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Abstract

It has been suggested that asymmetric dimethylarginine (ADMA), an endogenous nitric oxide synthase inhibitor, is linked to hypertension
and vascular reactivity. Retinal arteriolar narrowing has been observed to associate early with increased risk of hypertension. The objective of
this study was to evaluate the role of ADMA as a biomarker for early vascular changes of retinal vessels and thus as a possible biomarker of
hypertension risk. Thirty-five healthy white men aged 50.1 years (range, 45-55 years) were studied. Using digitized fundus photography, the
following diameters of retinal arterioles and venules were measured 1 disc diameter from the optic disc edge: the mean arteriole width
(MAW) and venule width (MVW), the sum of squares of widths of arterioles (SSWA) and venules (SSWV), and the central retinal artery
equivalent (CRAE) and venous equivalent (CRVE). Arteriovenous ratio was determined using MAW/MVW, SSWA/SSWYV, and CRAE/
CRVE. Blood pressure was measured by 24-hour ambulatory recordings and also by resting measurements. Plasma ADMA was determined
by a high-performance liquid chromatography tandem mass spectrometry. Plasma ADMA had a strong negative association with MAW,
MVW, SSWA, SSWYV, CRAE, and CRVE. Arteriovenous ratio measurements did not associate with plasma ADMA or with L-arginine to
ADMA ratio, but arteriovenous ratios had a strong association with blood pressure. In a multivariate linear model, plasma ADMA
concentration was the most significant predictor of arteriole and venule diameter measurements. These results suggest that plasma ADMA is
associated with vascular phenomenon seen in early hypertension and that ADMA may be a potential biomarker candidate for development of
hypertension.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction generalized retinal arteriolar narrowing may precede the

development of systemic hypertension [4]. Diminished

Retinal microvascular abnormalities may reflect the
degree of arteriolar damage from hypertension or athero-
sclerosis [1] and are associated with increased cardiovascular
risk [2,3]. Previously, it has also been demonstrated that
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bioavailability of nitric oxide (NO) impairs endothelium-
dependent vasodilation and activates other mechanisms that
may play an important role in the pathogenesis of endothelial
dysfunction and atherosclerosis [5]. The role of NO in the
maintenance of choroidal and retinal flow has been verified
by demonstrating that the intravenously dosed NO synthase
(NOS) inhibitor monomethylarginine (LMMA) impairs
retinal capillary flow in normotensive [6] and in hyper-
tensive patients [7] and that in experimental animal models,
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LMMA blocks vasodilation in isolated ocular blood vessels
[8,9]. Asymmetric dimethylarginine (ADMA) is another
endogenous competitive inhibitor of NOS that can modu-
late NO production and is suggested to be a marker of
endothelial dysfunction [10,11]. Some studies have reported
an association between ADMA and blood pressure (BP)
[11,12]. Moreover, myocardial vasodilator capacity and
impaired endothelium-dependent brachial artery vasodila-
tion have been found to associate with plasma ADMA
levels [13,14].

Generalized retinal arteriolar narrowing has been observed
to associate with increased risk of hypertension [4]. Thus,
this study was performed to clarify the role of plasma
ADMA as a biomarker for retinal resistance vessel diameters
and therefore also for increased risk of hypertension.

2. Materials and methods
2.1. Selection of subjects

At the beginning of the Tampere Ambulatory Hyperten-
sion Study, 97 healthy, untreated, white men were selected
from routine health checkup carried out on 35-, 40-, and
45-year-old persons who are residents of the city of
Tampere. Details of the study design have been presented
earlier [15]. Ten years later, subjects with data on arginine
derivatives, BP measurements, and retinal vessel measure-
ments were included in the present analysis. Thus,
35 apparently healthy men without any medication were
studied (Table 1). The study was approved by the ethics
committee of Tampere University Hospital. All participants
gave a written informed consent.

2.2. Measurements of blood vessels
Fundus photographs were taken with the Canon CF-60Z
fundus camera (Canon, Tokyo, Japan) while both pupils of

Table 1
Clinical characteristics of the participants

Variable Subjects (N = 35)
Age (y) 50.1£4.3
BMI (kg/m?) 27.4+3.0
Tobacco smoking (no/yes) 17/18
Ambulatory SBP (mm Hg) 123 £ 14
Ambulatory DBP (mm Hg) 84 +9
Resting SBP (mm Hg) 140 £ 16
Resting DBP (mm Hg) 86+ 11

TC (mmol/L) 548 +1.14
LDL cholesterol (mmol/L) 3.41+1.05
HDL cholesterol (mmol/L) 1.37 £ 0.37
TGs (mmol/L) 1.64 £ 0.96
Creatinine clearance (mL/[s 1.73 m’]) 1.94 £ 0.36
Arginine (umol/L) 139+ 34
ADMA (umol/L) 0.38£0.12
Arginine-ADMA ratio 405.90 + 168.00
SDMA (umol/L) 0.79 +0.23

Values shown as mean + SD. BMI indicates body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure.

the subject dilated. Photographs were macula-centered, 60°-
wide, color fundus photographs that were digitized at 5760
dots per inch resolution using the Imacon Flextight Precision
II scanner (Imacon, Copenhagen, Denmark). The size of 1
pixel was estimated by using meta-analysis of the average
size of the optic disc reported in 13 references (2774 eyes).
Detailed description of the procedure has been published
earlier [16]. According to those estimations, the size of 1
pixel was 2.81 x 2.81 um and the average disc diameter was
1.83 mm (652 pixels). Measurements were made by one of
the authors (VH) without knowledge of the subjects’ clinical
data, and the computer program Image-Pro Plus 4.0 (Media
Cybernetics, Silver Spring, MD) was used. The optic disc
edge was drawn as a circle 326 pixels from the center of the
optic disc, and diameters of all arterioles and venules at least
7 pixels in diameter were measured from a circle 1 average
disc diameter (1 DD) from the optic disc edge. Vessel borders
were determined, and perpendicular vessel diameter was
measured. Smokers discontinued smoking for 4 hours before
the eye measurements were done.

2.3. Retinal blood vessel parameters and
arteriovenous ratios

Measured arteriole and venule widths from 1 DD from the
optic disc edge were used to form the following different
retinal blood vessel parameters as described earlier [16]:
mean arteriole width (MAW), mean venule width (MVW),
sum of squares of widths of arterioles (SSWA), sum of
squares of widths of venules (SSWV), central retinal artery
equivalent (CRAE), and central retinal vein equivalent
(CRVE). Arteriovenous (A/V) ratio is frequently used to
represent generalized arteriolar narrowing [17]. The follow-
ing A/V ratios were determined: MAW/MVW, SSWA/
SSWV, and CRAE/CRVE. Measurements of both eyes
were used if available (mean of right and left eye results); but
if only one fundus picture measurement of the subject was
available, then this was used. Detailed description and
analyses of the A/V ratios were published earlier [16].

2.4. Blood pressure monitoring

Ambulatory BP monitoring was performed with the
previously validated [18,19] DIASYS 200 device (Novacor,
Rueil-Malmaison, France). Blood pressure was measured at
15-minute intervals between 6:00 AM and 10:00 PM and at
30-minute intervals between 10:00 pMm and 6:00 AM. The 24-
hour BP was calculated using hourly means. Only recordings
with less than 10% missing or inappropriate values were
accepted. The raw data were checked manually, and
inappropriate readings [20] were excluded. Resting BP was
measured with the participants in the sitting position after 10
minutes of rest using a calibrated aneroid barometer (Speidel
and Keller, Jungingen, Germany). Systolic BP was read at the
first Korotkoff sound and diastolic BP at the disappearance of
the Korotkoff sounds (phase V). The deflation rate was 2 mm
Hg/s. Blood pressure was recorded on 2 consecutive days:
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before the ambulatory recording (3 measurements at least
1 minute apart) and after it (2 measurements at least 1 minute
apart) The average of 5 readings was used for analysis.

2.5. Blood sampling

Blood samples were drawn into EDTA tubes in ice after
participants had fasted for 12 hours. Smokers discontinued
smoking for 4 hours before the blood samplings were done.
Plasma was separated by low-speed ultracentrifugation and
stored at —80°C until analyzed. Plasma total cholesterol
(TC), high-density lipoprotein (HDL) cholesterol, low-
density lipoprotein (LDL) cholesterol, triglycerides (TGs),
arginine, ADMA, and symmetric dimethylarginine (SDMA)
concentrations were determined.

2.6. Determinations of plasma lipids and
arginine derivatives

The concentrations of plasma TG, TC, and HDL
cholesterol were determined using Cobas Integra 700
automatic analyzer with reagents and calibrators as recom-
mended by the manufacturer (Roche Diagnostics, Basel,
Switzerland). The LDL concentration was calculated by
using the Friedewald formula because plasma TG levels did
not exceed 4.0 mmol/L [21]. The interassay coefficients of
variation were 1.4% for the TC, 1.0% for the TGs, and 3.7%
for the HDL cholesterol assessments.

Arginine, ADMA, and SDMA were determined by using a
high-performance liquid chromatography (HPLC) tandem
mass spectrometry. A 200-uL aliquot of plasma was diluted
and applied on solid-phase, straight-phase silica column
(100 mg Bond Elut; Varian, Palo Alto, CA). After washing
with methanol arginine, its methylated derivatives were eluted
into 4 mol/L NH4OH in 50% acetonitrile; and eluent was
evaporated with a stream of N,. Before analysis, dry residue
was dissolved in HPLC mobile phase. Tandem mass spectro-
metry (API3000, Applied Biosystems/Sciex, Foster City, CA)
was used to detect arginine and its metabolites after separation
on short C18 HPLC column. The mass spectra observed were
similar to those found by Vishwanathan et al [22]. Transitions
yielding the best signal-to-noise ratios on the API3000
instrument were m/z 203 — 70 for ADMA and SDMA, m/z
189 — 70 for LMMA, and m/z 175 — 60 for arginine.
Vishwanathan et al [21] used the Micromeritics (Norcross,
GA) tandem mass spectrometry equipment and found m/z
203 — 158 for ADMA and m/z 203 — 172 for SDMA to give
the best response. All samples were carried out from the
beginning, that is, also through the sample pretreatments, in
parallel with and without SDMA spike. Normalized differ-
ence in SDMA peaks of samples run with and without added
SDMA was calculated. That is the peak height of arginine, and
other peaks except SDMA were adjusted to exactly the same
level in the 2 samples. The procedure allowed the normalized
difference of SDMA between samples containing endogenous
SDMA and those containing endogenous plus added SDMA
to be calculated. The difference thus gave a response for a

known SDMA supplement in each of the samples, allowing
calculation of SDMA concentration in the sample containing
only endogenous SDMA; that is, SDMA calibration was
performed by the method of standard additions for each
sample. For other analytes, external standard curves were
established by using the difference in normalized SDMA peak
heights as an internal standard. For ADMA, total coefficient of
variation was 10.3%; and respective intra- and interday
component coefficients of variation were 7.0% and 7.6%,
respectively, obtained by analysis of a pooled serum sample.
Arginine and its methylated metabolites used for calibration
were obtained from Sigma Chemicals (St Louis, MO).

2.7. Statistical methods

The data were analyzed with the Statistica for Windows
statistics program (StatSoft, Tulsa, OK). The normality of
each variable was studied by the Kolmogorov-Smirnov test.
Univariate correlation analysis was carried out with the
Pearson correlation test for normally distributed variables.
Linear regression analysis was used to find out the
determinants of retinal arteriole and venule diameter
measurements. Data are presented as mean + SD unless
otherwise stated. A P value of less than 0.05 was considered
statistically significant.

3. Results

3.1. Clinical characteristics

The clinical characteristics of study subjects are given in
Table 1. Study subjects consisted of 35 middle-aged (range,
45-55 years) white men without symptoms of any disease
and who had no medication. They had normal to moderately
elevated BP and lipids, and normal renal function. Data
of retinal vessel measurements were based on the mean of
the measurements of 2 eyes in 25 subjects and of 1 eye in
10 subjects.

3.2. Arginine derivatives, BP, and other characteristics

The average plasma L-arginine, ADMA, and SDMA
concentrations were 139 + 34, 0.38 + 0.12, and 0.79 =+
0.23 umol/L, respectively. Plasma ADMA concentrations or
L-arginine to ADMA ratios were not associated with systolic
or diastolic BP values. Plasma arginine derivatives did not
associate with age, body mass index, creatinine clearance, or
lipids. Concentrations of plasma arginine derivatives were
comparable in smokers and nonsmokers.

3.3. Arginine derivatives, retinal arteriole-venule
measurements, and smoking

In 1 DD, the MAW and the MVW were 54.1 + 10.0 and
73.5+12.9 um, respectively. The average SSWA and SSWV
were 38353.7 + 11788.3 and 67024.8 + 21994.8 um?,
respectively. The mean CRAE and CRVE were 146.0 +22.9
and 203.7 + 31.2 um, respectively. Retinal vessel diameters
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Table 2
Associations between ADMA, ambulatory blood pressure, and retinal
vessel diameters

AV ADMA SBP DBP
measurements R pe R pe R po
(N = 35)

MAW —0.40 0.02 -0.068  0.71 -0.11 0.54
MVW -0.43 0.009 0.20 0.26 0.040 0.82
MAW/MVW 0.059 0.73 —0.35 0.04 -0.34 0.04
SSWA —0.48 0.004 -0.069 0.69 -0.17 0.32
SSWV —0.43 0.01 0.29 0.09 0.14 0.44
SSWA/SSWV  —0.0041 0.98 —0.53 0.001 -0.39 0.02
CRAE -0.46 0.006 —0.034 0.85 -0.064 0.72
CRVE —0.43 0.009 0.26 0.13 0.089  0.61
CRAE/CRVE —0.030 0.87 —0.40 0.02 -0.21 0.23

# Pearson correlation analysis.

in general seemed to be slightly wider in smokers than those
in nonsmokers. However, a borderline significant difference
was observed only for SSWV (74081.3 + 22115.5 vs
59553.1 + 19824.8 um?, P = .05) and CRAE (153.2 +25.6
vs 138.4 £ 17.2 um, P=.05). Smoking intensity (pack years)
was partly associated with retinal vessel calibers (SSWV: r=
0.39, P=.03 and CRVE: r=0.37, P = .04, respectively) but
not with the arginine derivatives.

Plasma ADMA had a strong negative association with
MAW and MVW, SSWA and SSWV, and CRAE and CRVE

Table 3
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(Table 2). The A/V ratio measurements (MAW/MVW,
SSWA/SSWV and CRAE/CRVE) did not associate with
plasma ADMA, arginine, or L-arginine to ADMA ratio; but
A/V ratios had a significant association with BP.

In a multivariate linear model, plasma ADMA concentra-
tion and, partly, age were the significant predictors of
arteriole and venule diameters (Table 3). The other
explanatory variables in the model were arginine and
smoking.

4. Discussion

The results of this study show that plasma ADMA has a
significant negative association between retinal arteriole and
venule diameters. In addition, retinal arteriole and venule
diameter measurements associate negatively with BP.
However, plasma ADMA do not associate with BP in
subjects with normal or slightly elevated BP levels. These
data suggest that although plasma ADMA does not directly
associate with systemic BP, it may have a role in regulating
retinal vessel diameter and be a potential biomarker
candidate for development of hypertension.

Many of the hemodynamic features associated with
essential hypertension can be accounted for by alterations
in the structure of resistance vessels [23,24]. Retinal vessels

Predictors of retinal vessel diameters, based on a standard univariate and multiregression model

Arteriole measurements

Explanatory variable in

Retinal vessel parameters

MAW SSWA CRAE
B SE B P B SE B P B SE B P

Univariate model

ADMA (umol/L) —34.38 13.56 —-0.40 .02 —47919.6  15395.67 —0.48 .004 —88.95 30.21 —0.46 .006
Multivariate model

ADMA (umol/L) —33.77 12.93 —-0.40 .01 —47399.6  14517.11 -047 .003 —84.60 27.22 —0.44 .004

Arginine (umol/L) -0.079 0.043  —-0.27 .08 —87.6 48.75  —0.26 .08 -0.19 0.091 -0.27 .06

Age (y) 0.60 0.35 0.26 .10 760.1 393.12 0.22 .06 1.54 0.74 0.29 .05

Smoking (yes/no) 3.74 2.99 0.19 22 4307.3 3359.31 0.19 21 12.35 6.30 0.27 .06

Full model R*=0.26 01 RP=033 003 R*=037 .001
Venule measurements
Explanatory variable in Retinal vessel parameters

MVW SSWV CRVE
B SE B P B SE B P B SE B P

Univariate model

ADMA (umol/L) —47.87 17.30 -0.43 009  —80975.7 29473.63 —0.43 0.01 —115.47 41.75 —0.43 .009
Multivariate model

ADMA (umol/L) —45.23 18.15 -0.41 .02 -75037.8  28307.22 -0.40 0.01 -107.79 40.73 —-0.40 .01

Arginine (umol/L) -0.019 0.061  —0.049 .76 -15.4 95.05 —-0.024 0.87 —-0.030 0.14 -0.031 .83

Age (y) 0.39 0.49 0.13 44 1670.9 766.55 0.33 0.04 2.21 1.10 0.30 .05

Smoking (yes/no) 4.34 4.20 0.17 31 12216.0 6550.39 0.28 0.07 16.11 9.42 0.26 .10

Full model R*=0.13 08  RP=027 0.009 R*=0.25 01

B indicates unstandardized regression coefficient; f3, standardized regression coefficient; SE, standard error; R, adjusted coefficients of determination.
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represent resistance vessels, and abnormalities of the retinal
vasculature may reflect the microvascular damage due to
hypertension [25]. It has also been demonstrated that
generalized retinal arteriolar narrowing may precede the
development of systemic hypertension [4]. Furthermore,
persons with familial predisposition had arteriolar narrowing
in the prehypertensive stage [26]. Taken together, it is still
uncertain whether generalized arteriolar narrowing antedates
high BP, occurs as a secondary adaptation, or both.

The results of the prospective studies suggest that plasma
ADMA may be a significant predictor of vascular disease
[27,28]. In the present study, we measured retinal vessel
diameters using digitized fundus photography, which has
been demonstrated to be a reliable and highly repeatable
method in evaluating retinal microvascular changes [1]. The
present study demonstrated a strong negative association
between plasma ADMA and retinal arteriolar and venule
diameter. We also considered a previously reported finding
[29,30] that nonsmokers have slightly narrower retinal vessel
calibers than smokers. Thus, smoking was included in the
vessel diameter—predicting multivariate model together with
arginine, which is competing with ADMA for the same NOS
binding site. Despite adding these potential confounding
factors to the multiregression model, plasma ADMA
concentration was the most important determinant for
diameters, suggesting that plasma ADMA may truly
modulate retinal vessel diameter.

The ratio of retinal arteriolar to venule (A/V ratio)
diameters is often used as a marker of generalized arteriolar
narrowing [1,16]. In the present study, we determined A/V
ratios using 3 different formulas and found that A/V ratios
correlate significantly with systemic BP in agreement with
an earlier study [1]. However, A/V ratios were not associated
with plasma ADMA. Because ADMA associated with both
arteriolar and venule diameters, its effects on A/V ratio
values are not anticipated to be profound.

Previously, an association between ADMA and BP has
been reported in some studies [11,12], but not in all [31-33].
In this study, there was no association between plasma
ADMA and BP. We emphasize that the participants in the
present study were normotensive or only mildly hyperten-
sive subjects whose BP values had a narrow range, making it
difficult to find correlations. Whereas in a recent study we
could confirm a well-known [34] association between
systemic vascular resistance and BP, we did not find an
association between plasma ADMA and systemic vascular
resistance or BP [28]. This study examined the associations
in a small group of voluntary subjects. In addition, they all
were men. Therefore, some selection bias may be present.
Furthermore, it is unknown whether the results can be
extrapolated to female subjects.

Taken together, plasma ADMA associates strongly with
retinal arteriolar narrowing that in previous studies has
preceded the development of systemic hypertension. Thus,
plasma ADMA may potentially serve as an early biomarker
for hypertension. However, large-scale studies are needed to

validate the present findings before ADMA measurements
can be offered to physicians as a risk estimation tool.
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