone destruction and formation

are balanced, and bone mass is maintained in a steady state.

After age 40, bone resorption begins to exceed bone for-

mation, leading to a reduction in BMD that is particularly

evident in postmenopausal women. Thus, it would be

expected that because of the aging of the population, the

prevalence of age-related osteoporosis morbidity and

mortality will increase considerably in the near future.

The estrogen loss that accompanies menopause is

associated with an increased osteoclast activity and bone

resorption driven by cytokines that regulate osteoclasto-

genesis [RANK, TNFa, IL-1, IL-6, IL-11, M-CSF (mac-

rophage colony-stimulating factor)] and prostaglandin E
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[116]. In normotensive or hypertensive animal models,

OVX produced a marked increase in osteoclast activity, a

significant decrease in BMD and an increase in urinary

deoxypyridinoline [91, 116]. OVX also induces endothelial

dysfunction of microcirculation vessels in bone tissue,

which reduces regional blood flow, leading to osteoporotic

changes characterized by thinning of bone trabeculae,

increasing intertrabecular space and microfractures [113],

and these effects were prevented by enalapril and losartan.

In addition to physiological factors such as aging and

estrogen deficiency, there is a potential relationship

between bone and cardiovascular diseases as they present

common etiological factors, including aging, post-

menopausal status, diabetes and lifestyle factors (i.e.,

smoking, diet, sedentarism) [117–119]. Osteoporosis and

hypertension are major chronic diseases that often coexist

in elderly people, and almost half of the hypertensive

patients are postmenopausal women at high risk of osteo-

porosis [120]. Clinical and epidemiological studies showed

that hypertensive patients present abnormalities of calcium

metabolism, including hypercalciuria, decreased BMD,

vitamin D insufficiency and increased PTH levels [121–

126]. The 24-h urinary calcium excretion and the lower

BMD were significantly greater in female hypertensives

than in female normotensive subjects [127], and the acti-

vation of the RAS was correlated with both an increase in

24-h urinary calcium excretion and a lower BMD [108].

Thus, hypertension is an independent risk factor for

osteoporosis and fragility fractures [128–130] and in

elderly white women is associated with increased bone loss

at the femoral neck, which may contribute to the risk of hip

fractures [123].

Although the mechanisms responsible for hypertension-

related osteoporosis remained uncertain, it has been pro-

posed that RAS activation participates in the progression of

osteoporosis. Thus, it would be expected that RAS inhi-

bitors (ACEIs and ARBs) may prevent the loss of BMD in

hypertensive patients as a result of the normalization of

RAS activity. Additionally, ACEIs and ARBs reduced

other HTN-related cardiovascular risks beyond BP control

and are first-choice drugs in the prophylaxis and treatment

of hypertension, heart failure, coronary artery disease and

diabetes mellitus [1–7]. Thus, in the next sections we shall

review the role of RAS and RAS inhibitors in osteoporosis.

Role of RAS in Osteoporosis

Experimental evidence showed that excessive activation of

local RAS in bone led to an osteopenic phenotype associ-

ated with an excessive bone resorption [69, 81] that is

involved in the development of age-related osteoporosis

[65], postmenopausal osteoporosis in OVX animals [81,

131] and glucocorticoid-induced osteoporosis (GIOP) [67,

132] and in the process of fracture healing [133], and in

bone deterioration in obstructive nephropathy (unilateral

ureteral obstruction) [134] and type 1 diabetes [68, 135]

(see Table 1).

In aging mice (12 months old), there was a significant

reduction in BMD in the proximal tibial metaphysis asso-

ciated with increased cathepsin K (a protease involved in

bone resorption) mRNA expression, whereas the expres-

sion of osteoblast-specific genes (Runx2 and ALP) was not

modified as compared to young (2 months old) animals

[62]. Renin and AGT mRNA expression in the tibia and

femur of aged mice was significantly higher than in young

mice (2 months old), leading to an increased production of

Ang II which might play an important role in the pathology

age-related osteoporosis [62].

Normotensive and spontaneously hypertensive OVX

(SHR-OVX) rats showed a significant increase in osteo-

clast activity as assessed by an increased TRAP activity

and a significant decrease in BMD [81, 136]. Moreover,

OVX might accelerate Ang II-induced signaling. Ang II

promoted bone resorption via the AT1R in OVX mice and

rats [81, 136], while estrogens effectively downregulated

Ang II production and attenuated AT1R expression and

signaling [137, 138] and enhanced the improvement of

vascular remodeling induced by ACEIs in female OVX-

SHR through the inhibition of the ERK1/2 and STAT

signaling pathways [131, 133]. Furthermore, in the tibia of

OVX-SHR rats treated with a subpressor dose of Ang II

(200 ng/kg/min), both ALP and TRAP activity and TRAP-

positive stained area significantly increased, while BMD

and the ALP/TRAP ratio decreased as compared to sham-

operated SHR [81]. These effects were inhibited with

imidapril and losartan. These results suggested that Ang II

via the stimulation of AT1R accelerated OVX-induced

osteoporosis independent of changes in blood pressure, a

pattern similar to that observed in elderly postmenopausal

women at risk of osteoporosis [81, 82].

Additionally, there is an association between ACE

insertion/deletion polymorphisms, which determines ACE

activity, and BMD in postmenopausal hypertensive

women, so that individuals with the I/I genotype (associ-

ated with a decreased ACE activity) had a higher BMD

than individuals with either an I/D or D/D polymorphism,

which were associated with increased ACE activity and

serum Ang II levels [139, 140]. All these results were the

basis to hypothesize that RAS inhibitors (ACEIs and

ARBs) may represent a putative therapeutic strategy to

increase BMD and accelerate the fracture healing process

in osteoporotic individuals with associated cardiovascular

diseases.

Reduction in bone volume and strength, due to

decreased osteoblast activity and increased bone
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resorption, is a common complication of glucocorticoid

therapy for inflammatory diseases or for immunosuppres-

sion after organ transplantation [14, 141, 142]. These

effects are similar to those produced by Ang II on bone

metabolism [63, 81], and there is some evidence that local

RAS is activated in patients with GIOP.

In adult male rabbits, dexamethasone (DXM) increased

osteoclast number, osteoclast surface, and eroded surface

and urinary deoxypyridinoline was upregulated, while

serum osteocalcin decreased [67, 143]. Moreover, DXM

stimulated AGT transcription and secretion in several tis-

sues and upregulated bone levels of Ang II and expression

of AT1R and AT2R, and ACE at mRNA and/or protein

levels. However, Ang II levels and ACE activity in circu-

latory system remained unchanged, indicating that there is

a local RAS in bone which might be involved in the

pathogenesis of GIOP [67, 143]. Furthermore, using RNA

isolated from the lumbar vertebrae it was found that DXM

markedly increased the expression of osteocyte-related

genes (SOST and DMP1—dentin matrix acidic phospho-

protein 1) and osteoclast-related genes (TRACP), RANKL

and the RANKL/OPG ratio, but decreased osteoblast-re-

lated genes (Runx2, Osterix and Col1a1).

Similarly, the mRNA expression of local bone AT1R,

AT2R and RANKL was higher in the trabecular bone of

lumbar vertebrae in patients with lumbar disk herniation

with GIOP compared with the control group, but there were

no differences in the circulating levels of ACE and Ang II

and in the expression of AT1R and AT2R between patients

with GIOP and control patients [66]. Simple logistic

regression analysis demonstrated that GIOP was signifi-

cantly associated with local OPG and RANKL mRNA

expression, the RANKL/OPG ratio, and local AT1R and

AT2R mRNA levels. Multiple logistic regression analysis

revealed that GIOP was independently associated with the

circulating RANKL/OPG ratio, as well as local AT1R and

AT2R mRNA levels. These results suggested that gluco-

corticoids might decrease BMD by activating bone RAS

and modulating the RANKL/OPG ratio in bone [66].

Mechanism of Action of RAS Inhibitors

The mechanisms by which ACEI and ARBs inhibit bone

resorption and may increase BMD are unknown. The

therapeutic effect of ACEIs derived from lowering Ang II

levels by inhibiting the conversion of Ang I to Ang II

(Fig. 3). Therefore, they inhibit the effects mediated via the

activation of both AT1R and AT2R [5–7, 51, 52, 59].

Furthermore, ACEIs also interfere with the kallikrein–kinin

system by inhibiting the degradation of bradykinin, which

increased the synthesis and release of prostaglandins and

NO following the stimulation of its specific B2 receptors,

and the NO pathway regulates local blood flow in bone

marrow capillaries, which might increase bone formation.

ARBs exert their osteoprotective effects via blockade of

the deleterious effects of Ang II mediated via the activation

of AT1R. Under these circumstances, the increase in

Ang II levels observed during the administration of ARBs

might stimulate the unblocked AT2R, which are thought to

oppose the effects of AT1R activation. Thus, the final

effect of ARBs results from the AT1R blockage and the

stimulation of AT2R [5–7, 43, 51, 52, 59] (Fig. 3). How-

ever, the efficacy of ACEIs and ARBs despite the occur-

rence of Ang II and aldosterone breakthroughs suggests

that their beneficial effects are not solely attributable to

blockade of the Ang II. In fact, treatment with ACEIs and

ARBs results in the production of high levels of Ang II

metabolites, mainly Ang-(1–7), which via the Mas receptor

signaling might also contribute to the efficacy of RAS

blockade [46].

Regardless of the mechanism of action, the beneficial

effect of ACEIs and ARBs on bone can be related to the

inhibition of Ang II-induced upregulation of RANKL

expression in osteoblasts and the normalization of the

RANKL/OPG ratio and the other mechanisms through

which Ang II enhances osteoblast differentiation and

osteoclastogenesis (Table 2), in order to maintain the bal-

ance between bone formation and bone resorption and

antagonize the unfavorable effects of Ang II on bone [61,

69, 70, 74, 75, 81, 88].

Alternatively, ACEIs and ARBs can indirectly modulate

bone remodeling as they improved endothelial dysfunction

and produced arteriolar vasodilatation increasing blood

flow in bone marrow capillaries [82, 132, 144]. Indeed, in

OVX rats, ACEIs and ARBs prevented the decline in

regional blood flow and improved bone remodeling, pre-

treated animals presented a preservation of bone structure,

and no microfractures were reported [113]. In this model,

following the transverse osteotomy of the proximal meta-

physis of the femur, enalapril and losartan increased the

rate of microcirculation in the fracture zone of proximal

metaphysis and the consolidation of fractures.

ACE Inhibitors in Osteoporosis

Preclinical Studies

In animal models, ACEIs have been shown to preserve

BMD. In cultured newborn rat calvaria osteoblasts, cap-

topril increased dose-dependently the secretion of ALP and

the mRNA expression of collagen I [138]. In OVX rats,

captopril improved the osteopenic phenotype and increased

strength, mass and trabecular connections in the femurs

[136]. Moreover, in aged (10 months old) OVX rats, cap-

topril (1 or 5 mg/kg/day, for 2 months) increased trabec-

ular area of lumbar vertebrae (L4) and improved
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biomechanical properties by increasing L5 break stress and

elastic modulus as compared to the OVX group [138].

These findings suggested that captopril had the potential of

improving lumbar vertebral bone strength in aged OVX

rats and promoted osteoblast bone formation. OVX-SHR

presented an increased osteoclast activation and TRAP

activity in the tibia, accompanied by a significant decrease

in BMD and an increase in urinary deoxypyridinoline [82].

Imidapril significantly decreased blood pressure and

attenuated OVX-induced changes in BMD, TRAP activity

and urinary deoxypyridinoline. In another study in OVX

rats with five-sixths nephrectomy, Ang II decreased BMD

and increased TRAP activity through AT1R and these

effects were attenuated by imidapril [81]. Furthermore,

enalapril corrected the low bone mass phenotype and

hypertension of THM mice [69].

Garcı́a et al. [133] studied the expression and function of

ACE during fracture healing in a murine femur fracture

model. ACE, AT1R and AT2R were expressed in osteo-

blasts and hypertrophic chondrocytes in the periosteal

callus during fracture healing. Two weeks after fracture

perindopril-treated animals showed some more cartilage

and markedly less fibrous tissue and biomechanical anal-

ysis showed a significantly greater maximal torque at

failure and a higher torsional stiffness as compared to

control animals. After 5 weeks of treatment, perindopril

reduced BMD in the unfractured femura but improved

periosteal callus formation, bone bridging of the fracture

gap and torsional stiffness. Moreover, perindopril did not

affect cell proliferation, but reduced apoptotic cell death

and increased the expression of AT2R, but not of AT1R, in

the healing callus. These findings indicated that local RAS

in bone can influence the process of fracture healing and

that ACEIs accelerated bone healing and remodeling.

Additionally, perindopril prevented DXM-induced bone

loss mainly by blocking the activated local RAS rather than

the systemic RAS and reversed the DMX-induced changes

in SOST and Runx2 expression and in RANKL/OPG ratio.

In rabbits with methylprednisolone acetate (MPA)-induced

osteonecrosis, the levels of Ang II and the mRNA and

protein expression of ACE were highest 1 week and the

expression of AT1R and AT2R 2 weeks following the

administration of MPA [132]. However, osteonecrosis

occurred most significantly 3 weeks after the administra-

tion of MPA, so that osteonecrosis was preceded by the

activation of bone RAS.

On the contrary, some studies showed that ACEIs did not

improve, or even accelerated, bone loss. In a comparative

study of six antihypertensive agents on BMD and microar-

chitectural changes in OVX female C57/BL6 mice, enalapril

increased BMD loss as compared to vehicle-treated mice

[145]. Moreover, at doses recommended for treatment of

hypertension enalapril did not modify BMD, mineral content

or morphometric parameters of the femur in 14-week-old

female rats [146]. Similarly, moexipril had no effect on the

cancellous bone site in OVX rats and did not hamper the

osteoprotective effects of 17beta-estradiol [147], and in

OVX-SHR rats it reduced blood pressure but had no effect

on the proximal tibial metaphysis or the tibial shaft [148].

Mice with streptozotocin-induced type 1 diabetes dis-

played osteoporosis and the mRNA expression of ACE and

PRR, the protein expression of renin and Ang II levels

were markedly upregulated in the bone of vehicle-treated

diabetic mice compared to that of non-diabetic mice [135].

In this model, captopril inhibited the changes in RAS

components but did not exhibit osteoprotective effects as

reflected by a reduction of BMD, trabecular thickness and

BV/TV in the tibial proximal and femoral distal metaph-

ysis. Moreover, captopril significantly increased TRAP5b

levels, reduced OPG/RANK ratio and increased carbonic

anhydrase II mRNA expression and the number of matured

osteoclasts and decreased TGF-b and osteocalcin mRNA

expression in the tibia as compared to those of diabetic

mice. These results indicated that captopril suppressed

osteogenesis and stimulated osteoclastogenesis, even

though it effectively inhibited the high activity of local

RAS in the diabetic mice.

Clinical Studies

Several studies found that ACEIs could be effective in

increasing BMD and reducing the risk of fractures in

patients with osteoporosis which frequently present other

cardiovascular and renal diseases, such as hypertension,

heart failure, diabetes mellitus and chronic kidney disease

[128, 129, 144, 149, 150]. In a prospective cohort study of

50 postmenopausal hypertensive women, fosinopril pre-

vented BMD loss in lumbar spine and femoral neck as

compared to untreated women [149]. In an open,

prospective study including 134 patients with low-to-

moderate hypertension and stable BMD, quinapril and

enalapril reduced calciuria and serum 1,25-hydroxyvitamin

D levels, but urinary deoxypyridinoline, a marker of bone

resorption, was not significantly changed [144]. The same

group found that ACEIs significantly increased BMD of

lumbar spine in hypertensive women with the ACE D/D

polymorphism who present an increased risk of hyperten-

sion, diabetic renal disease and cardiovascular complica-

tions, whereas women presenting the ACE I/I ? I/D

polymorphism had a poor response to ACEI treatment

[139, 144].

A large case–control analysis using the UK General

Practice Research Database which included 30,601 cases

aged 30–79 years with an incident fracture diagnosis and

120,819 controls suggested a decreased fracture risk asso-

ciated with longer-term use of ACEIs (OR 0.81; 95 % CI
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0.73–0.89, P\ 0.001) [151]. Another population-based

pharmacoepidemiological case–control study investigated

the association between fracture risk and treatment with

commonly used cardiovascular drugs, including 124,655

cases that sustained a fracture and 373,962 age- and gen-

der-matched controls [129]. After adjustment for potential

confounders, the relative risk of any fracture was reduced

by 7 % (OR 0.93; 95 % CI 0.90–0.96) in postmenopausal

women on ACEIs compared with nonusers. There were no

differences related to sex and age in these results.

A cross-sectional study of 3887 Chinese patients (1929

women, 1958 men) aged C65 years studied the association

between ACEI use and BMD [128]. In multiple regression

analyses, ACEI use was independently associated with

higher femoral neck BMD (?0.015 g/cm2, P = 0.035) in

women, and higher femoral neck (?0.015 g/cm2,

P = 0.017), total hip (?0.016 g/cm2, P = 0.021) and

lumbar spine (?0.043 g/cm2, P\ 0.001) BMD in men,

after adjusting for many potential confounders including

other antihypertensive agents, osteoporosis, cardiovascular

risk factors and lifestyle measures. Similarly, the sub-

analysis of a clinical study showed that the usage of ACEIs

significantly reduced the fracture risk [150].

However, some clinical studies showed that ACEIs did

not change the rate and risk of fractures, or even acceler-

ated, bone loss. Solomon et al. [152] examined the relative

risk of fracture in a large cohort of Medicare beneficiaries

(376,061 subjects) with a diagnosis of hypertension initi-

ating single-drug therapy for treatment. Fracture rate in the

total cohort was 35.2 per 1000 person-years. After models

adjusting for relevant comorbidities and co-medications

accessible in health care utilization data, the risk of fracture

was not significantly different from the reference for loop

diuretics, beta blockers, and ACEIs. A recent prospective

cohort study in 5229 American men (87.2 %) aged

C65 years from the Osteoporotic Fractures in Men Study

(MrOS) found that when compared with nonusers, con-

tinuous use of ACEIs was associated with a small (0.004 g/

cm2) but significant increase in the average rate of BMD

loss at total hip and trochanter over 4.6 years after

adjustment for confounders. Use of ARBs, however, was

not associated with bone loss at any site [153]. Thus,

ACEIs may marginally increase bone loss in older men.

The association between ACEI use and increased bone loss

was confirmed in a cohort study in 2111 middle-aged

Japanese subjects (67 % women) from the Adult Health

Study followed through biennial medical examinations

since 1958. Patients presented a mean annual percentage

change in BMD at the femoral neck of -0.38 % for men

and of -1.14 % for women [154]. After adjustment for

sex, age, weight, alcohol consumption and smoking status,

the annual percentage change in BMD decreased by

0.61 % among ACEI users in comparison with non-ACEI

users (P = 0.002). Furthermore, in 2161 patients from two

cohort studies which investigated the risk factors of

osteoporotic fractures in Hong Kong-dwelling elderly

Chinese, the annualized percentage bone loss of male

ACEI users was not different from nonusers; however,

after adjusting for significant confounders, female contin-

uous ACEI users over 4 years had significantly greater

bone loss both in total hip and femoral neck than nonusers

[155].

Angiotensin Receptor Blockers in Osteoporosis

Preclinical Studies

Several experimental studies showed that ARBs antago-

nized the effects of Ang II and preserved bone mass and

AT1a-deficient mice exhibited a high bone mass phenotype

and an increased trabecular bone volume, trabecular

number and connectivity [61].

In osteoblast UMR-106 cells, Ang II produced a dose-

dependent inhibition of mineralization and this effect was

inhibited by losartan [64]. OVX rats develop endothelial

dysfunction in the microcirculation vessels of osteal tissue,

resulting in decreased regional blood flow, thinning of bone

trabeculae, osteoporosis, presence of microfractures and

delayed consolidation of fractures. In this model, enalapril

(0.5 mg/kg) and losartan (6 mg/kg) prevented the reduc-

tion of microcirculation in bone, slowed the thinning of

bone trabeculae, prevented the occurrence of microfrac-

tures and improved the fracture healing process, although

losartan had a more pronounced osteoprotective effect

[113]. In OVX rats and mice, losartan, olmesartan and

telmisartan improved the osteopenic phenotype and

increased BMD, bone strength and trabecular connections

of rats femurs, making the bone stronger [81, 113, 136,

145]. Olmesartan also downregulated RANKL expression,

decreased osteoclastogenesis and improved BMD in OVX-

SHR [156]. In this model telmisartan significantly

improved rosiglitazone-induced decrease in BMD of femur

and lumbar vertebrae and bone formation indices such as

bone volume fraction, mineralizing surface/bone surface,

mineral apposition and bone formation rates [157].

Telmisartan also promoted femur fracture healing in

mature male BALB/c mice [158]. At 2 weeks post-frac-

ture, the diameter of the callus in telmisartan-treated ani-

mals was significantly increased, the biomechanical

analysis showed a greater torque to failure and a higher

torsional stiffness, and the histomorphometric analysis

showed that the callus of these animals showed some more

cartilage and markedly less fibrous tissue. These effects

were most probably due to an increase of cell proliferation

in the periosteal callus, as indicated by an increased frac-

tion of VEGF- and PCNA (proliferating cell nuclear
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antigen)-positive cells within the callus in telmisartan-

treated animals compared with vehicle-treated controls.

After 2–5 weeks, telmisartan treatment resulted in a greater

periosteal callus formation and an accelerated healing

process with an earlier histological bridging of the fracture

gap.

Peroxisome proliferator-activated receptor gamma

(PPARc) controls bone mass by regulating commitment

and differentiation of mesenchymal stem cells (MSCs)

toward osteoblasts and adipocytes [159]. When activated

with thiazolidinediones, PPARc suppresses osteoblasts,

promotes adipocytes development, and enhances osteoclast

development [160, 161]. In aged animals, rosiglitazone-

induced bone loss was related to an increased osteoclas-

togenesis in part due to diversion of marrow mesenchymal

stem cells differentiation from osteoblastic toward adipo-

cyte lineage [162], and the prolonged use of rosiglitazone

led to bone loss and increased occurrence of fractures in

elderly women [163]. Telmisartan, an ARB that also

exhibits partial PPARc agonist properties [164], did not

affect bone mass or osteoblast phenotype and actively

blocked rosiglitazone-induced anti-osteoblastic activity

and dephosphorylation of S112pPPARc in two murine

models of type 2 diabetic [165].

As previously described for ACEIs, some studies found

that ARBs produced no significant effects in rat calvarial

osteoblasts [70] or in co-cultures of human osteoblast and

osteoclast precursor cells [81] and did not affect the bone

mass, pattern of trabecular bone and BV/TV in C57BL/6 J

male mice [60]. ARBs also did not cause significant

changes of bone properties in normal [146] or OVX female

rats [145, 166], type 2 diabetic mice [165], orchiectomized

male hypertensive and normotensive rats [167]. Moreover,

in AT1aR-deficient mice losartan improved hypertension

but exacerbated the osteopenic phenotype [61].

More importantly, in some animal models ARBs may

lead to more bone injuries. In mice with type 1 diabetes

induced by streptozotocin, RNA expressions of AGT, ACE

and renin receptor in the tibia and protein expressions of

AGT and AT1R in the femur were markedly upregulated in

the diabetic osteoporotic group, suggesting that high local

bone RAS activity contributes to the development of type 1

diabetic osteoporosis [68, 135]. Losartan did not exert

osteoprotective effects in this model as shown by the

reduction of BMD and microarchitectural parameters at the

proximal metaphysis of the tibia. This result can be

explained because losartan induced the upregulation of

renin and Ang II protein expression and downregulated

AT2R protein expression, i.e., because losartan enhanced

RAS activity. In the chimeric THM mice, activation of

RAS induced a high turnover osteoporosis with accelerated

bone resorption [69]. In this model, enalapril improved

osteoporosis and hypertension, whereas losartan improved

hypertension but exacerbated the osteopenic phenotype. It

was hypothesized that the blockade of AT1R alone some-

how activated signaling through the unblocked AT2R by

the high levels of circulating Ang II. If so, the blockade of

the synthesis of Ang II may be a more effective therapeutic

strategy in patients with osteoporosis and hypertension.

Interestingly, the finding that losartan and enalapril had

opposite effects on bone mass confirmed that local RAS

contributed to the development of osteoporosis indepen-

dently of systemic effects on blood pressure. Finally, in the

case–control analysis of the UK General Practice Research

Database, the use of ARBs was not associated with an

altered fracture risk [151].

Clinical Studies

A population-based, retrospective cohort study using

administrative databases in Ontario examined the risk of

osteoporosis-related fractures in 87,625 hypertensive

elderly patients newly treated with ARBs versus ACEIs.

The primary outcome was hip fracture, and secondary

outcomes were non-hip major osteoporotic fractures (other

femoral, clinical vertebral, forearm, wrist, humerus) and

other osteoporotic fractures [168]. No significant differ-

ences in hip fracture risk were found between new users of

ARBs relative to ACEIs. However, there was a statistically

significant 19 % risk reduction in other major osteoporotic

fractures among new users of ARBs compared with ACE

inhibitors (HR 0.81; CI 0.70–0.93). In a post hoc dose-

dependency analysis, after adjusting for ARB and ACEI

dose, there was no statistically significant difference

between the effects of ARBs and ACEIs on risk of hip

fractures (HR 0.99; CI 0.78–1.25), other major osteoporotic

fractures (HR 0.87; CI 0.75–1.01) and other osteoporotic

fractures (HR 0.90; CI 0.74–1.08). However, in this anal-

ysis there was a statistically significant decreased risk of

osteoporosis-related fractures with increasing doses of

either study drug.

In the previously mentioned large cohort of Medicare

beneficiaries with a diagnosis of hypertension who had not

filled a prescription for an antihypertensive medication in

the prior 365 days after model adjusting for relevant

comorbidities and comedications accessible in health care

utilization data, the risk of fracture was reduced in users of

ARBs (HR 0.76; 95 % CI 0.68–0.86) and thiazide diuretics

(HR 0.85; 95 % CI 0.76–0.97) compared with calcium

channel blockers [152]. The adjusted fracture risk was not

significantly different from the reference for loop diuretics,

beta blockers and ACEIs, which confirmed that the risk of

fracture differs across users of different antihypertensive

medications.
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Possible Explanations for the Contradictory Results

Observed with ACEIs and ARBs

The experimental and clinical studies that analyzed the

effects of ACEIs and ARBs on bone homeostasis led to

contradictory results. There are some possible explanations

for these discrepancies:

1. Differences in animal species, experimental models

(in vitro vs in vivo, normotensive rats vs SHR),

phenotype of the cultured cells or age of animals/

individuals (older populations with normal RAS

activity vs elderly hypertensive and/or diabetic

patients) [64, 153]. Thus, ACEIs and ARBs did not

affect ALP activity or cellular DNA content in

osteoblastic MC3T3-E1 cells [143] but inhibited the

effects of Ang II in osteoblasts and osteoclasts derived

from newborn mouse calvaria as well in the bones

(tibia/femur) of adult mice [60, 62, 69], and enalapril

and losartan had no effect on BMD, mineral content or

morphometric parameters in OVX rats [148], while

imidapril or olmesartan attenuated osteoporosis in

OVX-SHRs [81, 82].

2. The effects of Ang II via AT1R and/or AT2R may vary

depending on the background of animals or the levels

of Ang II. Shimizu et al. [81] showed that Ang II

induced RANKL expression directly in osteoblasts by

activating the AT1R, which might explain why ARBs

reduce the fracture risk in older adults, whereas Asaba

et al. [69] found that Ang II induced RANKL

expression via the AT2R. Although the reason for this

discrepancy is currently unknown, these findings are

against the general idea that the effects mediated via

the AT1R and AT2R are counter-regulatory to each

other or that the AT2R-mediated signaling is the

protective arm of the RAS [7, 169]. Additionally,

under certain pathological conditions, AT2R mimic

AT1R function and exert detrimental effects including

vasoconstriction and hypertrophy [46]. Furthermore,

ARBs and ACEIs can modify the expression of AT1R

and AT2R, although the results are inconsistent, so that

an increase in both AT1R and AT2R expression [67],

an increase in AT1R but not in AT2R [133] or no

change [170] has been reported. In the type 1 diabetic

mice model, losartan exerted opposite effects on the

expression of these receptors, upregulating AT1R and

downregulating AT2R.

In many in vitro and in vivo studies, supraphysiolog-

ical concentrations of Ang II were tested, so that the

extrapolation of the observed results to clinical prac-

tice is doubtful. Furthermore, AT1R can be downreg-

ulated dose-dependently by Ang II [171], which may

explain the bimodal dose responses to progressively

increasing concentrations of Ang II in UMR-106 cells

or in human primary bone cells from trabecular

explants [45, 71, 172].

3. The clinical benefit of ACEIs and ARBs can be

partially counteracted by the reactive increase in pre-

renin and renin mRNA levels which not only stimulate

the conversion of Ang I to Ang II, leading to a

reduction in the efficacy of these RAS inhibitors, but

stimulate the PRR, producing tissue damage in an Ang

II-independent manner insensitive to ACEIs or ARBs

[46, 68, 173–175] (Fig. 4). This can be the explanation

why losartan promoted the loss of bone mass and the

deterioration of trabecular bone microarchitecture in

type 1 diabetic mice [68]. Furthermore, Ang II can be

synthesized via non-ACE enzymatic pathways (chy-

mase, carboxypeptidase, cathepsin G, or tonin) which

might explain the lack of effect of ACEIs [4–7, 51,

176].

4. ACEIs decreased free testosterone and dehy-

droepiandrosterone (DHEA) plasma levels in men

[177] and increased sex hormone-binding globulin

(SHBG) in women [178]. This latter effect correlated

with greater bone loss and vertebral and peripheral

fractures [179], particularly in elderly patients [154].

5. Drugs from the same family class can exhibit different

pharmacological properties. Indeed, ARBs exhibit

important differences in their binding affinity for the

AT1R, which translates into differences in potency and

duration of their effects (candesartan and olmesartan vs

losartan) and in off-target effects (i.e., on PPARc,

oxidative stress, expression of adhesion molecules and

proinflammatory cytokines) [156, 180, 181]. Thus, it

should not be a surprise that the results described with

one ARB cannot be replicated by another ARB even

though they produce a similar reduction in blood

pressure.

6. Even when short-term therapy with ACEIs and ARBs

decreased Ang II and aldosterone levels, long-term

RAS inhibition resulted in a return of Ang II and

aldosterone levels toward baseline values. Unfortu-

nately, the local bone effects of aldosterone remain

unknown.

7. The RAS plays a key role in regulating mean arterial

blood pressure (MAP) which determines the intrame-

dullary pressure that is a driving force for transcortical

interstitial fluid flow and is positively correlated with

BMD, so that an increase in intramedullary pressure

increases BMD, whereas decreased intramedullary

pressure is associated with a decreased BMD [182].

Both ACEIs and ARBs decreased MAP and therefore,

it would be expected that they can reduce the

intramedullary pressure and BMD. In fact, perindopril
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significantly reduced blood pressure and decreased

BMD in the distal femoral metaphysis of unfractured

femora [133]. Further studies are needed to analyze the

bone microvascular effects of RAS inhibitors.

Conclusions and Future Areas of Research

There is evidence that both local and systemic RAS may

play an important role in bone metabolism and remodeling,

but present evidence is sparse and sometimes contradic-

tory. Therefore, there is an unmet need to understand the

pathophysiological role of local and circulating RAS in

human bone homeostasis and remodeling and the mecha-

nisms involved in the possible therapeutic and/or adverse

effects of ACEIs and ARBs observed in preclinical and,

particularly, in clinical trials. Further studies are also

needed to identify the signaling pathways downstream

AT1R and AT2R stimulation, the interaction between RAS

and sex steroids and glucocorticoids and the possible cross-

talk between AT1R and AT2R in bone. Furthermore, as

ACEIs and ARBs are first-choice drugs in the treatment of

patients with hypertension, heart failure, diabetes mellitus

or chronic kidney disease, situations frequently associated

with osteoporosis, particularly in postmenopausal women,

a key question to be answered is: Which is the most

effective way to inhibit the local RAS? Interestingly, there

is no information on the role of other RAS components on

bone function: What is the role of the ACE2-Ang (1–7)-

MasR pathway? What is the role of prorenin and renin? Or

what role has aldosterone in bone homeostasis? We need

also to understand the role of local RAS in patients with

osteoporosis, arthritis and with metastases of primary

tumors into bone. Finally, we need validated animal

models to study the role of circulating and local RAS in

bone homeostasis and in the pathophysiology of the most

prevalent degenerative bone disorders which frequently

coexist in aging populations with cardiovascular diseases

where RAS inhibitors are the first-choice drugs.
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Lüthy R, et al. Osteoprotegerin: a novel secreted protein

involved in the regulation of bone density. Cell. 1997;89(2):

309–19.

23. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,

Mochizuki S, et al. Osteoclast differentiation factor is a ligand

for osteoprotegerin osteoclastogenesis-inhibitory factor and is

identical to TRANCE/RANKL. Proc Natl Acad Sci USA.

1998;95(7):3597–602.

24. Syed F, Khosla S. Mechanisms of sex steroid effects on bone.

Biochem Biophys Res Commun. 2005;328(3):688–96.

25. Wada T, Nakashima T, Hiroshi N, Penninger JM. RANKL-

RANK signaling in osteoclastogenesis and bone disease. Trends

Mol Med. 2006;12(1):17–25.

26. Blair JM, Zhou H, Seibel MJ, Dunstan CR. Mechanisms of

disease: roles of OPG, RANKL and RANK in the pathophysi-

ology of skeletal metastasis. Nat Clin Pract Oncol. 2006;3(1):

41–9.

27. Lee S-K, Lorenzo J. Cyrokine regulating osteoclast formation

and function. Curr Opin Rheumatol. 2006;18(4):411–8.

28. Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C,

et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte

development and lymph-node organogenesis. Nature. 1999;

397(6717):315–23.

29. Kikuta J, Ishii M. Osteoclast migration, differentiation and

function: novel therapeutic targets for rheumatic diseases.

Rheumatology. 2013;52(2):226–34 (Oxford).
30. Tat SK, Padrines M, Theoleyre S, Couillaud-Battaglia S, Hey-

mann D, Redini F, Fortun Y. OPG/membranous—RANKL

complex is internalized via the clathrin pathway before a lyso-

somal and a proteasomal degradation. Bone. 2006;39(4):706–15.

31. Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli C,

et al. Osteoprotegerin-deficient mice develop early onset osteo-

porosis and arterial calcification. Genes Dev. 1998;12(9):1260–8.

32. Indridason OS, Franzson L, Sigurdsson G. Serum osteoprote-

gerin and its relationship with bone mineral density and markers

of bone turnover. Osteoporos Int. 2005;16(4):417–23.

33. Theoleyre S, Wittrant Y, Tat SK, Fortun Y, Redini F, Heymann

D. The molecular triad OPG/RANK/RANKL: involvement in

the orchestration of pathophysiological bone remodeling.

Cytokine Growth Factor Rev. 2004;15(6):457–75.

34. Lewiecki EM. New targets for intervention in the treatment of

postmenopausal osteoporosis. Nat Rev Rheumatol. 2011;7(11):

631–8.

35. Kobayashi N, Kadono Y, Naito A, Matsumoto K, Yamamoto T,

Tanaka S, et al. Segregation of TRAF6-mediated signalling

pathways clarifies its role in osteoclastogenesis. EMBO J.

2001;20(6):1271–80.

36. Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman

JL, Spedding M, et al. CGTP Collaborators. the concise guide to

pharmacology 2013/14: G protein-coupled receptors. Br J

Pharmacol. 2013;170(8):1459–581.

37. Mukoyama M, Nakajima M, Horiuchi M, Sasamura H, Pratt RE,

Dzau VJ. Expression cloning of type 2 angiotensin II receptor

reveals a unique class of seven-transmembrane receptors. J Biol

Chem. 1993;268(33):24539–42.

38. Murphy TJ, Alexander RW, Griendling KK, Runge MS, Bein-

stein KE. Isolation of a cDNA encoding the vascular type 1

angiotensin II receptor. Nature. 1991;351(6323):233–6.

39. Haendeler J, Berk BC. Angiotensin II mediated signal trans-

duction. Important role of tyrosine kinases. Regul Pept.

2000;95(1–3):1–7.

40. Higuchi S, Ohtsu H, Suzuki H, Shirai H, Frank GD, Eguchi S.

Angiotensin II signal transduction through the AT1 receptor:

novel insights into mechanisms and pathophysiology. Clin Sci.

2007;112(8):417–28 (Lond).
41. Paul M, Poyan Mehr A, Kreuz R. Physiology of local renin-

angiotensin systems. Physiol Rev. 2006;86(3):747–803.

42. Nouet S, Nahmias C. Signal transduction from the angiotensin II

AT2 receptor. Trends Endocrinol Metab. 2000;11(1):1–6.
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