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Abstract Emerging evidence suggests a stimulating ef-
fect of parathyroid hormone (PTH) on the renin—an-
giotensin—aldosterone  system (RAAS). In primary
hyperparathyroidism, chronic-elevated PTH levels seem to
stimulate the RAAS which may explain the increased risk
of cardiovascular disease (CVD). In addition to increased
PTH levels, low vitamin D levels may also directly in-
crease risk of CVD, as vitamin D, itself, has been shown to
inhibit the RAAS. Angiotensin II, aldosterone and cortisol
all negatively impact bone health. Hyperaldosteronism is
associated with a reversible secondary hyperparathy-
roidism due to increased renal calcium excretion. More-
over, the angiotensin II receptor is expressed by human
parathyroid tissue, and angiotensin may therefore directly
stimulates PTH secretion. An increased bone loss is found
in patients with hyperaldosteronism. The angiotensin II
receptor seems main responsible for the RAAS-initiated
bone loss due to a receptor activator of NF-kB ligand-
mediated activation of the osteoclasts. Available data
suggest a reduced fracture rate and increased bone mineral
density in patients treated with angiotensin II receptor
blockers, whereas treatment with angiotensin-converting
enzyme inhibitors causes the opposite effects. Mineralo-
corticoid receptor antagonists seem to be beneficial to bone
in patients with hyperaldosteronism, but it is unknown

X< Lise Sofie Bislev
lisesofiebislev@gmail.com

Department of Endocrinology and Internal Medicine, Tage
Hansens Gade 2, Aarhus University Hospital, 8000 Aarhus C,
Denmark

Department of Surgery P, Breast and Endocrine Section,
Tage Hansens Gade 2, Aarhus University Hospital,
8000 Aarhus C, Denmark

@ Springer

whether this also applies to other individuals. Further long-
term studies are needed to clarify the effect of RAAS in-
hibitors on bone health. RAAS inhibitors, are widely pre-
scribed worldwide and beneficial as well as harmful effects
may have large impact on bone health in the general
population.
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Abbreviations

ACEi Angiotensin-converting enzyme inhibitor
ACTH Adrenocorticotropic hormone

ALP Alkaline phosphatase

Ang 1T Angiotensin II

APA Aldosterone-producing adenoma
ARB Angiotensin II receptor blocker
ATIR Angiotensin II type 1 receptor

AT2R Angiotensin II type 2 receptor

BAH Bilateral adrenal hyperplasia

BMD Bone mineral density

BP Blood pressure

Ca Calcium

CVD Cardiovascular disease

CTx C-terminal telopeptide of type 1 collagen
GnRH Gonadotropin-releasing hormone

MR Mineralocorticoid receptor

MRA Mineralocorticoid receptor antagonist
oC Osteocalcin

PA Primary aldosteronism

PCOS Polycystic ovary syndrome

PTH Parathyroid hormone
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PPHT Primary hyperparathyroidism “hyperparathyroidism,” “vitamin D deficiency,” “an-
PTX Parathyroidectomy giotensin II,” “renin” and “cardiovascular disease.”

SA Secondary aldosteronism For the review of bone and RAAS inhibition, a sys-
SHPT Secondary hyperparathyroidism tematic search in PubMed for the MeSH terms “ACE in-
RAAS Renin—angiotensin—aldosterone system hibitors,”  “Mineralocorticoid Receptor  Antagonists
RAASi  RAAS inhibitors [Pharmacological Action]” and “Angiotensin ii receptor

SA Secondary aldosteronism
RANKL Receptor activator of NF-kB ligand

Introduction

Cardiovascular diseases (CVD) and osteoporosis are highly
prevalent age-related diseases characterized by lack of
symptoms until adverse outcomes occur. They represent
two major public health problems and frequently coexist.

Increased activation of the RAAS plays a central role in
the pathogenesis of hypertension and CVD. Emerging
evidence supports a “new endocrine axis” between the
RAAS and the parathyroid glands [1-3]. Patients with
calcium metabolic disorders have an increased risk of CVD
[4-7] and vice versa [8]. This interaction is clinical rele-
vant because it, at least partly, may explain the association
between CVD and calcium metabolic disorders.

Vitamin D has for decades been associated with a blood
pressure (BP) lowering effect as well as reduced risk of
CVD [9], whereas less attention has been paid to treatment
with RAAS inhibitors (RAASi) in calcium metabolic
disorders.

RAASI are widely used in clinical practice as antihy-
pertensive agents and in the treatment of conditions with
hyperaldosteronism. Accumulating data suggesting this
“new endocrine axis” raise the question on whether
treatment with RAASi improves bone mineral density
(BMD) and reduces fracture risk.

The aim of this review is to summarize the evidence of a
clinical important relationship between the two hormone
systems and subsequently present existing data regarding
the effect of ACE inhibitors (ACEi), angiotensin II receptor
blockers (ARBs) and mineralocorticoid receptor an-
tagonists (MRAs) on BMD, bone turnover markers and
fracture risk. Because renin inhibitors are rarely used, they
are not included in this review.

Method

For a review of literature regarding a possible interaction
between RAAS and PTH, we searched PubMed for the
terms “PTH,” “renin—angiotensin—aldosterone system,”
“aldosterone,”  “hyperaldosteronism,”  “osteoporosis,”

antagonist [Pharmacological Action]” combined with the
terms, “bone mineral density,” “bone,” “fracture” and
“bone turnover,” respectively.

Papers were further selected for inclusion based on our
own knowledge and by searching reference lists of iden-
tified articles.

Only full-text English language articles were considered
and inclusion criteria were data on fracture risk, BMD or
bone turnover markers.

Effects of Calciotropic Hormones on the Renin—
Angiotensin—Aldosterone System

Accumulating evidence suggests that PTH may directly
and indirectly activate the RAAS. It is widely accepted that
increased levels of PTH are associated with CVD (in-
cluding hypertension), as well as osteoporosis [10].
Moreover, high PTH levels, even within the upper limit of
the reference interval, have been associated with an in-
creased all-cause and CVD mortality [11] suggesting an
underlying precarious effect of PTH on non-skeletal ad-
verse health outcome.

Experimental Studies on Effects of PTH Treatment

The biologically active region of PTH (the N-terminal
1-34 sequence) displays remarkable homology with that of
adrenocorticotropic hormone (ACTH) [12]. A directly
stimulation of aldosterone synthesis by PTH is supported
by the fact that PTH type 1 receptors as well as receptors
for parathyroid hormone-related protein are expressed by
normal human adrenocortical zona glomerulosa cells [13].
An effect of PTH on aldosterone secretion is further sup-
ported by findings from in vitro studies showing that PTH
increased the basal secretion of aldosterone and cortisol
[14, 15] as well as PTH increases the angiotensin II (Ang
II)-mediated aldosterone secretion [16].

In healthy men (n = 4), 12 days of continuous synthetic
human PTH 1-34 (PTH,_34) infusion was investigated
[15]. In addition to reversible hypercalcemia and hyper-
tension, treatment caused a transient increased excretion of
the tetrahydroaldosterone (a major metabolic product of
aldosterone) and increased plasma cortisol concentration
[15]. In another study including healthy men only (n = 8),
a single infusion of 12.5 ng PTH,_34 doubled the plasma
renin concentration [2]. Similarly, in postmenopausal
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women with severe osteoporosis (n = 20) treatment with
PTH,_34 injections, 20 ng once-a-day, for 1 year, increased
cortisol levels by approximate one-third compared to
controls treated with vitamin D and calcium supplemen-
tation [12]. Unfortunately, this study did not report aldos-
terone levels.

Primary Hyperparathyroidism

An increased risk of CVD in patients with PHPT is well
documented. In a number of studies, PHPT has been as-
sociated with an increased risk of hypertension [5, 6, 17,
18], left ventricular hypertrophy [7], and an increased pulse
wave velocity [7]. Patients with PHPT are at increased risk
of suffering from stroke [6], myocardial ischemia [4, 6] and
have an overall increased mortality due to CVD [19-21].
Several [4-7] although not all [19, 22] studies report that
CVD-related adverse outcomes are reversible following
PTX.

The increased risk of CVD may be mediated by in-
creased RAAS activity. Compared to normal parathyroid
tissue, a twofold to fourfold increase in the expression of
the angiotensin II type 1 receptor (AT1R) and mineralo-
corticoid receptors (MR) has been detected in parathyroid
adenoma tissue [1]. A newer study by Brunaud et al. [23]
reports a positive correlation between PTH and aldosterone
levels pre-, but not postoperatively in patients with PHPT.
Cortisol concentrations might as well be increased in pa-
tients with PHPT [24].

In PHPT, a study by Jespersen et al. [25] reported
elevated Ang II and vasopressin concentrations prior to
PTX, whereas the aldosterone concentration remained un-
changed compared to a control group. After PTX, the
concentrations of Ang II (17 — 10 pmol/l) and vaso-
pressin (2.9 — 1-9 pmol/l) normalized.

Beyond a vasoconstrictive and antidiuretic effect, va-
sopressin stimulates the ACTH concentration directly in
the pituitary gland, thereby promoting the synthesis of
glucocorticoids and (to a lesser extent) mineralocorticoids.
Furthermore, increased calcium levels are known to in-
crease BP and stimulate the vasopressin release from the
neuroposterior pituitary [26].

Vitamin D Deficiency

Secondary hyperparathyroidism (SHPT) is often caused by
vitamin D deficiency. Associations between vitamin D
deficiency and risk of hypertension have been extensively
investigated. Recently, a large mendelian randomization
study demonstrated that low levels of 25-hydroxyvitamin D
(250HD) are associated with an increased BP [27]. Several
[28-30] although not all [31] RCTs on effects of vitamin D
supplementation have shown a decrease in BP in response
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to supplementation. Trials demonstrating an BP lowering
effect are characterized by including study subjects with
low vitamin D levels and an increased BP at baseline [28—
30].

Vitamin D suppresses the renin biosynthesis [32, 33]
contrary to PTH [2]. Lower plasma 250HD levels are as-
sociated with higher circulating Ang II levels [33, 34] and a
blunted renal plasma flow response to exogenous Ang II
infusion consistent with local activation of the RAAS in the
setting of lower plasma 250HD concentrations [33]. In
hypertensive patients suffering from vitamin D deficiency,
high dose vitamin D3 increases the tissue sensitivity to Ang
II akin to ACEis [1, 35].

In summary, several lines of evidence suggest a
stimulating effect of PTH on the RAAS. In patients with
abnormal high PTH levels due to an autonomously in-
creased PTH secretion, PTH also seems to affect the RAAS
which may explain the increased risk of CVD in patients
with PHPT. In addition to an effect on PTH secretion,
vitamin D may itself exert an inhibiting effect on the
RAAS which may provide an explanation for the increased
risk of CVD in vitamin D insufficiency.

The Influence of the Renin—Angiotensin—
Aldosterone System (RAAS) on Calciotropic
Hormones

Primary Aldosteronism

Primary aldosteronism (PA) is probably underdiagnosed.
Up to 10 % of hypertensive patients might suffer from PA.
Normokalemic hypertension constitutes the most common
presentation, and high aldosterone and abnormal low Ang
II and renin concentration characterize the disease [36].

The occurrence of cardiovascular complications is in-
creased in patients with PA independently of BP levels.
Compared to patients with essential hypertension, the odds
ratio of stroke is 4.2 (95 % CI 2.0-8.6) and the odds ratio
of myocardial infarction is 6.5 (95 % CI 1.5-27.4) [37].
Treatment has a high cure rate of hypertension, but evi-
dence of reduced mortality has not been documented [36].

PA is associated with osteoporosis [38—42] and SHPT
which may be attributable to an increased renal calcium
and magnesium excretion [38—40, 42—47].

Studies comparing patients suffering from PA and
essential hypertension have shown significantly higher
PTH levels at approximate one-third in PA patients [43—
46], as well as lower serum calcium levels [43, 44] and an
increased [43] or a trend toward an increased [44, 45] renal
calcium excretion despite similar 250HD levels.

The two major subtypes of PA are aldosterone-produc-
ing adenomas (APA) representing 3040 % and bilateral
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adrenal hyperplasia (BAH) representing 60-70 % of the
cases. The aldosterone [37, 38, 48, 49] and cortisol [50]
concentration is highest in APA, and presumably, patients
suffering from APA have more severe calcium metabolic
abnormalities and more pronounced bone involvement.
This has been confirmed in one study, demonstrating that
PTH was only increased in patients with PA due to al-
dosterone-producing adenomas (APAs) compared to pa-
tients with BAH and essential hypertension [48]. In the
study by Rossi et al. [48], it was suggested that raised
serum PTH levels are a feature of APA that can be used for
selecting the PA patients to be submitted to adrenal vein
sampling. Compared with patients with incidentaloma, PA
had a decreased BMD at the lumbar spine (13 %), total
(8 %) and femoral neck (11 %), an increased prevalence of
osteoporosis (73 vs. 20 %) and tended to have more mor-
phometric vertebral fractures (46 vs. 13 %) [38].

It should be emphasized that elevated BP itself increases
urinary calcium causing SHPT [51]. Of all studies inves-
tigating the PTH concentration in PA patients, only the
study by Rossi et al. compared PA with hypertensive pa-
tients with an almost similar BP, whereas other studies
used controls with significantly lower BP [38, 43, 44]. In
this study by Rossi et al. [45], the PTH concentrations were
significantly higher in the PA group (50 %), suggesting
that aldosterone levels rather than blood pressure per se are
of importance to PTH responses. However, Brown et al. [1]
did not find increased PTH levels in response to a single
infusion of aldosterone despite an increase in aldosterone
of 892 %. Accordingly, Ang II rather than aldosterone may
mediate the acute increase in PTH, whereas aldosterone
may be responsible for the chronic PTH increment [1]. This
hypothesis, however, needs to be further investigated.

Secondary Aldosteronism (SA)

SA is defined as increased plasma renin, Ang II and al-
dosterone caused by external stimulation to the adrenal
glands. Commonly known causes include CVD, cirrhosis
and renal failure, as well as treatment with loop diuretics.

A small human study reports SHPT in all patients
(n = 9) consecutively admitted to a medical department
due to decompensated congestive heart failure [52].

Hypertensive geriatric inpatients have been reported to
have higher PTH levels than normotensive inpatients de-
spite similar 250HD levels [53], and similar results have
been reported in the general population [10].

A single infusion of Ang II increases PTH in healthy
men [2] and obese; vitamin D-deficient subjects in a dose-
specific manner [1]. In addition to aldosterone secretion,
Ang II promotes sodium and water reabsorption, systemic
arteriolar vasoconstriction, endothelial dysfunction and
stimulates the sympathetic nervous system. Beyond the

traditional synthesis of Ang II as a part of the RAAS, Ang
I can be generated by endothelial cells [54]. ATIR and
Ang II type 2 receptor (AT2R) are expressed by osteoblasts
and osteoclasts [51]. Moreover, ATIR is expressed by
human parathyroid tissue [1]. Emerging evidence suggests
a local RAAS in the bone [55-57] as the angiotensin-
converting enzyme (ACE) is expressed by bone cells [54,
58].

Ang II increases bone remodeling directly with a pre-
dominance of resorption. This is caused by an increased
RANKL expression in osteoblasts [54, 56, 58], and the
ATIR seems to be main responsible for activating this
cascade [56-60]. In response to injections with Ang II,
decreased levels of the formative bone markers alkaline
phosphatase (ALP) [59, 61] and osteocalcin (OC) [59] have
been found.

In summary, an expanding body of evidence supports
that PA and SA are associated with a reversible SHPT due
to increased renal calcium and magnesium excretion. In-
creased BP also causes SHPT, and both aldosterone and
Ang II increases PTH.

An increased and modifiable rate of bone loss is found in
hyperaldosterone subjects, and AT1R seems main respon-
sible for the RAAS-initiated bone loss due to a RANKL-
mediated activation of the osteoclasts.

Angiotensin and Aldosterone Inhibitors and Bone
Health

Numerous studies investigating the link between hyper-
tension and BMD have shown an inverse association be-
tween BP and BMD [62-64]. As hypertension is associated
with an increased renal calcium excretion, a renal calcium
leak has been suggested as a physiological explanation [56,
62, 63]. However, an effect of the PTH aldosterone axis
may as well be of importance.

In end-stage renal failure, treatment with ACEi and
ARB is associated with decreased PTH levels [65].
Moreover, Brown et al. [10] recently showed that the
use of any RAASi (ACEi and ARBs) was independently
associated with lower PTH levels compared to the use
of non-RAASi medication (45.0 & 19.1 vs. 47.1 &+
19.4 pg/ml), and a positive correlation between PTH and
aldosterone was most pronounced in patients with a
“primary aldosteronism-like” phenotype (50.2 pg/ml
compared to 40.4 pg/ml in patients with “normal
phenotype”).

A physiologic interaction between the parathyroid and
adrenal glands as well as identification of a local RAAS in
the bones raises the question on whether treatment with
RAASI improves BMD and reduces fracture risk in general
or in selected groups.
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Effects of ACEis and ARBs on BMD, Fracture
Risk, Calciotropic Hormones and Bone Turnover
Markers

Findings from Animal Experimental Studies

Effects on bone density and structure: Studies reporting
BMD changes following ACEi treatment in spontaneously
hypertensive [66—-68] ovariectomized rats have showed
either a beneficial effect [67, 68] or no effect of treatment
[66], whereas a study in ovariectomized normotensive rats
reported a harmful effect of ACEi [69].

Another study investigating fracture healing in non-os-
teoporotic mice treated with ACEi reported increased
BMD loss in the non-fractured femora measured by micro-
CT compared to the fractured non-treated control group
[55]. Further two studies investigated the effect of 4 weeks
treatment with an ACEi in male [70] and female [71]
normotensive, non-osteoporotic rats, showing no effects on
BMD compared to non-treated controls.

In transgenic mice (expressing the human renin and
angiotensinogen genes), 4 weeks treatment with ACEi in-
creased, while ARB decreased, BMD [58]. Except from the
study in transgenic mice, all rodent studies investigating
ARB treatment report a beneficial [56, 57, 69, 72-75] or at
least a non-harmful [76] effect on BMD.

The rat model for postmenopausal osteoporosis
(ovariectomy) is also tested in ARB-treated [56, 68, 69, 72,
73], hypertensive [68, 72, 73] animals. All of these studies
showed beneficial effects on BMD changes compared to
ovariectomized controls.

ARB selectively blocks the AT1R which seems to be of
specific importance to trabecular bone. Accordingly, in a
study by Kaneko et al. [57] heterozygous (%) and ho-
mozygous (—/—) male mice, lacking the gene encoding the
ATIR had increased trabecular bone volume, increased
trabecular number and connectivity compared to a control
group (+/4).

Fracture: A study by Garcia et al. [55] in non-hyperten-
sive, non-osteoporotic surgical fractured mice showed an
improved fracture healing in response to treatment with
ACEi. Moreover, a study by Rajkumar et al. [68] showed a
slower thinning of bone trabecular which prevented mi-
crofractures and increased fracture healing in hypertensive
mice treated with ACEi and ARB compared to ovariec-
tomized untreated hypertensive rats. The osteoprotective
effect was most pronounced for ARB-treated mice.

Calciotropic hormones and bone turnover markers:
Only one study reports on PTH levels in mice treated with
ACEi, showing no difference compared to non-treated
controls [55]. Effects of treatment with ACEi and ARB on
urinary and plasma calcium levels have not been reported
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in any of the animal experimental studies. In the ATIR
knockout mice, plasma and urinary calcium as well as PTH
levels did not differ among the genotypes [57].

Few studies report effect of treatment on bone turnover
markers. All published results support a bone formative
effect of RAASI. Increased ALP levels have been reported
in response to treatment with an ACEi [67], and treatment
with ARBs has been shown to increase OC [74, 76].
Moreover, decreased deoxypyridinoline levels have been
reported in response to treatment with both ACEi and ARB
[67, 74, T6].

In addition, bone turnover is increased compared to
controls in ATIR knockout mice, as assessed by mea-
surement of OC and CTx levels [57].

In summary, ATIR seems to regulate bone turnover and
bone mass. Pharmacological inhibition of ATIR by treat-
ment with ARB seems to improve bone density, trabecula
connectivity as well as fracture healing in non-osteoporotic
rodents. The effect seems to be most marked in ovariec-
tomized hypertensive animals, whereas findings from
studies in non-ovariectomized and non-hypertensive, as
well as male rodent, are inconclusive. ARB treatment
seems superior to ACEi treatment, and results on effects of
ACEi treatment are ambiguous.

Human Observational Studies

Fracture risk: In a large, Danish nationwide cohort study
from 2006, patients on treatment with ACEi (a small group
of ARB users was included in the ACEi group) had a
significantly reduced risk of any fracture (OR 0.93; 95 %
CI 0.90-0.96) as well as a 14 % reduced risk of hip frac-
tures (OR 0.86, 95 % CI 0.80-0.92) compared to popula-
tion-based controls [77].

A similar, recently published nationwide Korean cohort
study investigated effects of monotherapy with an antihy-
pertensive drug during a mean follow-up of 1.9 years [78].
Per 10.000 person-years, risk of fracture did not differ
between nonusers (152.2 95 % CI 148.7-155.7) and ARB
users (152.7, 95 % CI 145.4-160.4), but ACEi users had a
significantly increased risk of fractures (254.0 95 % CI
225.0-286.7).

Solomon et al. [79] studied 376,061 women on low in-
come with untreated hypertension for at least 1 year in a
“new user one medicament” design and assessed relative
fracture risk in the different groups of antihypertensive
drugs during a median follow-up time of 70 days. Com-
pared with patients starting treatment with a calcium
channel blocker, risk of fracture was significantly reduced
among patients treated with ARB (hazard ratio [HR] 0.76;
95 % CI 0.68-0.86) and thiazide diuretics (HR 0.85; 95 %
CI 0.76-0.97), whereas treatment with ACEi did not affect
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fracture risk (HR 1.03; 95 % CI (0.90-1.18). A difference
in risk of fracture between patients treated with ACEis and
ARBs is, however, not supported by the finding from an-
other population-based, retrospective cohort study by Butt
et al. [80]. Although unadjusted analyses showed a sig-
nificantly reduced risk of a major osteoporotic fractures in
patients treated with an ARB compared to patients treated
with an ACEi (HR 0.81; CI 0.70-0.93), no difference in
risk of fracture was found after adjusting for dose of
studied drugs [80]. Nevertheless, the study did find a sta-
tistically significant decreased risk of osteoporosis-related
fractures with increasing doses of either drugs studied [80].
In contrast, the study by Solomon et al. [79] showed no
dose—effect relationships.

Bone mineral density: Discrepant results have been re-
ported on effects of treatment with ACEi on BMD. In two
cross-sectional studies, treatment with ACEi was associated
with a significantly higher BMD in Chinese men and women
[81] and in American men [82], whereas another cross-sec-
tional study (also including Chinese patients) showed no
association between ACEi treatment and BMD [83]. In two
of the studies, follow-up was performed after at least 4 years
of treatment, showing an increased bone loss in American
men as well as in the Chinese women (but not in men) on
treatment with ACEi compared with the controls [82, 83].

Only very few data are available on effects of treatment
with ARB on BMD. In the study by Kwok et al. [82], BMD did
not differ between American men on treatment or not on
treatment with an ARB and changes in BMD during 4 years of
follow-up did not differ between treated and untreated men.

Human Intervention Studies

Injection of a single dose of captopril has been shown to
acutely decrease PTH as well as aldosterone levels in obese
vitamin D-deficient subjects [1].

In a randomized open-label study in which 134 hyper-
tensive patients with a non-osteoporotic BMD were treated
for 1 year with either quinapril, 40 mg/d, quinapril, 40 mg/
d plus hydrochlorothiazide 12.5 mg/d or enalapril 20 mg/d,
changes in BMD did not differ between groups [84].
However, quinapril increased plasma calcium levels with-
out affecting urinary calcium, levels of PTH or bone
turnover markers. In the study, ACE insertion/deletion (I/
D) polymorphisms were also analyzed, as polymorphism I
is negatively associated with ACE activity. Compared to
the DD genotype, II and ID genotypes had higher BMD at
baseline and treatment caused a decrease in BMD in
women but not in men [85, 86].

In summary, all human trials investigating bone outcome
report a osteoprotective [79, 80] or at least a non-harmful [78,
82] effect of ARB. Treatment with ACEi, on the contrary,
remains controversial. All longitudinal studies on ACEi

therapy have shown an increased bone loss in treated patients
[82, 83], whereas data on fracture risk are conflicting [77—
79]. The picture is further complicated by the fact that two
out of three cross-sectional analyses showed higher baseline
BMD in ACEi-treated patients compared to controls. Further
studies are needed to explain these contradictory findings.
ARB treatment seems superior to ACEi treatment in
animal as well as in human studies comparing the two drug
types [78, 79, 82]. It is likely that the ATIR is of impor-
tance to bone turnover and bone mass. Regarding the hu-
man studies, confounding by indication has, nevertheless,
to be considered. For example, ARB treatment was previ-
ously reserved to patients developing side effects to ACEis
because of a higher price and this might be a potential
confounder including a so-called healthy user effect.

Effects of MRA’s on Bone and Calciotropic
Hormones

Spironolactone and eplerenone are aldosterone antagonist,
and they work by blocking the mineralocorticoid receptor
(MR). Both drugs cause a secondary persistent increase in
the secretion of renin and aldosterone. MR as well as
glucocorticoid receptors are expressed by osteoblastic and
osteoclastic cells [86, 87]. Eplerenone is a new drug, and it
is considered more specific to the MR, as it has a lower
affinity for the progesterone, androgen and glucocorticoid
receptor [88]. Whether the two drugs act different on bone
metabolism has not yet been investigated.

Findings from Animal Experimental Studies

A rat model on SA has been developed by continuous in-
fusion of aldosterone (0.75 pg/h). This intervention has
been shown to promote SHPT and bone loss [39, 40, 42],
an effect which may be attenuated or prevented by
spironolactone treatment [39, 40, 42]. However, in rats
without SA, treatment with spironolactone (n = 5) was not
found to affect alveolar bone loss in the setting of ex-
perimental periodontitis [89].

Beneficial effects of eplerenone on bone have been re-
ported in a rat model on glucocorticoid induced osteopenia,
in which treatment with eplerenone increased trabecular
bone volume fraction as well as the connectivity, number
and thickness of trabecular compared to untreated control
animals [87].

Bone turnover markers have not been reported in any
rodent studies.

Findings from Human Studies

Very few data are available from human studies on effects
of MRA on bone. Only one case—control study has reported
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Fig. 1 Mechanisms of ACEi, ARB and MRA on the RAAS

on risk of fracture. In this study, 167 male cases with
chronic heart failure were matched by age and race to 668
controls without fractures [90]. After adjustment for po-
tential confounders, the study showed a decreased risk of
fracture in patients on treatment with spironolactone (OR
0.58; 95 % CI 0.35-0.96). The study did not allow for
analyses of dose—response relationships as the majorities of
patients were treated with less than 25 mg/d.

Recently, two cohort studies investigated bone outcome
in PA patients following treatment [38, 43]. In both studies,
medical (MRA) or surgical treatments are included, but
none of the studies distinguished between the two types of
treatment, as well as they did not report the proportion of
patients suffering from either APA or BAH.

In the study by Salcuni et al. [38], BMD at the lumbar
spine (n = 5) had increased significantly 1 year after the
treatment. Similarly, Ceccoli et al. [43] found an improved
BMD at the lumbar spine, femoral neck and total hip
(n = 40) after a median of 2 years of follow-up. Compared
with baseline values, Ceccoli et al. [43] also found an in-
crease in serum calcium levels with a concomitant decrease
in PTH levels following treatment, as well as CTX-I levels
tended to be lower and bone ALP higher following treatment.

It has to be noticed that patients suffering from APA
have more severe calcium and adrenal hormone abnor-
malities why the osteoprotective effect of treatment most
likely is most pronounced in this group. Therefore, it may
be that the reported improvements following treatment
only apply to the adrenalectomized patients.

Due to the anti-androgen effect of spironolactone, it may
also be used in the treatment of hirsutism. Three studies
have reported effects on bone of treatment with spirono-
lactone in hyperandrogenic women. In an open-label study,
women with polycystic ovary syndrome (PCOS; n = 41)
were randomized to 6 months of treatment with a
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gonadotropin-releasing hormone (GnRH) agonist alone or
in combination with spironolactone 100 mg/d [91]. Com-
pared with baseline values, women treated with a GnRH
agonist alone experienced a decreased BMD which was
prevented by co-treatment with spironolactone. However,
in another study on women with PCOS or idiopathic hir-
sutism (n = 43), 1 year of treatment with an oral contra-
ceptive in combination with spironolactone 50 mg/d did
not affect BMD compared with treatment with only oral
contraceptive. Finally, in a case series of 17 young women
with androgen excess, 1 year of treatment with spirono-
lactone 100 mg/d three out of 4 weeks in combination with
progestogen (linestrenol 7 days per months) was associated
with a significantly decreased BMD at the lumbar spine
[92].

In two of the studies, plasma levels of calcium and bone
turnover markers were measured and treatment did not
affect measured levels [91, 93]. However, a reduced uri-
nary calcium excretion was found in the study reporting a
bone beneficial effect of co-treatment with spironolactone
[91].

So far, only one randomized placebo-controlled trial has
been reported the effects of 6 weeks of treatment with
spironolactone 50 mg/d in a group of 32 obese normoten-
sive subjects [1]. Compared with placebo, spironolactone
increased serum calcium levels with a concomitant de-
crease in PTH levels. Furthermore, treatment caused a
borderline significant decrease in CTX levels compared
with placebo. Unfortunately, effects on urinary calcium
and BMD were not measured in the study.

In summary, few human data are available, and data on
BMD are only available in a highly selected group of pa-
tients suffering from either PA or hyperandrogenism.

BMD loss or osteoporosis might be a manifestation of
primary aldosteronism, and MRA treatment seems to im-
prove BMD. The renal calcium excretion is increased in
patients with PA. This is followed by a decrease in plasma
calcium and a compensatory increased PTH. Spironolactone
reverses those changes, and this might be the mechanism for
the BMD improvement following treatment.

Whether MRAs increase BMD in hyperandrogenic
women is not clear. In women with hirsutism, only a mi-
nority suffers from adrenal disorders. Spironolactone binds
to the androgen receptors, but in contrary to PA and SA, in
which aldosterone is considered the main pathogenic me-
diator, spironolactone does not threat the underlying con-
dition in most hyperandrogenic women. Accordingly, it
may be that only patients with pathologically elevated
concentrations of aldosterone benefit from antagonizing the
effects of the hormone. Unfortunately, no comparisons of
ACEi or ARB treated subjects exist, but it would be of
great interest to investigate MRA treatment in other
RAAS-related disorders to test this hypothesis.
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U-calcium/p-PTH

Bone turnover
markers

Bone mineral density

Fracture risk

Table 1 continued

Population
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(1]

Compared to placebo, PTH| approximate 12 % in

the MRA group.

Near

Obese, vitamin D

significantly
reduced CTx

insufficient

normotensives

MRA reduced total fracture risk,

Patients with congestive

OR (0.45, 95 % CI 0.308-0.749)

heart disease

If percentage changes between groups are not specifically stated in the papers, changes have been estimated for reported absolute values

LS lumbar spine, FN femoral neck, TN total neck

Table includes significant changes only

Discussion

Overall, emerging evidences suggest a complex and clin-
ical relevant interaction between the RAAS and cal-
ciotropic hormones. While a CVD protective and BP
lowering effect of vitamin D has been investigated for
decades, effects of RAASi on calcium homeostasis and
bone metabolism represent a new scientific area.

In most studies, effects of ACEi have been investigated,
as this drug is most commonly prescribed. Data on BMD as
well as fracture risk in ACEi treated subjects are, however,
conflicting. Contrary to previously published data, recent
publications suggest a detrimental effect of ACEi treat-
ment, and overall the findings are ambiguous. On the other
hand, ARB treatment seems to be superior to ACEi treat-
ment, as most studies report a reduced fracture risk and an
increased BMD in response to treatment. To explain those
findings, different mechanisms of action for ACEi and
ARB must be considered.

The ATIR is likely to play a central role as demon-
strated in a number of experimental studies. ARBs solely
block AT1R, whereas ACEis diminish the activity of AT1
as well as the less well characterized AT2R, see Fig. 1.

The aldosterone concentration might also be of impor-
tance. Although ACEs and ARBs reduce plasma aldos-
terone levels initially, an aldosterone (or Ang II)
breakthrough may occur during long-term therapy in up to
53 % of treated subjects, probably due to non-ACE en-
zymes capable of cleaving Ang I to Ang II or increased
renin concentration [94]. A lower prevalence of aldos-
terone (or Ang II) breakthrough in ARB treated subjects
may provide an explanation for the apparent different ef-
fects of ACEi and ARB on bone [95] (Table 1).

Finally, an increased inflammatory effect of ACEi
treatment must be considered, because ACE is a kinase,
and inhibition leads to increased kinins, known as in-
flammatory mediators [96].

In MRA treated subjects, levels of renin, Ang II and
aldosterone are increased, but the MR is antagonized.
MRA seems to improve BMD in hyperaldosterone sub-
jects, but whether this also applies to other patient cate-
gories is unclear and needs further investigation.

Whether a bone-protecting effect of RAASI, or at least
MRA and ARB treatment, is due to a reduced renal cal-
cium excretion because of a blood pressure lowering effect
or a reduced local RAAS activity per se has not been fully
clarified, but reviewing the literature suggests that both
mechanisms may be of importance.

Further long-term studies are needed to clarify the effect
of RAASI on bone health. This is of particular importance,
as RAASI, are widely prescribed worldwide why beneficial
as well as harmful effects may have large impact on bone
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health in the general population. Osteoporosis and osteo-
porotic fractures represent a major health problem, and the
overlapping pathogenesis and commonly existing comor-
bidity make RAASi and bone outcome an interesting fur-
ther research area.

In conclusion, considerable data support a physiologic
clinical important association between PTH and the adrenal
glands. Ang II, aldosterone and cortisol all negatively im-
pact bone health. It is likely that the ATIR is of importance
to bone turnover and bone mass. Available data suggest a
reduced fracture rate and increased BMD in patients treated
with ARB, whereas treatment with ACEi may cause op-
posite effects.

MRA treatment seems to be beneficial to bone in pa-
tients with adrenal abnormalities, but it is unknown whe-
ther this also applies to other individuals.
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