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Letter to the Editor

use. Exclusion of the patients with cancer-related hem-
orrhage did not fundamentally influence the analytical

" results (data not shown).

This small case~control study showed no association
of admission as a result of gastrointestinal hemorrhage
with the use of antithrombotic drugs or aspirin among
older patients. As most of the patients were managed by
geriatricians in our department, the finding might be
limited to the particular facility or cohort, but might not
be extended to the general population. It is suggested,
however, that geriatricians can make an appropriate
decision on the indication and management of anti-
thrombotic drugs for older patients. Although no
studies have shown comparable findings in terms of
gastrointestinal bleeding, geriatric evaluation and man-
agement has been reported to be effective to reduce
serious adverse drug events.* A recent review on the
management of antiplatelet agents® also recommended
comprehensive strategies to reduce the risk of hemor-
rhagic complications. Prospective studies with a large
sample size are required to confirm this issue. Never-
theless, it is certain that the use of antithrombotic medi-

cations should be carefully determined by considering
the risk/benefit balance of each patient.
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Hormonal effects on blood vessels

Masahiro Akishita! and Jing Yu?

The incidence of cardiovascular disease (CVD) is lower in younger women than in men of the same age, but it increases after
menopause, implicating the atheroprotective action of endogenous estrogen. Although observational studies have suggested the
efficacy of estrogen therapy in postmenopausal women, placebo-controlled, randomized trials, such as the Women’s Health
Initiative, have not confirmed effects of estrogen therapy on CVD. Conversely, basic, experimental research has progressed and
provided mechanistic insight into estrogen’s action on blood vessels. By contrast, the vascular effects of androgens remain
poorly understood and have been controversial for a long time. In recent years, an increasing body of evidence has suggested
that androgens may exert protective effects against the development of atherosclerosis, at least in elderly men. Epidemiological
studies have shown that the incidence of and mortality due to CVYD were increased in elderly men with low testosterone levels,
although the efficacy of androgen therapy remains unknown. Furthermore, recent experimental studies have demonstrated the

direct action of androgens on the vasculature. In this review, we illustrate the effects of sex steroids on the cardiovascular
system, focusing on the action of testosterone on the blood vessels.
Hypertension Research advance online publication, 2 February 2012; doi:10.1038/hr.2012.4
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INTRODUCTION

Since the 1940s, it has been recognized that sex steroids have
important roles in the cardiovascular system.!” A number of epide-
miological studies have shown that sex differences are apparent in the
incidence of atherosclerotic disease. The incidence of cardiovascular
diseases (CVDs), such as hypertension and coronary artery disease, is
lower in younger women than in men of the same age.’> However, it
rises after menopause and, with age, catches up to that among
men. These phenomena have been explained by the atheroprotective
action of endogenous estrogen and its deprivation in postmenopausal
women. In the past 20-30 years, many studies have suggested the
efficacy of hormone replacement therapy (HRT) in postmenopausal
women for the prevention of CVD and the putative vasoprotective
effects of estrogen. However, reports from the Heart and Estrogen-
Progestin  Replacement Study (HERS)® and the Women’s
Health Initiative (WHI)” denied the efficacy of estrogen therapy
in CVD.

By contrast, the actions of androgens on the cardiovascular system
remain unclear. In the process of atherosclerosis, androgens may exert
complex effects on vessel walls. Both beneficial and detrimental effects
have been reported. For many years, it was widely believed that
androgens have unfavorable roles in the development of atherosclero-
sis. Recently, however, the link between androgen deficiency and
atherosclerosis has been demonstrated in a number of studies.510
Various epidemiological and experimental studies have also demon-
strated that androgens exert beneficial influences on CVD via the
direct and indirect action of androgens on the blood vessels.

As the effects of estrogen on the cardiovascular system have been
extensively studied and reviewed,!"'4 we allocated a small portion of
our research to estrogen, highlighting recent developments. A larger
part of this review focuses on androgens, particularly testosterone, to
discuss the biological role of testosterone in vascular physiology and
pathology in aging men.

ACTION OF ESTROGEN ON THE CARDIOVASCULAR SYSTEM
Effects of estrogen on cardiovascular risk factors

A number of studies have reported that estrogen therapy in post-
menopausal women decreases the serum levels of both total and low-
density lipoprotein cholesterol while raising high-density cholesterol
and triglycerides, primarily by influencing the expression of hepatic
apoprotein genes.!1!5 Also, estrogen inhibits the lipid peroxidation of
low-density lipoprotein in vitro and in vivo.'%17 Furthermore, estrogen
can modulate glucose metabolism and prevent other risk factors for
CVD, such as obesity (Table 1).181°

Direct vascular action of estrogen

Two estrogen receptor (ER) subtypes, ERo and ERP, have been
identified and are expressed in the vasculature, and experimental
studies have demonstrated the vasodilator effects of estrogen/ER
through their action on the endothelium, smooth muscle and
extracellular matrix. Estrogen enhances endothelium-dependent
vasorelaxation via increased release of nitric oxide (NO),22? endothe-
lium-derived hyperpolarizing factor?® and PGI,?»* and decreased
production of endothelin-1 (Table 1).26 Several studies have demon-
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Table 1 Anti-atherosclerotic effects of estrogen

Risk factors Vascular action

Lipid metabolism Endothelium-dependent vasorelaxation

HDL cholesterol t Nitric oxidet
DL cholesterol | Endothelin-1}
Lp(a)] EDHFt
Anti-oxidant PGl> 1
Glucose metabolism Inhibition of EC apoptosis
Anti-obese Endothelium-independent vasorelaxation

Calcium antagonistic
Inhibition of VSMC migration/proliferation

Abbreviations: EC, endothelial cell; EDHF, endothelium-derived hyperpolarizing factor; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; VSMC, vascular smooth muscle cell.

strated that estrogen inhibits calcium influx*’?® and stimulates
calcium efflux® in vascular smooth muscle cells (VSMCs), leading
to endothelium-independent vasodilation. Moreover, estrogen inhibits
neointima formation in response to balloon injury®®*! and perivas-
cular cuff placement®® Endothelial regeneration,® inhibition of
endothelial apoptosis®™ and inhibition of VSMC migration and
proliferation®? may account for the inhibitory effects of estrogen on
neointima formation. Analyses of knockout mice for ERa and
ERB have provided more information regarding the molecular
mechanism of estrogens action on the blood vessels.® Recent
progress in nuclear receptor research has also clarified the
non-genomic action of estrogen on the vasculature,! such as the
direct interaction of ERo with the regulatory subunit of phosphati-
dylinositol-3-OH kinase.?

Role of the novel ER G protein coupled receptor 30 (GPR30) in the
cardjovascular system

In addition to the two classical ER subtypes, ERa and ERf, a third
membrane-bound and G-protein-coupled ER, GPR30, has been
identified in human vascular endothelial cells (ECs) and smooth
muscle cells.>6-38 Haas et al.37 reported that G-1, a selective stimulator
of GPR30, acutely blocked vasoconstrictor-induced changes in intra-

cellular calcium concentrations and vascular tone, resulting in low-

ering of blood pressure in normotensive rats. Similar vasodilator
effects of GPR30 have been confirmed in other studies 4l It
has also been reported that stimulation of GPR30 blocks VSMC
proliferation.3742

The vasodilator action of G-1 may be mediated by NO-indepen-
dent*® and NO-dependent®”3%%0 pathways; the latter involves GPR30-
induced endothelial NO synthase (eNOS) phosphorylzﬂion.43 Also, G-
1 decreases nicotinamide adenine dinucleotide phosphate-stimulated
superoxide production by the carotid and intracranial arteries,
indicating the scavenging effects of GPR30 on superoxide anions.>
In the heart, G-1 reduces ischemia/reperfusion injury and preserves
cardiac function through the phosphatidylinositol 3-kinase/Akt and
extracellular signal-regulated kinase pathways and by eNOS phosphor-
ylation.*4*> Treatment with G-1 for 2 weeks reduced the expression of
angiotensin II type 1 receptor and angiotensin-converting enzyme.*°
The non-selective ER antagonist ICI 182780 and selective ER mod-
ulators, such as tamoxifen and raloxifene, have been shown to act as
GPR30 ligands.46 Moreover, both GPR30 and ER are required for
estrogen action in some situations, whereas GPR30 can act alone in
the absence of ER,*#7 suggesting a complex network between GPR30
and ER.
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HRT and CVD
Observational studies have suggested that HRT decreases the risk of
CVD in postmenopausal women.*>*° However, large-scale, placebo-
controlled, randomized trials, such as the HERS® and the WHI, did
not confirm the findings of the observational studies. In the WHI,
HRT with conjugated equine estrogen plus medroxyprogesterone
acetate increased the incidence of CVD instead, particularly in
women older than 60 years of age, although women who started
HRT soon after menopause tended to have a decreased risk for
coronary heart disease.”®

Additional data from other studies have supported the concept that
the vasoprotective effects of estrogen are evident only when hormone
therapy is initiated soon after the onset of menopause and before the
development of atherosclerosis. In a meta-analysis of hormone ther-
apy, CVD mortality was lower in younger women on hormone
therapy (mean age of 55 years old) than in age-matched controls.’!
Women aged 50-59 years who were enrolled in the conjugated equine
estrogen trial of the WHI had significantly lower scores for coronary
artery calcification 8.7 years after randomization than with placebo.5?

Two ongoing clinical trials, the Kronos Early Estrogen Prevention
Study>® and the Early Versus Late Intervention Trial with Estradiol
Study (available at http:/clinicaltrials.gov/ct2/show/NCT00114517;
accessed 16 November 2011), were designed to examine the timing,
dosage, route and limited duration of administration on patients’
cardiovascular outcomes and to prove the benefits of HRT in athero-
sclerosis when HRT is initiated soon after menopause. In the near
future, these trials will provide additional insight into HRT and
cardiovascular health in younger postmenopausal women.

ASSOCIATION OF LOW TESTOSTERONE LEVELS WITH CVD
Plasma testosterone levels decrease with aging, and >20% of healthy
men older than 60 years of age have testosterone levels below the
standard range in young men aged 20-30 years.’**> Lower testoster-
one levels are associated with cognitive dysfunction, muscle weakness,
anemia, osteoporosis, mood disturbances and impaired general and
sexual health in aging men.>> Recently, many studies have demon-
strated the relationship of testosterone with CVD, indicating a
consistent inverse relationship between endogenous testosterone and
adverse cardiovascular events.

A case~control study among 117 Indian men aged 30-60 years with
old myocardial infarction showed that testosterone concentrations
were significantly lower in the patients with myocardial infarction
than in the control subjects.”® Similar results were reported in men
with acute myocardial infarction.®® Cross-sectional results from the
Massachusetts Male Aging Study (1709 men aged 40~70 years) showed
that serum total and free testosterone levels bear an inverse relation-
ship with CVD, independent of cardiovascular risk factors.%® Recently,
epidemiological studies have found that low testosterone levels are a
predictor of all-cause and cardiovascular mortality in elderly men.61:62
These findings were followed by studies investigating the incidence of
CVD and testosterone levels.5>% According to these observations,
endogenous testosterone appears to exert beneficial effects on the
cardiovascular system.

ASSOCIATION OF LOW TESTOSTERONE WITH SURROGATE
MARKERS OF ATHEROSCLEROSIS

The mechanisms underlying the epidemiological associations of low
testosterone with CVD are complex and poorly understood. However,
it is assumed that endogenous testosterone has physiological effects on
the blood vessels and exerts atheroprotective effects. Actually, an
increasing body of evidence has shown that low levels of endogenous



androgens are associated with atherosclerosis progression in elderly
men. Carotid artery intima-media thickness, a common marker of
clinical and subclinical atherosclerosis, has been shown to be
correlated inversely with testosterone levels.®%7 Demirbag et al%®
reported a similar finding by examining the intima thickness of the
thoracic aorta in older men. Similarly, in the Rotterdam Study
population, Hak et al.% demonstrated that both bioavailable and
total testosterone levels were negatively associated with calcified
deposits in the abdominal aorta in men older than 55 years of age.

Arterial stiffness, measured as pulse wave velocity or augmentation
index, is a predictor of cardiovascular events.”® Yaron et al.”! reported
that age- and blood pressure-adjusted pulse wave velocity was sig-
nificantly higher in hypogonadal men. Similarly, low testosterone
levels in male hemodialysis patients were associated with increases
in pulse wave velocity and CVD mortality.”? Clinical and preclinical
evidence exists linking endothelial dysfunction to androgen deficiency.
In 187 Japanese men aged 47 £ 15 (s.d.) years, flow-mediated dilata-
tion of the brachial artery, a reliable marker of endothelial function,
was positively correlated with plasma testosterone levels, independent
of other atherosclerosis risk factors.”> Comparable results were
reported from Europe’ and specifically from Turkey.”>

CLINICAL EFFECTS OF ANDROGEN REPLACEMENT THERAPY
As early as the 1940s, Lesser* demonstrated that testosterone admin-
istration alleviates symptoms and ECG abnormalities in men with
angina. Subsequent studies have shown that short-term testosterone
administration in men with coronary artery disease results in coronary
artery dilation and resistance to ischemia. Indeed, testosterone infu-
sion into the coronary arteries induces vasodilation,”® and intravenous
administration of testosterone reduces the exercise-induced ischemic
response in men with stable angina.””’® Purthermore, acute admin-
istration of testosterone in men with chronic heart failure reduces
peripheral vascular resistance and cardiac afterload, resulting in an
increased cardiac index.”® Chronic administration of testosterone
also improves functional capacity and symptoms in heart failure
patients.5

Several reports have shown that testosterone administration
improves arterial stiffness and endothelial vasomotor function in
men. Testosterone replacement in hypogonadal men results in acute
(481h) and chronic (3 months) decreases in pulse wave velocity.”! It
was also reported that testosterone replacement in men with coronary
heart disease and low plasma testosterone decreased radial and aortic
augmentation indices.®! Acute intravenous infusion? and 8-week oral
administration of testosterone®> improved flow-mediated vasodilation
of the brachial artery.

Testosterone therapy in hypogonadal men with type 2 diabetes
mellitus suppressed the production of inflammatory cytokines by
circulating monocytes.® A randomized, placebo-controlled, double-
blind trial of 184 men with hypogonadism and metabolic syndrome
showed that intramuscular administration of testosterone undecano-
ate decreased plasma levels of interleukin-1p, tumor necrosis factor-o
and C-reactive protein in association with reductions in body mass
index and waist circumference, while interleukin-6 and interleukin-10
did not change significantly.®®

Taken together, testosterone administration, at least in hypogonadal
men, may have a favorable vascular effect, including endothelium-
dependent or -independent vasodilation and reduction of arterial
stiffness and inflammatory markers. In contrast, the effects of testos-
terone replacement on the progression of carotid intima-media
thickness or other atherosclerotic lesions, as well as on CVD risk,®
are unknowi.
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DIRECT EFFECTS OF TESTOSTERONE ON VASCULAR WALLS
Risk factors, such as metabolic syndrome, may partly explain the
association of low testosterone with CVD. As the relationship between
testosterone and metabolic syndrome has been extensively
reviewed, 5788 this section focuses on the direct effects of testosterone
on the vascular wall and the underlying molecular mechanism.

As mentioned above, testosterone therapy can improve vascular
function. and several markers of atherosclerosis in men. Therefore,
vascular ECs, VSMCs and macrophages may be targets of androgen’s
actions. Indeed, androgen receptor (AR) has been shown to be
expressed in these cells.?*!

Effects of testosterone on animal models of atherosclerosis and
neointima formation

It has been demonstrated that the administration of testosterone in
castrated male rabbits that were fed a high-cholesterol diet reduced
aortic atherosclerosis, largely independent of plasma lipids.">** In
addition, neointima formation after coronary balloon injury in swine
was increased by castration and was reversed by testosterone replace-
ment** Regarding the role of AR, conflicting findings have been
reported. Nathan ef al® demonstrated the inhibitory effects of
testosterone on fatty streak formation in castrated low-density
lipoprotein receptor-deficient male mice, but the effects of testoster-
one were abrogated by treatment with an aromatase inhibitor,
suggesting that estradiol converted from testosterone had a major
role. Conversely, Qiu et al’! showed that nonaromatizable dihydro-
testosterone suppressed atherosclerosis formation in castrated male
rabbits, indicating a role for AR. Exaggerated vascular remodeling in
AR-deficient mice, in response to angiotensin II infusion, also suggests
an important role for AR.% A recent study by Bourghardt et al.”” may
provide a hint in addressing this issue. They administered testosterone
in AR-deficient mice with apolipoprotein E-deficient backgrounds and
showed that testosterone reduced atherosclerotic lesions, both in
AR-deficient and castrated wild-type male mice, but testosterone
was less effective in AR-deficient mice, suggesting AR-dependent
and -independent mechanisms.

Effects of testosterone on ECs

Several reports have implicated the effects of testosterone on endothe-
lial regeneration. Cai et al.”® demonstrated that testosterone induced
time- and dose-dependent proliferation of human aortic ECs via an
AR-dependent pathway. In young hypogonadal men, low testosterone
levels were associated with a small number of endothelial progenitor
cells,?® and testosterone replacement was able to increase the number
of progenitor cells.!% The synthesis and release of vasoactive sub-
stances by EC may have a role in these effects. Of the substances
synthesized by EC, NO is a critical molecule that regulates vascular
tone and atherosclerosis, and it is a major target of testosterone. It has
been reported that testosterone-induced endothelium-dependent
vasodilation is mediated in part by NO.}®! We recently demonstrated
that testosterone rapidly induces NO production via AR-mediated
activation of eNOS in human aortic ECs.3 Furthermore, we showed
that AR directly interacts with the p85 subunit of phosphatidylinositol
3-kinase, resulting in phosphorylation/activation of Akt/eNOS signal-
ing. Taking together with our preliminary observation about the
involvement of extracellular signal-regulated kinase 1/2 signaling and
[Ca2+]i in AR-dependent eNOS activation, quite similar signaling
pathways to those for estrogen can be proposed for testosterone
(Figure 1), although some of these pathways should be verified in
further studies. The genomic action of testosterone in ECs has not
been studied extensively.

w
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Figure 1 Signal transduction pathways of eNOS activation by estradiol and
testosterone in vascular endothelial cells. AR, androgen receptor; E2,
estradiol; eNOS, endothelial NO synthase; ERo, estrogen receptor o; ERK,
extracellular  signal-regulated  kinase; NO, nitric  oxide;  PI3K,
phosphatidylinositol 3-kinase; T, testosterone. Dotted curves indicate the
plasma membrane. Dotted arrows indicate probable but undetermined
pathways.

It has been reported that testosterone increases the number of ECs
secreting endothelin-1,1%% although its contribution to the modulation
of vascular tone and of CVD is unknown. Testosterone at physiolo-
gical concentrations seems to have a beneficial influence on the
hemostatic system through tissue plasminogen activator expression
and inhibition of plasminogen activator inhibitor type 1 secretion by
human umbilical vein ECs.!%

Effects of testosterone on VSMCs
Most of the rapid vasodilator effects of testosterone are endothelium
independent and thus are attributable to its action on VSMCs.
In particular, vasodilator responses to pharmacological concentrations
of testosterone seem to be AR independent. Yue et all% reported
that the relaxing response of rabbit coronary arteries to testosterone
was significantly inhibited by the potassium-channel inhibitor barium
chloride but not by the inhibition of NO synthesis or by removal
of the endothelium. Several groups have shown that testosterone
inhibits the agonist-induced rise of [Ca2+]i in VSMCs, as has been
documented for estrogen. Crews and Khalil*® reported that testoster-
one at supra-physiological doses (10-100pmoll™) significantly
suppresses the vasoconstriction of porcine coronary artery strips
induced by prostaglandin F2« or by KCl, in parallel with the inhibition
of Ca2+ entry. Hall et al.1% demonstrated, using the A7r5 VSMC
cell line, that testosterone and dihydrotestosterone selectively sup-
pressed Ca2+ entry via L-type Ca2+ channels. Similar results have
been reported in different experimental conditions by other
groups.106-108

The involvement of potassium channels in testosterone-induced
vasodilatation has also been studied by many researchers.09-111
Cairrao et all1? reported that an AR antagonist, flutamide, and an
adenosine triphosphate-sensitive potassium-channel inhibitor, gliben-
clamide, had no influence on the testosterone relaxant effect, whereas
a voltage-sensitive potassium-channel inhibitor, 4-aminopyridine,
decreased this effect of testosterone. Opening of voltage-sensitive
potassium channels induces hyperpolarization of the plasma mem-
brane, which in turn may lead to the closing of L-type Ca2+ channels.
These pharmacological studies, most of which used chemical inhibi-
tors, may be strengthened by studies employing molecular-targeting
strategies.
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Accumulation of VSMCs in damaged vascular layers is a critical
process in the development of atherosclerosis and is closely related to
hypertension and its complications. Many, but not all, of the previous
studies indicated that testosterone might inhibit VSMC growth. Hanke
et al.!'® reported, using an ex vivo organ culture system, that testoster-
one at 10-100ngml™! significantly inhibited neointima formation in
association with increased expression of AR in endothelium-denuded
rabbit aortic rings after 21 days of incubation. Somjen et al.'** demon-
strated the dose-dependent inhibitory effects of dihydrotestosterone and
membrane-impermeable testosterone on DNA synthesis in cultured
VSMCs derived from the human umbilical artery, suggesting a role for
membrane AR. The above-mentioned study by Tharp et al%* showed
that the expressions of protein kinase C delta and p27 (kipl) were
increased in coronary artery sections of testosterone-treated swine.

Androgen-responsive genes directly regulated by AR in VSMCs
have not been determined, except for AR itself. However, we recently
found that growth arrest-specific gene 6 was transactivated by testos-
terone in human VSMCs via binding of AR to the promoter region of
the growth arrest-specific gene 6.° In this study, testosterone inhibited
inorganic phosphate-induced VSMC apoptosis, leading to' the sup-
pression of VSMC calcification. To further elucidate the mechanism
underlying the effects of testosterone on the cardiovascular system,
identification of androgen-responsive genes in VSMCs, as well as in
ECs, is required in future studies.

Natoli et al.'> investigated, using human aortic VMSCs, and found
that testosterone significantly reduced collagen and fibrillin-1 deposi-
tion, while it had no effect on elastin. They also found that testoster-
one increased the expression of matrix metalloproteinase-3, which has
an important role in vascular remodeling.

POSSIBLE HARMFUL EFFECTS OF TESTOSTERONE ON
BLOOD VESSELS

Although many studies have shown the beneficial effects of testoster-
one on the blood vessels, as mentioned above, other studies have
suggested that long-term administration of testosterone may elicit
harmful effects, especially vasoconstriction via upregulation of throm-
boxane A2,' norepinephrine synthesis,!'” angiotensin II'8 and
endothelin-1.192 It has been also reported that testosterone accelerates
vascular remodeling!!® and stimulates renal prohypertensive processes,
including the renin—angiotensin—aldosterone system.!?® Recent meta-
analyses have revealed that CVD events were not different between
testosterone and placebo groups,®1?! indicating the complexity of
testosterone therapy, as was shown for estrogen therapy in women.

TESTOSTERONE DEFICIENCY AND CVD IN WOMEN

An age-related reduction in circulating levels of androgens occurs in
women as well.'?> However, it is unclear whether this decline adversely
affects vascular health in women. Higher serum testosterone concen-
trations, within the physiological range, have been associated with
lower carotid intima-media thickness,!** suggesting potential protec-
tive effects of endogenous testosterone on cardiovascular health in
pre- and postmenopausal women. Conversely, it is well known that
women with polycystic ovary syndrome, who exhibit high androgen
levels, are at a higher risk for CVD. Some studies have reported that
high testosterone is associated with an adverse CVD risk factor profile
in postmenopausal women, irrespective of polycystic ovary syn-
drome.*"?* Polymorphism of the (CAG)n repeat of the AR gene
was associated with CVD and risk factor profiles in postmenopausal
women.'?® Thus far, evidence is lacking for an association of testos-
terone with CVD events in women, and it is uncertain whether
testosterone could be used as a postmenopausal hormone therapy.



CONCLUSION

In this review, we illustrated the sex hormones effects on the
cardiovascular system, focusing on the action of testosterone on the
blood vessels. Endogenous androgens, as well as estrogen, may display
favorable effects on the vasculature, but whether HRT protects aging
men and women from CVD is still unknown. Although testosterone
administration seems to have diverse or contradictory effects in
younger men and women, androgen therapy may provide hope for
elderly hypogonadal men. This issue will remain unclear unless clinical
trials of testosterone therapy are conducted. Also, progress in basic
research on hormonal effects on blood vessels is essential to under-
standing the role of sex hormones in the development of CVD.
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Polypharmacy as a risk for
fall occurrence in
geriatric outpatients

Taro Kojima,' Masahiro Akishita,' Tetsuro Nakamura,? Kazushi Nomura,
Sumito Ogawa,’ Katsuya Iijima,’ Masato Eto' and Yasuyoshi Ouchi’

"Department of Geriatric Medicine, Graduate School of Medicine, University of Tokyo, and *Research
Institute of Aging Science, Tokyo, Japan

Objective: To investigate the predictors of falls, such as comorbidity and medication, in
geriatric outpatients in a longitudinal observational study.

Methods: A total of 172 outpatients (45 men and 126 women, mean age 76.9 + 7.0 years)
were evaluated. Physical examination, clinical history and medication profile were obtained
from each patient at baseline. These patients were followed for up to 2 years and falls
were self-reported to their physicians. The factors associated with falls were analyzed
statistically.

Results: A total of 32 patients experienced falls within 2 years. On univariate analysis,
older age, osteoporosis, number of comorbid conditions and number of drugs were
significantly associated with falls within 2 years. On multiple logistic regression analysis,
the number of drugs was associated with falls, independent of age, sex, number of
comorbid conditions and other factors that were significantly associated in univariate
analysis. A receiver-operator curve evaluating the optimal cut-off value for the number of
drugs showed that taking five or more drugs was a significant risk.

Conclusion: In geriatric outpatients, polypharmacy is associated with falls. Intérvention
studies are needed to clarify the causal relationship between polypharmacy, comorbidity
and falls. Geriatr Gerontol Int 2011; ee: es—ce,

Keywords: bone/musculo-skeletal, elderly, falls, geriatric medicine, internal medicine,

polypharmacy.

Introduction might be risk factors for falls. Falls in patients on medi-
cation are complicated, because some drugs, such as

Previous studies have assessed the risk factors for falls in aspirin, can cause serious bleeding when they have inju-

community-dwelling elderly,® but not in geriatric out- rious falls, and others, such as antihypertensive* and

patients, and history of falls, physical ability and living hypoglycemic®® agents, can cause falls.

environment were found to be predictors of falls. Out- Previously, we reported that polypharmacy was asso-

patients have different characteristics from community- ciated with the tendency for falls using four indices of

dwelling elderly, and previous studies have not assessed fall tendency in a cross-sectional setting in geriatric

whether medical comorbidity and therapeutic drugs outpatients,” though that study did not evaluate fall

occurrences, and also not in a longitudinal manner.
Therefore, we aimed at investigating whether polyphar-
Accepted for publication 19 October 2011. macy was predictive of fall occurrences in a prospective
Correspondence: Dr Masahiro Akishita MD PhD, Department f?Shlon' For this purpose, we followed geriatric outpa-
of Geriatric Medicine, Graduate School of Medicine, The tients 'for u? to 2 years, and assessed whether polyphar-
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo macy is a risk for fall occurrence, together with other
113-8655, Japan. Email: akishita-tky@umin.ac.jp risks.
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The validity of two novel indices of fall tendency, the
22 items fall risk index® and the 13 points simple screen-
ing test,® which were used in our previous study, have
been confirmed in community-dwelling elderly, but not
in geriatric outpatients. Therefore, in the present inves-
tigation, the association of these two indices with falls
was also evaluated to confirm their validity in geriatric
outpatients in a longitudinal study.

Methods

Patients

From 2006 to 2007, a total of 190 consecutive patients
aged 65 years or older who were receiving treatment for
chronic diseases, such as hypertension, dyslipidemia,
diabetes and osteoporosis, who were seen every
2-4 weeks at the outpatient clinic of the Research Insti-
tute of Aging Science, Tokyo, were enrolled. All the
patients were able to walk independently and their con~
dition was stable. Patients who had acute illness or overt
dementia were excluded. Anthropometric and medical
information including past history of stroke, myocardial
infarction, malignancy and .prescribed drugs was
obtained from each patient at baseline from the medical
chart recorded by the physician in charge. However, 18
patients were excluded, because they were lost to follow
up soon after enrolment and the medical information
was not fully obtained. All prescribed drugs had not
been changed in the included patients for at least
2 months before enrolment. The patients were followed
up for 2 years.

Occurrence of falls

During the follow-up period, the patients and their
family members responded to the annual questionnaire
asking about the occurrence of falls within the past year.
The questionnaire was repeated for 2 years.

Indices of fall tendency

After enrolment, the patients were examined for two
indices to investigate the fall tendency. These were (i) a
questionnaire of the 22 items portable fall risk index;?
and (ii) the 13 points simple screening test to assess the
fall tendency.?

Ethical consideration

The present study was approved by the Institutional
Review Board of the Research Institute of Aging
Science. We obtained written consent from all partici~
pants and/or their guardians.

Data analysis and statistical methods

Values are expressed as mean + standard deviation.
In order to analyze the relationship between falls and

comorbidity or drugs, variables were compared using
Student’s #-test or y>-test as appropriate. Significant
factors found in univariate analysis were included in
multivariate logistic regression analysis to determine
the association of falls with other variables. Receiver—
operating curve (ROC) analysis was carried out to iden-
tify the optimal cut-off value of the number of drugs
for predicting falls within 2 years. The value with the
highest sum of sensitivity and specificity was used as the
optimal cut-off value. Logistic regression analysis was
carried out to assess the validity of the two indices of fall
tendency, adjusted by age and sex. P-values <0.05 were
considered statistically significant. Data were analyzed
using JMP version 8.0.1 (SAS Institute, Cary, North
Carolina, USA).

Results

Baseline medical information and two indices of fall
tendency were evaluated in 172 patients (Table 1).
Drugs prescribed in less than 5% of the patients are not
shown. Because only patients who were in a stable
condition and were able to walk independently were
included, patients with Parkinson’s disease, severe
paresis or painful arthralgia were not included. Calcium
channel blockers prescribed in the present study
were all long-acting agents, and the prescribed aspirin
dosage was 100 mg in all cases. Only a few patients were
receiving insulin therapy, sulfonylureas, angiotensin
converting enzyme inhibitors, B-blockers, a-blockers,
non-steroidal anti-inflammatory drugs or anticoagu-
lants. No patients were taking neuroleptics or antipar-
kinsonian drugs.

After 1 year, all patients, except for one who died of
congestive heart failure, were followed up (n=171,
follow-up rate 99.4%). Falls occurred in 22 patients.
Only a higher age was associated with falls within 1 year
on univariate analysis (non-fallers: 76.4+ 6.8 years,
fallers: 81.0 £ 6.9 years, P =0.004).

After another year (2 years after enrolment), one
patient had died of lung cancer, and five patients were
lost to follow up. A total of 165 patients were evaluated
(follow-up rate 95.9%), and 10 patients had fallen
during the second year; thus a total of 32 patients had
fallen within 2 years. As shown in Table 2, higher
age, osteoporosis, number of comorbid conditions and
number of drugs were significant factors associated with
falls. To determine the association of falls with these
significant factors, multivariate logistic regression
analysis was carried out, and as shown in Table 2, the
number of drugs was the only factor that was signifi-
cantly associated with falls within 2 years.

As polypharmacy was assumed to be a risk for falls
within 2 years, the cut-off of the number of the drugs
was analyzed. Figure 1 shows the ROC curves to define
the optimal cut-off point in relation to falls within
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Table 1 Characteristics and univariate analysis of association with fallers and non-fallers within 2 years and risk

factors
Total Non-fallers Fallers P-value (Fallers vs.
(n=133) (n=232) Non-fallers)
Age (years) 77.0+£7.0 76.3£6.9 80.0+6.9 0.007
Body mass index (kg/cm?) 22.7+3.2 22.7+£3.3 22.7+£3.1 0.98
No. comorbid conditions 1.9+1.1 1.8+ 1.1 23109 0.009
No. drugs 3.2+2.8 2.8+2.7 49425 <0.0001
Female (n=122) - 72.9% 78.1% 0.66
Hypertension (1 = 106) - 62.4% 71.8% 0.41
Dyslipidemia (n = 76) - 47.3% 40.6% 0.56
Diabetes (n = 23) - 12.8% 18.8% 0.40
Osteoporosis (n=59) - 30.8% 56.3% 0.01
History of stroke (7 = 6) - 2.3% 9.4% 0.09
History of myocardial infarction (= 3) - 0.8% 6.3% 0.10
History of cancer (n = 8) ; - 5.3% 3.1% 0.99
Calcium channel blocker (z = 59) -~ 33.3% 46.9% 0.16
Angiotensin II receptor blocker (n = 56) - 33.3% 37.5% 0.68
Statin (n = 40) - 23.5% 28.1% 0.65
Aspirin (z =31) - 19.0% 24.1% 0.61
Bisphosphonate (n = 9) - 4.6% 9.4% 0.38
H2-blocker (n=19) - 3.8% 12.1% 0.80
Proton pump inhibitor (n=11) - 5.3% 12.1% 0.23
16.7% 28.1% 0.14

Hypnotic (n=31) -

Values are expressed as mean = SD (n = 165).

Table 2 Logistic regression analysis of association of falls within 2 years with age, sex, other significant factors

found in univariate analysis, and polypharmacy

Adjusted odds Adjusted odds

Unadjusted odds
ratio (95% CI)

ratio (95% CI)

ratio (95% CI)

Age (/1 year)
Sex (male = 0, female = 1)
Osteoporosis (=0, Y=1)

No. comorbid conditions (/disease)

1.08 (1.03-1.13)F
1.39 (0.56-3.48)

3.12 (1.43-6.84)1
1.63 (1.14-2.32)*
1.29 (1.12-1.48)*

1.06 (0.99-1.13)
0.98 (0.29-3.23)
2.76 (0.92-7.38)
0.90 (0.55-1.47)
1.30 (1.08-1.57)*

1.06 (0.99-1.13)
0.75 (0.23-2.38)
3.02 (0.96-6.15)
0.99 (0.62-1.56)

No. drugs (/drug)
Five or more drugs (n=0,Y =1)

5.04 (2.25-11.3)* -

4.50 (1.66-12.2)*

#*P < 0.05, TP < 0.005, #P < 0.0005. CI, confidence interval.

2 years: the area under the ROC was 0.731, and the
optimal cut~off value of the number of drugs was five
(sensitivity 0.576, specificity 0.788). Logistic regression
analysis showed that taking five or more drugs was
significantly associated with an increased risk of falls
(odds ratio 4.5, 95% CI 1.7-12.2) after adjustment for
age, sex, osteoporosis and number of comorbid condi-
tions (Table 2).

Also, the association between falls and two indices of
fall tendency was evaluated to confirm the validity of
each index in geriatric outpatients. As both indices
included the questionnaire asking whether patients

© 2011 Japan Geriatrics Society

were “taking five or more drugs,” the number of drugs
was excluded from this analysis because of duplication
in the statistical model. As shown in Table 3, the 22
items fall risk index showed a tendency towards an
association with falls within 2 years, odds ratio 1.12
(95% CI 1.00-1.26; P=0.05), whereas the 13 points
screening test was significantly associated with falls after
adjustment for age, sex and other factors significantly
associated in the univariate analysis. Therefore, these
indices are considered to be good predictors of falls in
geriatric outpatients, as has been shown in community-
dwelling elderly subjects.
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Figure 1 Receiver-operating curves to define optimal
cut-off value of number of drugs at baseline in relation
to falls within 2 years. Area under the curve was 0.731,
optimal cut-off value of the number of drugs was five
(sensitivity = 57.6%, specificity = 78.8%).

Discussion

The risk of falls has been assessed in community~
dwelling elderly, and history of falls, physical ability and
living environment were found to be predictors of falls.
Also, in nursing home residents, cognitive function, gait
disturbance and urinary incontinence are reported to be
risk factors for falls,”® and length of stay, disease con-
dition, surgical procedures and some specific drugs are
reported to be risk factors in hospital inpatients.'™

Nevertheless, the risks in geriatric outpatients have not
been sufficiently assessed, although assessment of fall
risk in geriatric outpatients is important; their medical
conditions or drugs might cause falls, and drugs, such as
antiplatelet agents or anticoagulants, might cause critical
bleeding after a fall. Also, physicians could prevent falls
in their patients by giving advice during regular consul-
tations, if risk factors are identified.

In our previous cross-sectional study assessing geri-
atric outpatients, polypharmacy was significantly corre-
lated with indices of fall tendency, and the present
follow-up study of geriatric outpatients showed the
impact of polypharmacy on falls within 2 years. Statis-
tical analyses showed that polypharmacy was a risk
factor for falls, independent of age, sex and comorbidity.

Besides polypharmacy, several medications and
comorbid conditions have been reported as risks
for falls.®® Among these, diabetes> insomnia,®
hypnotics,*** antiarrhythmics® and antihypertensive
agents'* were not significantly associated with fall risk in
the present study. Just 11 patients (45.9% of diabetic
patients) were prescribed hypoglycemic agents, such as
a sulfonylurea (n = 8) or insulin (z = 3), and the relatively
low rate of prescription of hypoglycemic agents might
have affected our result. Neither hypnotics nor antihy-
pertensives were associated with falls. This result might
be a result of the small sample size. Anti-arrhythmics
were taken by just three patients (digoxin: n =2, class
IA anti-arrhythmic drug: n=1). Other drugs, such as
major tranquillizers,’* antidepressants’'® and antipar-
kinsonian agents,’*? might increase fall risk; however,
no patient used these drugs in the present study. In the
present study, most of the patients were in a stable
condition throughout the 2 years, though their drugs
were changed gradually according to their medical con-~
ditions during the observation period. We only used the
number of drugs at baseline for statistical analysis;
however, the number of drugs increased from 3.2 2.8
to 3.9 + 3.0 during the 2 years. There were 17 patients
whose number of drugs had been decreased, 70 patients
not changed and 78 patients increased. The number
of drugs after 2 years was also associated with falls
(P < 0.0005). The optimal cut-off point for the number
of drugs was again five (area under ROC curve 0.780,
sensitivity 0.576, specificity 0.788). Furthermore, the
changes in number of drugs were also associated
with falls (P<0.05), and the optimal cut-off point
for the change in number of drugs was +1 (area under
ROC curve 0.649, sensitivity 0.727, specificity 0.409).

Table 3 Logistic regression analysis of association between 2-year fall occurrences with two indices of fall
tendency; 22 items fall risk index and 13 points simple screening test

Unadjusted odds
ratio (95% CI)

Adjusted odds
ratio (95% CI)

Adjusted odds
ratio (95% CI)

Age (/year)

Sex (male =0, female = 1)
Osteoporosis (=0, Y =1)

No. comorbid conditions (/disease)
Fall risk index (/item)

Simple screening test (/point)

1.08 (1.03-1.15)%*
1.39 (0.56-3.48)
3.12 (1.43-6.84)%*
1.63 (1.14-2.32)%
1.23 (1.11-1.37)##%
1.19 (1.06-1.33)* -

1.06 (1.00-1.13)
0.79 (0.24-2.56)
2.61 (0.98-6.95)
1.32 (0.88-1.97)

1.06 (0.99-1.13)
0.75 (0.23-2.43)
2.56 (0.96-6.82)
1.24 (0.83-1.86)
1.12 (1.00-1.26) -
1.14 (1.01-1.29)*

#P < 0.05, #*P < 0.005, ***P < 0.0005. CI, confidence interval.
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Consequently, polypharmacy, especially taking five or
more drugs, should be considered a risk for falls.

There were several limitations of the present study.
First, the falls were self-reported by the patients.
Although all the patients had no overt dementia,
they might have forgotten the incident of falling. We
attempted to count the total fall occurrences in
each patient; however, we could not differentiate the
repeated falls in the second year from the fall occur-
rence in the first year. In fact, we asked 22 patients
who reported falls in the first year about fall occur-
rence during the second year, but they did not
accurately recall whether they experienced falls in
the first or second year. Second, five patients were
lost to follow up at 2years for unknown reasons.
The follow-up ratio was acceptable, although some of
the patients might have fallen, have been no longer
able to come to the clinic and moved to nursing
homes. This might have slightly influenced the
result. Also, the cause of falls in polypharmacy patients
is not explained. Potentially inappropriate medications,
which could cause adverse drug reactions, are usually
seen in patients with polypharmacy, and falls might
be the consequence of adverse drug reactions,
such as dizziness, instability and light-headedness.
Pathophysiological assessments and drug-reducing
interventions are expected to elucidate the causal
relationship.

Additionally, we showed that the 22-item fall risk
index and its simple screening test were useful to
predict falls in geriatric outpatients. Although both
indices have been validated in community-dwelling
elderly people, the present finding also showed their
association with fall risk among geriatric outpatients.
The difference of statistical significance between fall
risk index and simple screening test might be a result
of small sample size or the difference in the contribu-
tion of each item to total scores between the two
indices. “Taking five or more drugs” accounts for only
one item out of the 22-item fall risk index; in contrast,
the same questionnaire accounts two points in the
13-point simple screening test. Because polypharmacy
was a strong risk factor of falls in elderly outpatients in
the present study, the proportion of polypharmacy in
the scores might have caused the discrepancy. Taken
together, it is likely that 13-point screening test was
more suitable to our subjects who were taking several
medicines.

In summary, the present study showed that geriatric
outpatients with polypharmacy were at a high risk of
falls, especially those receiving five or more drugs. Our
finding might add new information for pharmaco-
therapy and geriatric research in elderly patients with
chronic diseases. Intervention studies examining the
effect of drug reduction for the prevention of falls are
required in the future.

© 2011 Japan Geriatrics Society
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Introduction

Advancing age is the most significant risk factor for the
development of cognitive impairment [1,2]; however, what age-
related changes underlie this effect remains uncertain. With
advancing age, men experience a significant decrease in the
circulating level of testosterone. Although studies have shown
alterations in mood, libido, and cognition resulting from
testosterone deficiency [3], the full range of consequences of age-
related testosterone loss remains incompletely defined. In a small
clinical study of men recently diagnosed with cognitive impair-
ment, testosterone treatment improved performance on cognitive
tests [4]. In a prospective longitudinal study using subjects from
the Baltimore Longitudinal Study on Aging, men who developed
Alzheimer disease (AD) were observed to exhibit low testosterone
levels 5-10 years prior to the clinical diagnosis of AD [5]. With a

relationship between age-related testosterone decline in men and -

increased risk for cognitive impairment reasonably well estab-
lished, a critical issue is how testosterone contributes to the
pathogenesis of cognitive decline with aging. The most likely
hypothesis is through the regulation of accumulation of amyloid 8
(AB) peptides, which are widely believed to be the critical initiating
step in the pathogenesis of AD. However, it is becoming
increasingly clear that not all aspects of cognitive decline can be

@ PLoS ONE | www.plosone.org

explained by AB [6,7]. Findings from such diverse lines of
investigations as neuroimaging and clinical trials suggest that non-
AB factors also contribute to memory deficit in aged men.

In S. cerevisiae, the Sir2 (silent information regulator-2) family of
genes governs budding exhaustion and replicative life span [8,9].
Sir2 has been identified as an NAD-dependent histone deacety-
lase and is responsible for maintenance of chromatin silencing and
genome stability. Mammalian sirtuin 1 ($i72/), the closest homolog
of Sir2, regulates the cell cycle, senescence, apoptosis and
metabolism, by interacting with a number of molecules such as
p33. As recently reported, overexpression of SIRT1 in the brain
improved the memory deficit in a mouse model of AD via
activation of the transcription of a-secretase [10].

An increasing body of evidence suggests the presence of a link
between cognitive decline and vascular dysfunction, especially
atherosclerosis [11]. Senescence of endothelial cells is involved in
endothelial dysfunction and atherogenesis, and SIRT! has been
recognized as a key regulator of vascular endothelial homeostasis,
controlling angiogenesis, endothelial senescence, and dysfunction
[12-14].

In the present study, we demonstrated that cognitive impair-
ment in senescence-accelerated mouse prone 8 (SAMPS), a model
of cognitive decline with aging, is associated with endothelial
senescence in the hippocampus and is ameliorated by testosterone
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replacement. SIRT1 plays an important role in prevention of
endothelial senescence induced by oxidative stress [13]. We
suggest that the protection against endothelial senescence in the
hippocampus through up-regulation of testosterone and SIRT1
could contribute to a novel therapeutic strategy against cognitive
decline with aging.

Results

Treatment with dihydrotestosterone ameliorated *
cognitive function of SAMP8

In order to assess the effects of testosterone on cognitive function,
we used an in vivo model of aging, SAMPS, and a control
counterpart strain, SAMR1. SAMPS8 was originally derived from
AKR/J strain, litters of which show the characteristic of cognitive
decline with aging. These mice exhibit age-related deficits in
learning and memory at an early age, and are considered a suitable
animal model to study aging and memory deficit. Body weight,
appearance, and plasma testosterone level of SAMR1 and SAMPS
at 12 weeks of age were determined. Body weight and appearance
did not differ between SAMRI and SAMPS, but plasma
testosterone level in SAMP8 was lower than that in SAMRI
(Figure 1A). By determining the time required to find the platform

Testosterone Inhibits Hippocampal Senescence

(escape latency) as a function of days of training in the Morris water
maze, we observed a marked decline in performance in SAMPS.
compared with SAMRI (Figure 1B). Because testosterone acts in
part through aromatase-dependent conversion to estradiol, non-
aromatizable dihydrotestosterone (DHT) was used to examine a
direct role of androgens through androgen receptor (AR). SAMP8
treated with DHT showed significantly reduced escape latency time
compared with untreated SAMP8. There was no difference in swim
speed between the groups; however, % time in the quadrant was
increased in DHT-treated SAMP8 (Figure 1B). These results
indicate that DHT treatrment ameliorated cognitive dysfunction in
SAMPS. The water-maze is appropriate for hippocampal-depen-
dent paradigms. However, DHT administration may affect
behavior and how animals respond to different stimuli. Therefore,
we performed an open field test to examine locomotion, exploratory
behavior, and anxiety: No significant effect of DHT on locomotor
performance was observed in SAMRI! and SAMPS, whereas
SAMRI1 moved significantly more compared with  SAMP8
(Figure 1C). The ratio of the distance travelled in the central area
to that in the total area in the open- field, an indirect measure of
exploratory behavior and .anxiety [15], was also observed. In
SAMP8, DHT increased this ratio (Figure 1C), suggesting that
DHT promoted exploratory behavior and diminished anxiety.
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Figure 1. Testosterone deficiency causes senescence of hippocampus and cognitive impairment in SAMP8 mice. A. Body weight,
appearance, and plasma testosterone level of male SAMRT and SAMP8 mice at 12 weeks of age. B. Escape latency of SAMR1 (N= 10) and SAMP8 mice
(N = 10). Male mice were treated daily for 2 weeks with DHT (500 pg s.c) before trials. Swim speed during quadrant test on day 10. C. Total distance
and the ratio of central/total distance were measured in open field tests. D. Number of amyloid B plaques, pyramidal cells, and SA-Bgal-positive cells
in CA1 and CA3 areas of hippocampus in SAMR1 and SAMP8. (*p<<0.05, n.s: not significant).

doi:10.1371/journal.pone.0029598.g001
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Next, we assessed the number of amyloid 8 plaques, pyramidal
cells, and SA-Bgal-positive cells in CAl and CA3 areas of the
hippocampus in these mice (Figure 1D). The number of plaques
was increased in SAMP8 compared with SAMRI, but was
unaltered by treatment with DHT. The number of SA-fgal-
stained cells was significantly increased in SAMP8 compared with
SAMRI, but treatment with DHT prevented this in SAMP8
despite no difference in pyramidal cell number (Figure 1D).

DHT treatment-increased protem and mRNA expression
of SIRTT in SAMP8

Furthermore, to estimate the role of testosterone deficiency in
SAMPS8, we examined the effect of testosterone supplementation
on cognitive function in much older SAMRI] and SAMPS.
Similarly to young mice, we observed a’ marked decline in
performance in SAMP8 compared with SAMRI at 18 months of
age. SAMPS implanted with testosterone pellets-showed signifi-
cantly reduced escape latency time compared with placebo-treated
SAMPS (Figure 2A). Plasma testosterone level in SAMPS at 18
months of age was lower than that in SAMRI, but implanted mice

Testosterone Inhibits Hippocampa! Senescence

showed recovery to the level in young mice (Figure 2A). These
results indicated that similar to DHT, testosterone also showed the
improvement of cognitive function in SAMP8. Next, we examined
the cause of low plasma testosterone in SAMP8. SAMP8 showed
no testicular atrophy (Figure S1A), but more senescent phenotypes
in Leydig cells, which produce testosterone in testes, than SAMR1
(Figure 2B). Moreover, we tried to allotransplant testes from
SAMRI to SAMPS (Figure S1B). Although performance gradually
responded to treatment up to 8-10 weeks, castrated SAMRI
showed a marked decline in performance whereas recipient
SAMPS showed cognitive improvement (Figure 2C).

As recently reported; overexpression or activation of SIRT1
inhibits cellular senescence and protects cellular function in
various cell lines [13,16]. Therefore, we examined SIRTI
expression in the hippocampus of SAMP8 with or without DHT
treatment, at 12 weeks of age. DHT treatment increased the
protein and mRNA expression of SIRT1 in SAMP8 (Figure 2D).
To investigate further the involvement of AR, we examined the
expression of AR in SAMR1 and SAMP8 brains. The expression
of AR was more abundant in the hippocampus than in other brain
regions of SAMR1 and SAMP8 (Figure 2E).
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Figure 2. Supplementation of testosterone improves cognitive function in SAMP8 mice. A. Escape latency and plasma-testosterone level
of male SAMR1 (N = 10) and SAMP8 mice (N =10) at 18 months of age. These mice were |mplanted subcutaneously with a placebo or a 21-day-release
2.5 mg testosterone pellet in the dorsal neck. B. Number of SA-Bgal-stained Leydig cells in testes in SAMR1 and SAMPS8. Arrows indicate Leydig cells.
Representative SA-Bgal-stained testes from SAMR1 and SAMPS. C. Escape latency of castrated SAMR1 (upper, N=5) and recipient SAMP8 (lower,
N=5). Observation (0-10 weeks) was started from 3 weeks after operation. D. SIRT1 expression in hippocampus of SAMP8 with or without DHT
treatment. Immunofluorescent staining for SIRT1 (green) and DAPI (blue). E. Expressnon of AR in SAMR1 and SAMP8 brams (*p<0.05).
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Oxidative stress was increased in hippocampal cells of .
SAMPS8 ‘

Oxidative stress may be closely related to senescence and age-
related diseases. Also, an increase in oxidative stress has been
suggested to be one of the earliest pathological changes in the
brain in conditions with cognitive impairment such as AD [17].
Then, we examined the level of oxidative stress, using the SAMR 1
and SAMP8 hippocampus at 12 weeks of age. SAMP8
hippocampus showed an increase in the level of oxidativé stress
compared with SAMRI as judged by detection of carbonylated
proteins. DHT treatment decreased carbonylated proteins in the
SAMPS hippocampus (Figure 3A). In parallel, the concentration of
the neurotransmitter acetylcholine in hippocampal lysates was
decreased in SAMP8 compared with that in SAMRI, and DHT
treatment prevented this (Figure 3B). e

Testosterone and DHT acts on vascular endothelial cells and
stimulates the PISK/Akt pathway, leading to eNOS activation
through direct interaction of AR [18,19]. The eNOS/SIRT] axis
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is recognized as one of the fundamental determinants of
endothelial senescence; and SIRT1 acts as a driver of cellular
stress resistance [20]. To examine the influence of DHT treatment
on endothelial cells, we determined the degree of senescence and
the expression of SIRT1 in endothelial cells around the CA3 area
of the hippocampus. DHT-treated SAMPS8 showed a reduction of
SA-Bgal-stained endothelial cells and increased SIRT1 expression
compared to untreated SAMP8 (Figure 3C and D). To confirm
that these cells were endothelial cells, not neuronal cells, cerebral
microvessels were isolated from SAMR1 and SAMPS. In parallel
with immunohistological staining, SAMP8 showed a reduction of
SIRTI expression compared to SAMRI, and DTH treatment
increased SIRT! expression compared to that in untreated
SAMPS (Figure 3E). These results suggest that vascular endothelial
senescence in the hippocampus may be related to the memory
deficit in SAMPS. Since testosterone and DHT activates eNOS, a
NOS inhibitor, N-nitro-L-arginine methyl ester hydrochloride (L-
NAME), and N°-(1-lmino-3-butenyl)-L-ornithine (L-VNIO), a
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Figure 3. Senescent endothelial cells of hippocampus are decreased by treatment with DHT. A. Oxidative stress level was measured by
detection of carbonyl groups introduced into proteins. B. Acetyl-choline concentration was measured by a colorimetric method. C. SA-Bgal-stained
endothelial cells and SIRT1 expression in CA3 area of hippocampus in SAMR1 and SAMP8 ‘with or without DHT treatment. Immunofluorescent
staining for SIRT1 (green), PECAM-1 (red), and DAPI (blue). D. Number of SA-Bgal-stained endothelial cells in CA3 area of hippocampus in SAMR1 and
SAMP8 with or without DHT treatment. E. Expression of SIRT1, PECAM-1, and B-actin was analyzed using cerebral micro vascular cells. F. Escape
latency of SAMRT (N =10) and SAMP8 mice (N = 10). Male mice were treated daily for 2 weeks with DHT (500 pg s.c) and L-NAME (20 mg/kg gavage)
before trials. G. Escape latency of SAMR1 (N=5) and SAMP8 mice (N= 5). Male mice were treated daily for 2 weeks with DHT (500 ug s.c) and L-VNIO
(5 mg/kg IP) before trials. (*p<0.05, n.s: not significant).

doi:10.1371/journal.pone.0029598.g003
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selective neuronal NOS (nNOS) inhibitor, were applied to
examine the involvement of NOS in this process. L-NAME
abrogated the effects of DHT on cognitive function (Figure 3F). In
contrast, L-VNIO did not change the effect of DHT (Figure 3G).
These results suggest that eNOS/SIRT1 in endothelial cells may
play an important role in the protective effect of testosterone
against senescence of the hippocampus.

SIRT1 plays an important role in ) the protectlve effect of
testosterone against endothelial senescence

Following the animal experiments, we examined whether
testosterone inhibited endothelial senescence @ vifro using cultured
cells. We induced premature endothelial senescence by addition of
H,0, 100 pmol/L for ‘1 hour. DHT" or testosterone treatment
inhibited SA-Bgal activity and the morphologmal appearance of
senescence * (Figure < 4A). We observed - that oxidative" stress
decreased eNOS and SIRTI1 and increased PAI-1 expression,
and DHT or testosterone treatment prevented these changes and

Testosterone Inhibits Hippocampal Senescence

increased the phosphorylation of eNOS at Serl1177 (Figure 4B).
Overexpression of SIRT1 significantly inhibited oxidative stress-
induced senescence, and DHT accelerated the effect of SIRT1
through phosphorylation of eNOS at Ser1177 (Figure 4C). To
determine the role of endogenous SIRT1, DHT-treated endothe-
lial cells were transfected with SIRT1 siRNA or treated with
sirtinol, a chemical inhibitor of SIRT1. SIRT siRNA or sirtinol
abrogated the effect of DHT on SA-Bgal activity (Figure 4D). We
previously reported that testosterone activated eNOS [18], and
eNOS activation promoted SIRT1 expression [21]. Accordingly,
we examined the role of eNOS in the protective effect of
testosterone. We observed that DHT or testosterone treatment
increased NOS activity that was reduced by oxidative stress
(Figure 4E). Treatment with eNOS siRINA or L-NAME decreased
the inhibitory effect of DHT on a senescent phenotype in parallel
with SIRT1 expression (Figure 4F and G). These results indicate
that eNOS/SIRT1 play an important role in the protective effect
of testosterone and DHT against a senescent phenotype:
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Figure 4. Testosterone inhibits oxidative stress-induced endothelial senescence through eNOS/SIRT1. A. Testosterone inhibited SA-
Bgal activity and senescent morphologlcal appearance induced by hydrogen peroxide (100-umol/L). B. Expression of eNOS, SIRT1, and PAI-1 in
hydrogen peroxide (100 pmol/L)-treated HUVEC under treatment with DHT or testosterone. €. Overexpression of SIRT1 and DHT reduced SA-Bgal
activity. eNOS expression was increased by overexpression of SIRT1, and DHT increased phosphorylation of eNOS (Ser1177). D. SIRT1 inhibition by
siRNA or sirtinol (100 pmol/L) abrogated the effect of testosterone on SA-Bgal activity. E. Treatment with testosterone or DHT increased eNOS
activity. F. eNOS inhibition by siRNA or L-NAME (10 mM) abrogated the effect of testosterone on SA- Bgal activity. G. Treatment with L-NAME

decreased SIRT1 expression in DHT- treated HUVEC. (*p<0.05, N=3).
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@ PLoS ONE | www.plosone.org

January 2012 | Volume 7 | Issue 1 | 29598



Testosterone Inhibits Hippocampal Senescence

days, and the senescent phenotype of MHGC was analyzed. We
found that the number of SA-Bgal-positive MHC was decreased
by treatment of HUVEC with testosterone irrespective of the
treatment of MHC with testosterone (Figure 5E). In addition, we
found that a SIRT! activator, resveratrol treatment rescued the
senescent phenotype of MHC (Figure 5F). These results suggest
that senescent endothelial cells exhibit a senescence-associated
secretory phenotype [22], induce neuronal senescence, and
testosterone rescues it through up-regulation of SIRT1 (Figure 5G).

Senescent endothelial cells induced by oxidative stress

promoted neuronal senescence

Finally, we hypothesized that endothelial senescence promotes
senescence of adjacent neuronal cells. To test this hypothesis, we
used a co-culture ‘system of endothelial cells (HUVEC) with
neuronal- cells (mouse  hippocampal neuronal cells; MHC)
(Figure. 5A). Both cells were co-cultured, but were separated by
a microporous . polycarbonate membrane, for 10 days -after
endothelial cells were treated with hydrogen peroxide, and the
senescent phenotype- of MHC was analyzed. We found that the
number of SA-Bgal-positive cells and the senescent appearance of Discussion
MHC were increased, and the concentration of acetylcholine in
cells was decreased by co-culture with senescent endothelial cells
(Figure 5B). In parallel with this, MHC showed increased PAI-1

Testosterone level and cognitive function show a decline with
age in men. A series of evidence suggests that this association is not

and p53, and decreased SIRT! expression (Figure 5C). We also  just age related [23]. Results from cell culture and animal studies
found that senescent endothelial cells showed increased expression provide evidence that testosterone could have protective effects on
of inflammatory cytokines such as IL-6, IL-8, MCP-1, and TNF-« brain function, especially in the hippocampus [24]. Here, we
(Figure 5D). Both MHC and HUVEC, or HUVEGC alone were demonstrated that administration of testosterone restored cogni-
treated with testosterone at 3 days before HUVEC were treated tive function in male SAMPS in association with improvement of
with hydrogen peroxide, and both cells were co-cultured for 10 the senescent phenotype in the hippocampus and cerebral vessels.
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Figure 5. Oxidative stressed-induced endothelial cell senescence promotes adjacent neuronal cell senescence. A. Co-culture cell
culture dish. B. Number of SA-Bgal-stained MHC and senescent appearance of MHC were increased, and acetyl-choline concentration was decreased
by co-culture with senescent endothelial cells. Senescent MHC are indicated by arrows. C. Expression of SIRT1, PAI-1, p53, and B-actin in MHC co-
cultured with senescent endothelial celis. D. Expression of IL-6, IL-8, MCP-1, and TNF-a. in endothelial cells were analyzed by RT-PCR. E. The number of
SA-Bgal-stained MHC was decreased by treatment with testosterone in both MHC and HUVEC (MHC, testosterone (+)), or HUVEC {(MHC, testosterone
(=) alone. F. Resveratrol decreased the number of SA-Bgal-stained MHC co-cultured with senescent endothelial cells. (*p<0.05, N=3). G.
Hypothetical signal transduction pathways of testosterone in endothelial cells. )
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