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Aging of the Nitric Oxide System: Are We as Old as Our NO?
Aaron L. Sverdlov, MBBS, PhD, FRACP;* Doan T.M. Ngo, B.Pharm, B.Health Sci (Hons.), PhD;*
Wai P.A. Chan, MBBS, PhD, FRACP; Yuliy Y. Chirkov, PhD; John D. Horowitz, MBBS, PhD, FRACP, FAHA

Background-—Impaired generation and signaling of nitric oxide (NO) contribute substantially to cardiovascular (CV) risk (CVR)
associated with hypertension, hyperlipidemia, and diabetes mellitus. In our rapidly aging society, advanced age is, in itself, a
consistent and independent CVR factor. Many processes involved in aging are modulated by NO. We therefore postulated that
aging might be independently associated with impaired NO signaling.

Methods and Results-—In a prospective cohort study of 204 subjects (mean age 63�6 at study entry), we evaluated the effects of
4 years of aging on parameters of NO generation and effect, including platelet aggregability and responsiveness to NO, and plasma
concentrations of the NO synthase inhibitor, asymmetric dimethylarginine (ADMA). Clinical history, lipid profile, high-sensitivity C-
reactive protein, routine biochemistry, and 25-hydroxyvitamin D levels were obtained at study entry and after 4 years of follow-up.
Aging was associated with marked deterioration of responsiveness of platelets to NO (P<0.0001) and increases in plasma ADMA
concentrations (P<0.0001). There was a significant correlation between changes in these parameters over time (r=0.2; P=0.013).
On multivariable analyses, the independent correlates of deterioration of responsiveness of platelets to NO were female gender
(b=0.17; P=0.034) and low vitamin D concentrations (b=0.16; P=0.04), whereas increases in ADMA were associated with presence
of diabetes (b=0.16; P=0.03) and impaired renal function (b=0.2; P=0.004).

Conclusions-—Aging is associated with marked impairment of determinants of NO generation and effect, to an extent which is
commensurate with adverse impact on CV outcomes. This deterioration represents a potential target for therapeutic interventions.
( J Am Heart Assoc. 2014;3:e000973 doi: 10.1161/JAHA.114.000973)
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P opulation aging is one of the most distinctive current
demographic events. Increases in the proportions of

older persons (60 years or older) are being accompanied by
declines in the proportions of the young (under age 15). By
2050, the number of older persons in the world will exceed
the number of young for the first time in history.1 These
trends have clear social and economic implications, including
healthcare costs. Furthermore, advanced age itself has long
been an independent risk factor for a wide variety of disease
states.

Epidemiological studies have delineated the status of lipid
levels, systolic hypertension (HTN), diabetes, sedentary
lifestyle, smoking, obesity, and genetic factors as components
of risk for coronary disease, congestive heart failure, and
stroke within our society.2 However, advanced age represents
a substantial and independent basis for incremental risk—not
only does clinically overt cardiovascular (CV) disease (CVD)
increase dramatically with aging, but so do subclinical or
occult diseases, such as silent coronary atherosclerosis3 and
aortic sclerosis.4

Among age-associated changes are increased intimal
thickening and arterial stiffness, aberrations of vascular tone,
left ventricular (LV) hypertrophy, reduced threshold for cell
calcium overload, reduced CV reserve, reduced heart rate
variability, and reduced myocardial contractility.5,6 While
precise mechanisms underlying these changes are not fully
elucidated, many of these pathophysiological processes are
modulated by the nitric oxide (NO) system, especially arterial
stiffness, vascular tone, platelet function, myocardial hyper-
trophy, and contractility.7–10

The NO-signaling system has a number of potential points
of vulnerability—biochemical and cellular processes, which
may result in impairment of the entire NO cascade, as
illustrated in Figure 1. This cascade can be assessed readily in
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humans. Plasma concentrations of asymmetric dimethylarg-
inine (ADMA), an endogenous inhibitor of nitric oxide synthase
(NOS), reflect modulation of NO production and represent an
established marker of cardiovascular risk (CVR).11 ADMA
concentrations vary inversely with those of vitamin D, and
directly with those of high-sensitivity C-reactive protein (hs-
CRP),12 indicating complex interactions with propensity to
CVR. Furthermore, platelet NO responsiveness, another
independent correlate of CVR,13 can be evaluated by NO-
dependant inhibition of platelet aggregation.

Although ADMA levels are thought to increase in older
individuals,14 this has not been extensively studied. In a cross-
sectional all-female study, we have found that ADMA levels,
platelet NO responsiveness, and augmentation index correlate
with age.15 However, longitudinal effect of aging per se upon
vascular and platelet NO responsiveness has not been
reported on. Given the critical role of the NO system in
cardiac and vascular function, we have now sought to
establish the impact of aging on the platelet and vascular
NO system in an aging, but otherwise unselected, population.

Methods

Patient Selection
The study was conducted on a cohort of 253 subjects
selected randomly from the North Western Adelaide Health

Study population.16 Criteria for selection were (1) age over
55 years and (2) absence of known terminal illness. Subjects
were evaluated regarding NO physiology at baseline and after
an interval of 4 years. The study was approved by the Ethics
of Human Research Committee of The Queen Elizabeth
Hospital (Adelaide, Australia).

Patient Data
All patients’ CVR factors were delineated at interview. HTN
was defined on the basis of treatment with antihypertensive
drugs or blood pressure greater than 140/80 mm Hg.
Hypercholesterolemia was defined by current treatment with
cholesterol-lowering drugs or total cholesterol greater than
5.5 mmol/L. Diabetes mellitus (DM) was defined as current
treatment for diabetes or fasting blood glucose greater than
7.8 mmol/L. Known coronary artery disease (CAD) was
defined on the basis of patient history of coronary
revascularization, history of myocardial infarction, or known
significant coronary disease from previous angiogram, if
available. Framingham risk scores were estimated for
each subject using an online calculator at http://cvd-
risk.nhlbi.nih.gov.

Biochemical and Physiological Assessment
These can be summarized as follows.

Physiological measures

1. Extent of adenosine diphosphate (ADP)-induced platelet
aggregation and platelet responsiveness to the inhibitory
effect of NO donor sodium nitroprusside (SNP) were
assessed using whole-blood aggregometry, with a dual-
channel impedence aggregometer (model 560; Chrono-
Log, Havertown, PA), as previously described.17

2. Resting augmentation index (AIx), a measure of arterial
stiffness, was determined by applanation tonometry
using a commercially available SphygmoCor system
(AtCor Medical, Sydney, Australia), as previously
described.18–20 Briefly, all subjects were asked to lie
down in a quiet room for 15 minutes before the
procedure. Pulse wave analysis was computed from
the radial artery at the wrist and recorded by applana-
tion tonometry using a high-fidelity micromanometer.
Three recordings of 10 sequential waveforms were
acquired for each subject; a validated, generalized
transfer function was used to generate the correspond-
ing central aortic pressure waveform, from which AIx
was derived. Only high-quality recordings with in-device
quality index ≥90% were used. All augmentation indices

Figure 1. Interactions between NOS, activation of soluble
guanylate cyclase (sGC) and physiological actions of NO. Sites
evaluated in this study: (1) ADMA concentrations; (2) NO-
mediated effect on arterial stiffness; and (3) inhibition of platelet
aggregation by NO. ADMA indicates asymmetric dimethylarginine;
NOS, nitric oxide synthase.
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were corrected for a standard heart rate of 75 beats per
minute.

Biochemical measures

1. Plasma concentrations of ADMA were determined by high-
performance liquid chromatography with the derivatization
reagent, AccQ-Fluor (Waters, Milford, MA), after solid-
phase extraction, as previously described.21

2. hs-CRP concentrations, lipid profile, creatinine, serum
calcium levels, and 1,25 dihydroxy-cholecalciferol (vitamin
D levels) were measured by a 125I-radioimmunoassay
(Immunodiagnostic Systems Ltd, Bolden, UK). C-terminal
telopeptide of collagen type 1 and N-terminal peptide of
procollagen I (P1NP) concentrations were measured as
markers of collagen homeostasis.

3. Creatinine clearance (CrCl) was calculated according to
the Cockcroft-Gault equation and indexed for body surface
area with the Dubois and Dubois formula.

Statistical Analyses
All data are expressed as mean�SD, unless otherwise stated.
Normal distribution was tested for all continuous variables,
and skewed data were normalized either by log or square root
transformation. Comparisons between groups for normally
distributed data were performed with nonpaired t tests and,
and comparisons for nonparametric data were made with
Mann-Whitney’s test. Comparisons between baseline and
end-of-study (4-year follow-up) parameters were made with
paired t tests or Wilcoxon’s matched-pairs signed-rank test
for nonparametric data. Correlations between continuous
transformed nonparametric data were made with linear
regression.

Baseline determinants of platelet ADP-induced aggregation
and NO responsiveness, plasma ADMA concentrations, and
AIx were evaluated utilizing univariate, and then multivariable,
analyses. Variables selected for all multivariable backward
regression analyses were on the basis of univariate signifi-
cance (P<0.2).

Changes in platelet ADP-induced aggregation, NO respon-
siveness, and plasma ADMA concentrations with time were
used as dependent variables for the purpose of further linear
regression analyses. Variables selected for all multivariable
backward regression analyses were on the basis of univariate
significance (P<0.2).

In uni- and multivariable analyses, b refers to standardized
regression coefficients, whereas B and SE represent
unstandardized regression coefficients and standard error,
respectively. All analyses were performed with SPSS software
(version 17; SPSS, Inc., Chicago, IL), and P<0.05 was
considered to be statistically significant.

Results

Patient Characteristics
A total of 253 subjects were initially recruited and underwent
baseline evaluation. Nineteen percent of subjects did not
undergo follow-up evaluation—12 were lost to follow-up, 7
were deceased (5 resulting from cancers, and for the
remaining 2, the cause of death could not be ascertained),
6 had developed terminal illness or were receiving chemo-
therapy, and 24 declined to participate in follow-up, citing
personal reasons. Table 1 summarizes baseline and end-of-
study patient characteristics of the 204 subjects that
completed the study. Over the study period, there were
significant increases in the proportion of subjects diagnosed
with HTN, dyslipidemia, and diabetes, as well as a decrease
in that of active smokers. More people were treated with
angiotensin-converting enzyme inhibitors/angiotensin II
receptor antagonists (ACEIs/ARBs) by the end of the study.

Table 2 summarizes biochemical data at baseline and
follow-up. This cohort had well-preserved renal function—no
subject had CrCl less than 30 mL/min. An apparent increase in
mean CrCl probably resulted from a change in methodology of
creatinine assay over the study period from the Olympus
AU5400 Chemistry-Immuno Analyzer (Olympus America, Mel-
ville, NY) to the Advia 2400 Chemistry System (Siemens
Healthcare Diagnostics, Deerfield, IL) and associated reagent
kits.

Change in Parameters of NO System With Time
Table 3 summarizes baseline and follow-up data as regards
integrity of the NO system. Results can be categorized as
follows.

Table 1. Patient Characteristics (n=204)

Parameter Baseline (%) End of Study (%) P Value

Age, y 63�6 67�6

Gender 42.4% male

Diabetes 24 (12%) 33 (16%) 0.013

Hypertension 85 (42%) 106 (52%) <0.001

Dyslipidaemia 118 (58%) 137 (67.5%) 0.004

Smoking 28 (14%) 13 (6.4%) <0.01

Coronary disease 24 (12%) 28 (14%) 0.26

Statin use 65 (32%) 71 (35%) 0.24

ACEI/ARB use 69 (34%) 83 (41%) 0.008

BMI, kg/m2 28.2�5.2 28.2�5.2 0.37

ACEI indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor
blocker; BMI, body mass index.
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Platelet data

Given that platelet aggregation in response to ADP increased
and that the antiaggregatory response to the NO donor, SNP,
decreased markedly (data shown in Figure 2A and 2B,
respectively), the possibility of physiological antagonism22

was investigated. While there was a strong correlation
between baseline and follow-up measurements of ADP-
induced aggregation and platelet NO responsiveness
(P<0.001 for both; Figure 3), there was no relationship
between changes in ADP-induced aggregation and those in
platelet NO responsiveness (P=0.42).

Arterial stiffness (AIx)

Mean AIx of 27.2�8.3% (normal range: 15�16%) at baseline
was substantially greater than previously reported values for
normal young adults.23 However, there was no significant
change in AIx with time (mean 27.2�8.3% vs. 27�6.9%;
P=not significant [NS]).

ADMA

Mean plasma ADMA concentrations at baseline were within
the previously described normal range for the methodology

used.21,24 However, there was a significant rise in plasma
ADMA concentration over the 4-year follow-up period:
0.52�0.08 to 0.60�0.09 lmol/L (P<0.0001), consistent
with deterioration of endothelial function with time (Fig-
ure 2C).

Univariate Correlates
Univariate correlates of baseline (1) ADP-induced aggrega-
tion, (2) (impaired) inhibition of aggregation by the NO
donor, SNP, (3) higher baseline AIx, and (4) elevated baseline
ADMA concentrations are summarized in Table 4. Notably,
female gender was a significant direct correlate of all 4 of
these measures of impaired vascular and platelet function,
whereas age was a significant correlate of ADMA concen-
trations.

Univariate correlates of changes in the same 4 parameters
of vascular and platelet function over 4 years of follow-up are
also summarized in Table 4. As regards decreases in platelet
NO responsiveness and increases in ADMA concentrations,
there was a strong correlation with calcium-phosphate
product (CaxPO4) and plasma cholesterol concentrations.
Lack of use of ACEIs/ARBs was strongly predictive of
increases in ADMA concentrations.

Furthermore, increasing ADMA concentrations correlated
strongly with worsening platelet NO responsiveness
(P=0.013; Figure 4). But, change in ADP-induced platelet
aggregation did not correlate with change in ADMA (P=0.9)
nor with change in SNP responsiveness (P=0.43).

Multivariable Analyses

Baseline

Multivariable predictors of higher baseline ADP-induced
aggregation were: female gender (P<0.001; b=0.223;
B=2.36); higher total cholesterol concentrations (P=0.002;
b=0.254; B=0.63). Thus, females had 2.36 Ohms greater
baseline ADP-induced platelet aggregation after adjustment
for covariates and confounders.

Table 2. Biochemical Profile (n=204)

Parameter Baseline End of Study P Value

Total cholesterol, mmol/L 4.9�0.9 5�1.1 0.02

LDL, mmol/L 2.8�0.8 2.9�1 0.75

HDL, mmol/L 1.3�0.3 1.5�0.4 <0.001

Calcium level, mmol/L 2.2�0.1 2.3�0.1 <0.001

Vitamin D level, mmol/L 72�23.1 74.7�26.6 0.29

CrCl, mL/min per 1.73 m2 92�21.6 98�28.6 <0.001

hs-CRP, mmol/L 3.5�3.7 3.1�3.8 0.14

CTx (median), pg/mL 242�143 283�145 0.001

P1NP (median), lg/L 40.5�19.8 43.4�50.6 0.45

CrCl indicates creatinine clearance; CTx, C-terminal telopeptide of collagen type 1; HDL,
high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density
lipoprotein; P1NP, N-terminal peptide of procollagen I.

Table 3. Parameters Relevant to NO Generation/Responsiveness at Baseline and End of Study

Parameter Baseline End of Study P Value

ADP-induced platelet aggregation (median [25% to 75%]), Ohms 7.8 (5.05 to 10.2) 8.8 (6.8 to 10.4) 0.0002*

Platelet NO responsiveness (median [25% to 75%]), % 28.4 (13.8 to 49.5) 15.6 (3.7 to 38.6) <0.0001*

ADMA concentrations (mean�SD), lmol/L 0.52�0.08 0.60�0.09 <0.0001†

AIx (mean�SD), % 27.2�8.3 27�6.9 NS†

ADMA indicates asymmetric dimethylarginine; ADP, adenosine diphosphate; AIx, augmentation index; NO, nitric oxide.
*Wilcoxon’s matched-pairs signed-rank test.
†

Paired t test.
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Multivariable predictors of impaired baseline platelet NO
responsiveness were: female gender (P=0.003; b=0.226;
B=3.85) and elevated systolic blood pressure (P=0.035;

b=0.161; B=0.351). Importantly, females had 3.85% lower
platelet NO responsiveness upon adjustments for covariates
and confounders.

Multivariable correlates of higher baseline ADMA concen-
trations were: higher concentrations of N-terminal peptide of
procollagen I (P=0.001; b=0.241; B=0.001), lower vitamin D
concentrations (P=0.01; b=0.18; B=0.001), and age
(P=0.045; b=0.14; B=0.002).

Multivariable predictors of high baseline AIx were: female
gender (P<0.001; b=0.5; B=8.25), higher diastolic blood
pressure (P=0.004; b=0.184; B=0.169), lack of use of ACEIs/
ARBs use (P=0.015; b=0.153; B=2.64), and age (P=0.02;
b=0.147; B=0.2). Thus, females have 8.25% higher AIx,
whereas use of ACEIs/ARBs was associated with a 2.64%
reduction in AIx.

Changes over time

Multivariable correlates of deterioration of platelet NO respon-
siveness were: female gender (P=0.034; b=0.17; B=9.84) and
lower vitamin D concentrations (P=0.04; b=0.16; B=0.21).
Specifically, female gender was associated with a 9.8%
greater drop in platelet NO responsiveness over 4 years after
adjustment for covariates and confounders.

Multivariable correlates of increasing ADMA concentrations
were: increased CaxPO4 (P=0.001; b=0.226; B=0.004), lower
CrCl (P=0.004; b=0.202; B=0.001), and presence of DM
(P=0.03; b=0.158; B=0.048). Thus, diabetic subjects had, on
average, a 0.048-lmol/L greater rise in ADMA concentrations
over time of study after adjustment for covariates and
confounders.

Figure 3. Correlation (r=�0.49; P<0.001) between extent of
ADP-induced platelet aggregation and of inhibition of aggregation
(platelet NO responsiveness) at baseline. Data were normalized by
square root transformation (see Statistical Analyses section). ADP
indicates adenosine diphosphate; NO, nitric oxide.

A

B

C

Figure 2. A, Extent of ADP-induced platelet aggregation over
the 4-year study period. B, Platelet NO responsiveness over the 4-
year study period. C, Plasma ADMA concentrations over the
4-year study period (box and whiskers represent interquartile and
10% to 90% ranges, respectively, whereas line represents medians
or mean, as appropriate). ADMA indicates asymmetric dimethy-
larginine; ADP, adenosine diphosphate; NO, nitric oxide.

DOI: 10.1161/JAHA.114.000973 Journal of the American Heart Association 5

Aging of the Nitric Oxide System Sverdlov et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on August 20, 2014http://jaha.ahajournals.org/Downloaded from 

http://jaha.ahajournals.org/


Ta
bl
e
4.

U
ni
va
ria

te
C
or
re
la
te
s
of

M
ar
ke
rs

of
N
O
G
en
er
at
io
n/

Ef
fe
ct

(P
≤0

.2
fo
r
In
cl
us
io
n
in
to

M
ul
tiv
ar
ia
bl
e
M
od
el
)

M
ar
ke
r
of

N
O
G
en
er
at
io
n/

Ef
fe
ct

Ba
se
lin
e

C
ha
ng
e
O
ve
r
Ti
m
e

Pa
ra
m
et
er

b
C
oe
ffi
ci
en
t

(S
E)
*

P
Va

lu
e

Pa
ra
m
et
er

b
C
oe
ffi
ci
en
t

(S
E)
*

P
Va

lu
e

In
cr
ea
se
d
AD

P-
in
du
ce
d

pl
at
el
et

ag
gr
eg
at
io
n,

Oh
m
s

Fe
m
al
e
ge
nd
er

2.
6
(0
.4
9)

<
0.
00
1

Hi
gh
er

di
as
to
lic

bl
oo
d
pr
es
su
re

(m
m

Hg
)

0.
04
3
(0
.0
27
)

0.
11

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

0.
91

(0
.2
8)

<
0.
00
1

Hi
gh
er

Ca
xP
O 4

(u
ni
ts
)

1.
77

(0
.5
8)

0.
00
5

Hi
gh
er

AI
x
(%
)

0.
08

(0
.0
3)

0.
01
7

Kn
ow

n
CA

D
1.
9
(0
.8
1)

0.
02
3

Hi
st
or
y
of

hy
pe
rte
ns
io
n

1.
17

(0
.0
1)

0.
03
4

Hi
gh
er

Fr
am

in
gh
am

10
ye
ar

CA
D
ris
k
sc
or
e

0.
08

(0
.0
4)

0.
11

La
ck

of
us
e
of

AC
EI
s/
AR

Bs
0.
62

(0
.5
5)

0.
16

Im
pa
ire
d
pl
at
el
et

NO
re
sp
on
si
ve
ne
ss
,
%

Fe
m
al
e
ge
nd
er

12
.7

(3
.9
8)

0.
00
1

Hi
gh
er

Ca
xP
O 4

(u
ni
ts
)

14
.7

(5
.1
2)

0.
00
5

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

5.
33

(2
.6
)

0.
04
2

Lo
w
er

vi
ta
m
in
D

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

0.
19
4
(0
.1
)

0.
05
7

La
ck

of
us
e
of

AC
EI
s/
AR

Bs
1.
5
(0
.9
)

0.
07
4

Fe
m
al
e
ge
nd
er

7.
88

(4
.7
5)

0.
11

Hi
gh
er

Fr
am

in
gh
am

10
ye
ar

CA
D
ris
k
sc
or
e

0.
67

(0
.2
7)

0.
01
3

Hi
gh
er

sy
st
ol
ic
bl
oo
d
pr
es
su
re

(m
m

Hg
)

0.
22

(0
.1
4)

0.
11

Hi
st
or
y
of

hy
pe
rte
ns
io
n

6.
95

(4
.8
7)

0.
16

Hi
gh
er

CT
x
co
nc
en
tra
tio
ns

(p
g/
m
L)

0.
03
5
(0
.0
16
)

0.
17

Hi
gh
er

CT
x
co
nc
en
tra
tio
ns

(p
g/
m
L)

0.
32

(0
.1
6)

0.
05
2

Hi
gh
er

sy
st
ol
ic
bl
oo
d
pr
es
su
re

(m
m

Hg
)

0.
22

(0
.1
2)

0.
09

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

5.
19

(2
.2
4)

0.
16

El
ev
at
ed

AD
M
A

co
nc
en
tra
tio
ns
,

lm
ol
/L

Hi
gh
er

P1
NP

co
nc
en
tra
tio
ns

(l
g/
L)

0.
00
1
(0
.0
00
3)

<
0.
00
1

La
ck

of
us
e
of

AC
EI
s/
AR

Bs
0.
03
8
(0
.0
12
)

0.
00
2

Lo
w
er

vi
ta
m
in
D
co
nc
en
tra
tio
ns

(m
m
ol
/L
)

0.
00
1
(0
.0
00
2)

0.
00
2

Hi
gh
er

Ca
xP
O 4

(u
ni
ts
)

0.
04
2
(0
.0
13
)

0.
00
2

Hi
st
or
y
of

hy
pe
rte
ns
io
n

0.
03
3
(0
.0
12
)

0.
00
7

Lo
w
er

Cr
Cl

(m
L/
m
in
pe
r
1.
73

m
2 )

0.
00
1
(0
.0
00
3)

0.
01

Hi
gh
er

hs
-C
RP

co
nc
en
tra
tio
n

(m
m
ol
/L
)

0.
00
3
(0
.0
02
)

0.
01
7

Hi
gh
er

CT
x
co
nc
en
tra
tio
ns

(p
g/
m
L)

0.
00
01

(0
.0
00
04
)

0.
01
8

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

0.
01
3
(0
.0
06
)

0.
04
5

C
on
tin

ue
d

DOI: 10.1161/JAHA.114.000973 Journal of the American Heart Association 6

Aging of the Nitric Oxide System Sverdlov et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on August 20, 2014http://jaha.ahajournals.org/Downloaded from 

http://jaha.ahajournals.org/


Ta
bl
e
4.

C
on
tin

ue
d

M
ar
ke
r
of

N
O
G
en
er
at
io
n/

Ef
fe
ct

Ba
se
lin
e

C
ha
ng
e
O
ve
r
Ti
m
e

Pa
ra
m
et
er

b
C
oe
ffi
ci
en
t

(S
E)
*

P
Va

lu
e

Pa
ra
m
et
er

b
C
oe
ffi
ci
en
t

(S
E)
*

P
Va

lu
e

Hi
gh
er

CT
x
co
nc
en
tra
tio
ns

(p
g/
m
L)

0.
00
00
7
(0
.0
00
04
)

0.
00
8

Hi
gh
er

P1
NP

co
nc
en
tra
tio
ns

(l
/L
)

0.
00
1
(0
.0
00
3)

0.
06
1

Hi
st
or
y
of

DM
0.
04
2
(0
.0
16
)

0.
01
7

Hi
st
or
y
of

DM
0.
04
4
(0
.0
18
)

0.
07
6

La
ck

of
us
e
of

AC
EI
s/
AR

Bs
0.
02
3
(0
.0
11
)

0.
02
5

Hi
gh
er

BM
I(
kg
/m

2 )
0.
00
2
(0
.0
01
)

0.
15

Fe
m
al
e
ge
nd
er

0.
02
3
(0
.0
11
)

0.
02
7

Hi
gh
er

AI
x
(%
)

0.
00
1
(0
.0
01
)

0.
18

Ag
e
(y
ea
rs
)

0.
00
2
(0
.0
01
)

0.
03
5

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

0.
01
1
(0
.0
06
)

0.
06
9

Ai
x
(%
)

0.
00
1
(0
.0
01
)

0.
07
8

Lo
w
er

Cr
Cl

(m
L/
m
in
pe
r
1.
73

m
2 )

0.
00
04

(0
.0
00
3)

0.
15

Hi
gh
er

Ca
xP
O 4

(u
ni
ts
)

0.
01
7
(0
.0
12
)

0.
16

Gr
ea
te
r
AI
x,
(%
)

Fe
m
al
e
ge
nd
er

8.
1
(1
.0
4)

<
0.
00
1

No
ne

Lo
w
er

Cr
Cl

(m
L/
m
in
pe
r
1.
73

m
2 )

0.
09
3
(0
.0
28
)

0.
00
1

Hi
gh
er

Fr
am

in
gh
am

10
ye
ar

CA
D
sc
or
e

0.
21

(0
.0
8)

0.
01

Hi
gh
er

di
as
to
lic

bl
oo
d
pr
es
su
re

(m
m

Hg
)

0.
17

(0
.0
64
)

0.
01

Gr
ea
te
r
AD

P
in
du
ce
d
pl
at
el
et

ag
gr
eg
at
io
n
(O
hm

s)
0.
42

(0
.1
6)

0.
01
7

Hi
st
or
y
of

DM
3.
93

(1
.7
9)

0.
02
4

La
ck

of
us
e
of

AC
EI
s/
AR

B
2.
69

(1
.2
2)

0.
02
7

Hi
gh
er

to
ta
lc
ho
le
st
er
ol

co
nc
en
tra
tio
ns

(m
m
ol
/L
)

1.
32

(0
.6
37
)

0.
03
9

Hi
st
or
y
of

CA
D

3.
23

(1
.8
3)

0.
06

Hi
gh
er

AD
M
A
co
nc
en
tra
tio
ns

(l
m
ol
/L
)

13
.5

(7
.6
)

0.
07
8

Ag
e
(y
ea
rs
)

0.
17

(0
.1
)

0.
08
5

Hi
gh
er

Ca
xP
O 4

(u
ni
ts
)

2.
1
(1
.3
4)

0.
12

Hi
gh
er

sy
st
ol
ic
bl
oo
d
pr
es
su
re

(m
m

Hg
)

0.
05
6
(0
.0
35
)

0.
12

AC
EI
s/
AR

Bs
in
di
ca
te
s
an
gi
ot
en
si
n-
co
nv
er
tin

g
en
zy
m
e
in
hi
bi
to
rs
/a

ng
io
te
ns
in

re
ce
pt
or

bl
oc
ke
rs
;
AD

M
A,

as
ym

m
et
ric

di
m
et
hy
la
rg
in
in
e;

AD
P,

ad
en
os
in
e
di
ph
os
ph
at
e;

AI
x,

au
gm

en
ta
tio

n
in
de
x;

BM
I,
bo
dy

m
as
s
in
de
x;

C
AD

,
co
ro
na
ry

ar
te
ry

di
se
as
e;

C
a x
PO

4
,c

al
ci
um

-p
ho
sp
ha
te

pr
od
uc
t;
C
rC
l,
cr
ea
tin

in
e
cl
ea
ra
nc
e;

C
Tx
,
C
-t
er
m
in
al

te
lo
pe
pt
id
e
of

co
lla
ge
n
ty
pe

1;
D
M
,d

ia
be
te
s
m
el
lit
us
;
hs
-C
RP

,h
ig
h-
se
ns
iti
vi
ty

C
-r
ea
ct
iv
e
pr
ot
ei
n;

M
D
,
m
ea
n
di
ffe

re
nc
e;

N
O
,n

itr
ic

ox
id
e;

P1
N
P,

N
-t
er
m
in
al

pe
pt
id
e
of

pr
oc
ol
la
ge
n
I.

*b
es
tim

at
e
(s
ta
nd
ar
d
er
ro
r)
fo
r
a
ch
an
ge

in
de
pe
nd
en
t
va
ria

bl
e
pe
r
1
un
it
ch
an
ge

in
pr
ed
ic
to
r
fo
r
co
nt
in
uo
us

va
ria

bl
es

an
d
pr
es
en
ce

of
pr
ed
ic
to
r
fo
r
di
ch
ot
om

ou
s
va
ria

bl
es
.

DOI: 10.1161/JAHA.114.000973 Journal of the American Heart Association 7

Aging of the Nitric Oxide System Sverdlov et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

 by guest on August 20, 2014http://jaha.ahajournals.org/Downloaded from 

http://jaha.ahajournals.org/


Discussion
The main findings of the current study are:

1. Aging is associated with both increases in ADP-induced
platelet aggregation and plasma ADMA concentrations, as
well as with reductions in platelet NO responsiveness—all
important risk factors for cardiovascular events (CVEs).

2. Female gender is associated with higher ADP-induced
platelet aggregation, lower platelet NO responsiveness,
greater arterial stiffness, and, critically, with more-pro-
nounced fall in platelet NO responsiveness with time.

3. There is a significant relationship between deterioration in
platelet NO responsiveness and increases in ADMA
concentrations.

4. Use of ACEIs/ARBs is associated with better platelet NO
responsiveness and lower arterial stiffness.

It is important to note that postulated mechanisms
underlying normal aging include increased oxidative stress
(OS),25 which affects NO signaling.7,9 However, previous
studies have not focused on a central role for NO/soluble
guanylate cyclase (sGC) signaling cascade in CV aging.

Our most central finding, that there is significant impair-
ment of platelet NO responsiveness with aging, is consistent
with effects of incremental OS. The phenomenon of NO
resistance appears to reflect, from a biochemical point of
view, the combined effect of scavenging of NO, primarily by
superoxide anion, and oxidative dysfunction or inactivation of
sGC.7 Thioredoxin (TRX)-interacting protein (TXNIP), which
functions as an inhibitor of TRX, a major antioxidant defense
protein involved in the maintenance of cellular physiology and
survival, may function within the CV system as a physiological

antagonist to NO signaling26 and thus play a direct role in the
observed impairment of platelet NO responsiveness. Further-
more, we have recently demonstrated that platelet TXNIP
content increases with age, and in this cohort, higher platelet
TXNIP content predicted worse platelet NO responsiveness.9

It is also possible that thrombospondin 1 (TSP-1),27 which is
released from platelet alpha granules, may contribute to
platelet NO resistance observed in our study. Indeed, similarly
to TXNIP, TSP-1 has recently been shown to increase with
age.28 It has also been shown to lead to NADPH oxidase
activation29 and subsequent reactive oxygen species gener-
ation as well as inhibition of sGC.30The current experiments
did not permit delineation of the extent of NO scavenging
versus sGC dysfunction. Interestingly, a number of agents,
such as ACEI, perhexiline, and, possibly, statins, ameliorate
platelet NO resistance.7 The previously described effects of
ACEIs include not only reversal of NO resistance,31 but also
reduction in arterial stiffness.32 The design of the current
study did not permit comparison of aging of NO responsive-
ness in blood vessels versus platelets. However, it has been
established that NO resistance, whether at the vascular33 or
platelet13 level, is an independent marker of risk of coronary
events.

Furthermore, we identified 2 factors associated with
accelerated decline of platelet NO responsiveness—female
gender and lower vitamin D levels. Females are thought to
be protected from coronary disease before menopause,
while postmenopausally they rapidly catch up with their
male counterparts and indeed generally have worse CV
outcomes, compared to males.34 The finding of more-
significant impairment of platelet NO responsiveness
could offer a partial explanation for this epidemiologically
observed risk. Interestingly, we have also demonstrated that
this process starts premenopausally, in the fifth decade of
life,15 and current results suggest that it then takes on an
accelerated course. Indeed, as previously reported,35

female gender was also a correlate of higher baseline
ADP-induced platelet aggregation, lending further support
toward an increased prothrombotic diathesis. The mecha-
nism(s) underlying these phenomena are worthy of specific
investigation.

Vitamin D deficiency has also been associated with a
number of CVD states.36 The mechanism for this association
is not absolutely clear, but the observed association between
low vitamin D levels and higher ADMA concentrations in this
cohort12 may provide a partial explanation.

While ADMA concentrations have previously been shown
to increase with age in the healthy population,37 longitudinal
evaluation of ADMA concentrations in relatively unselected
patient cohorts has not been undertaken. Interestingly, in a
cross-sectional study aimed to derive reference ranges for
plasma ADMA concentration in healthy individuals, Hov et al.

Figure 4. Correlation between changes in platelet NO respon-
siveness and plasma ADMA concentrations (r=�0.2; P=0.013).
ADMA indicates asymmetric dimethylarginine; NO, nitric oxide.
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found that ADMA concentrations had a very modest corre-
lation with age in women, but not in men.38 While, in our
study, female gender was a univariate predictor of higher
ADMA, the gender per se had no effect on the age-ADMA
relationship (Figure 5). There are 2 potential explanations for
this discrepancy. First, the study by Hov et al. included
healthy individuals, with no significant comorbidities and not
on any medications other than hormonal supplements,
whereas our cohort represented an unselected aging Western
population, including subjects with diabetes, heart disease,
and those taking multiple medications. This may have
obscured the relatively small effect of female gender on the
age-ADMA relationship noted by Hov et al.38 Second, the
study by Hov et al. had a substantial proportion of premeno-
pausal women, and estrogen is known to reduce ADMA
concentrations39; our study only included subjects above the
age of 55, so the majority of women are postmenopausal and
ADMA-lowering effects of estrogens would not be observed.

Importantly, higher ADMA concentrations are found in
renal insufficiency40 or in patients with coronary risk factors
(CRFs).41–43 Indeed, consistent with the previous literature, in
our population, renal function was a determinant of increasing
ADMA concentrations, as was the presence of diabetes, yet
no other CRFs appear to predict increases in ADMA concen-
trations with age in our population cohort. The increase in
ADMA concentrations was not primarily driven by deteriora-
tion in renal function because there was no reduction in renal
function over the follow-up period. This suggests that other
factors, namely, enzymatic generation of ADMA by protein
arginine methyltransferase-1 and/or metabolic clearance of

ADMA by dimethylarginine dimethylaminohydrolase (DDAH)-1
and -2,44 may have contributed to the observed changes.

In this regard, an intriguing finding of the current
experiments was the inverse correlation between changes in
platelet NO responsiveness and those in plasma ADMA
concentrations. Two possible explanations are available for
this correlation. First, DDAH is known to be susceptible to
OS45 and appears to be activated, in part, by NO.46 Thus, it is
possible that OS might similarly affect DDAH activity and
platelet NO signaling, as well as an NO-based feedback
mechanism at the level of DDAH. A second explanation would
relate to the precipitation of NOS uncoupling by ADMA.47

While NO responsiveness is superficially NOS independent,
increased superoxide production within platelets as a result
of NOS uncoupling would contribute to NO resistance. A
schematic of potential interactions between ADMA and NO
signaling is depicted in Figure 6.

The detection of platelet hyporesponsiveness to NO
utilizing whole-blood aggregometry is an important aspect of
study design: The observed abnormalities may reflect not only
disordered platelet function per se, but also interactions with
neutrophil-derived NAD(P)H oxidase48 and/or “uncoupled”
NOS49-derived superoxide radical release. We have utilized
SNP as an NO donor in our study because it represents a

Figure 5. Relationship between baseline age and plasma ADMA
concentrations stratified by gender. While females have higher
ADMA concentrations (ANCOVA; F=4.8; P=0.03), there is now
gender effect upon age-ADMA concentrations relationship
(ANCOVA; F=0.2; P=0.8). ADMA indicates asymmetric dimethy-
larginine.

Figure 6. Interactions between integrity of NO signaling and
increased ADMA clearance: potential pathways. ADMA can
directly inhibit and uncouple eNOS resulting in less NO and more
superoxide (O2

�) generation. ADMA can activate NAD(P)H
oxidase, resulting in increased superoxide production, which, in
turn, scavenges available NO, with the end result being reduced
NO availability and signaling. Increased superoxide can inactivate
DDAH-1 and -2, which, in turn, reduces ADMA clearance,
completing a vicious cycle of high ADMA begetting more ADMA.
ADMA indicates asymmetric dimethylarginine; DDAH, dimethy-
larginine dimethylaminohydrolase; eNOS, endothelial nitric oxide
synthase; NO, nitric oxide.
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tolerance-independent donor, which has been used exten-
sively in the past to characterize NO resistance at the platelet
level9,15,31,50,51 and which exerts largely sGC-dependent
antiaggregatory effects.7 Importantly, its use permits exclu-
sion of both nitrosylation-mediated effects and activation of
the redox-dependent site on guanosine 3’,5’-monophosphate
(cGMP)-dependent protein kinase as substantial modulators
of observed changes in platelet responsiveness.52 The
drawbacks for the use of SNP are mainly its relative
inconvenience as a result of its half-life in whole blood and
the fact that it may not be a “pure NO” donor.

The current study has a number of potential limitations.
The central issue is that the study was predominantly
phenomenological, without detailed parallel mechanistic
evaluation at the molecular level. In particular, the mecha-
nism(s) underlying changes in ADMA kinetics, the potential
effect of these changes on NOS function, and the integrity of
sGC would be important areas for detailed evaluation. The
potential gain from such an evaluation would be primarily to
delineate the optimal approach for amelioration and/or
circumvention of the aging-associated changes in NO
signaling.

Second, the study was not designed to evaluate the effect
of the observed changes in incidence of CVEs in this
population. To achieve such an objective, a much larger
population would have had to be followed up for a longer
period of time. While there is abundant evidence that
elevation of ADMA concentrations24 and presence of NO
resistance13 are prognostic markers in various populations, it
would be worthwhile to identify the extent of association in
this “normal” cohort. An additional limitation of the study is
that the data were only collected at baseline and end of the
study. Thus, it is possible that the parameters measured,
while worsening over time, have a much more waxing and
waning course than one of continuous progressive decline.

Conclusions
Previous studies have reported a relationship between age
and ADMA concentrations37 as well as between age and
platelet hyperaggregability.53 Little is known about platelet
NO responsiveness and age in unselected subjects, other
than the phenomenon of age-related reduction in platelet
cGMP.54 These parameters have not been assessed simulta-
neously in the past nor have they been followed up in the
same cohort. Thus, the novelty of the current study is that it
longitudinally evaluated changes in platelet aggregability, NO
responsiveness, arterial stiffness, and ADMA concentrations
in the same cohort of aging, but otherwise unselected,
subjects and correlated these with one another. The current
findings demonstrate that (1) NO-related parameters of
vascular and platelet function deteriorate with aging,

(2) there is a correlation between the degree of deterioration
of platelet (NO responsiveness) and vascular (ADMA levels)
NO-related function, and (3) female gender is a particular risk
for worsening of platelet NO responsiveness over time. Our
observations of aging of the NO system in platelets and the
vasculature may have important parallels in other organs.
Notably, the phenomenon of impairment of LV diastolic
function becomes increasingly frequent with aging,55 and
there is increasing evidence that impaired NO signaling is
important as a modulator of this form of heart failure.10,56

Both this issue, and also that of impairment of the anti-
inflammatory/antiapoptotic effects of NO57 would represent
technically more challenging areas of investigation, which are
nevertheless increasingly relevant, given our current results.
Additionally, correlation between rising ADMA concentrations
and worsening platelet SNP responsiveness have never been
reported on and may represent an interesting direction for
future research to determine whether these are inter-related
or parallel effects.
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