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Abstract

Objectives—This study sought to determine if metoprolol succinate ER (MET), and nebivolol
(NEB), a B1-AR with increased bioavailability of nitric oxide (NO), would have differing effects
on plasma asymmetric dimethylarginine concentration in hypertensives.

Background—It was hypothesized that NEB, a 1-AR antagonist and p3-AR agonist with NO-
releasing properties and MET, only a f1-AR antagonist, would have different effects on plasma
ADMA concentration.

Methods—~Forty-one hypertensive subjects randomly received either 50 mg of MET (n = 19) or
5 mg of NEB (n = 22) for 4 weeks followed by 100 mg MET and 10 mg NEB for 4 weeks.
ADMA and IGF-1 were measured by ELISA kit; endothelial progenitor cells were estimated using
fluorescein-labeled monoclonal antibody to KDR and CD133 receptors; arterial augmentation
index was measured by radial tonometry.

Results—Baseline systolic/diastolic blood pressure was 155.1 + 18.7/85.3 + 12.5 mm Hg for
MET subjects and 157.6 + 20.7/87.1 + 14.0 mm Hg for NEB subjects. Baseline ADMA was 0.32
+ 0.123 pmol/L in the MET group and 0.4035 + 0.1378 in the NEB group. ADMA increased
44.78% and 72% in the MET group at weeks 4 and 8 (p < 0.05 for both), respectively, without
increase in the NEB group. At week 8 augmentation index was increased in the MET group
(p<0.05). IGF-1 and EPC were unchanged by treatment.

Conclusions—Plasma ADMA and augmentation index are increased in a dose-dependent
fashion by MET but not with NEB.

INTRODUCTION

Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide synthase
(NOS) and a reflection of oxidative stress.! ADMA is formed by methylation of arginine

residues by the enzyme protein arginine methyltransferase-1 (PRMT-1) and is metabolized
by dimethylarginine dimethylaminohydrolase 1,2 (DDAH1,2).23 Plasma ADMA is widely
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recognized as a biomarker for cardiovascular disease risk and adverse cardiovascular and
renal outcomes.*

Nebivolol (NEB) is a p1 adrenoceptor (AR) antagonist and a p3-AR agonist.® Stimulation of
the B3-AR results in an increase in nitric oxide (NO) formation. NEB has been shown to
decrease ADMA concentration in cultured human umbilical vein cells (HUVEC)®7 whereas
this decrease in ADMA was not seen with metoprolol or carvedilol.” The decrease may be
accomplished by the stimulation of DDAH by the I-enantiomer of nebivolol.8 The I-
enantiomer of NEB is responsible for the B3-AR agonism of NEB while the d-enantiomer is
responsible for the B1-AR antagonism.

Growth hormone, through insulin-like growth factor-1 (IGF-1), improves markers of
systemic NO availability and reduces ADMA plasma concentration.® IGF-1 has been shown
to increase eNOS-dependent NO production by increasing phosphorylation of the enzyme at
Ser117710 Endothelial progenitor cells (EPCs) are impaired in hypertension and increased
by shear-induced NO.1! Finally, systemic arterial augmentation index (Al), a measure of
arterial stiffness, is increased in association with increased plasma ADMA 1213

Based on the differences in pharmacology, we hypothesized that nebivolol and metoprolol
succinate would have differing effects on plasma concentration of ADMA, arterial
augmentation index, plasma IGF-1 and number of circulating EPCs. To test this hypothesis a
prospective, randomized, parallel-group trial comparing NEB (5 to 10 mg daily) to MET (50
to 100 mg daily) on these parameters in 41 subjects with primary hypertension was
performed.

The trial consisted of a one to two week placebo period, followed by an eight week
treatment period. The protocol was approved by Quorum Review, Inc, Seattle, WA. The
primary endpoint of the trial was plasma ADMA concentration. Secondary endpoints
included systolic and diastolic blood pressure, arterial augmentation index, plasma IGF-1,
and circulating EPCs.

Inclusion criteria were men and women over the age of 21 years and a systolic blood
pressure >140 mm Hg (>130 mm Hg in type 2 diabetes). Subjects were excluded if they had
a secondary form of hypertension, type 1 diabetes mellitus, macroproteinuria, estimated
glomerular filtration rate <60 ml/min, heart failure or significant hepatic disease,
atrioventricular conduction disturbance greater than 1%t degree AV block, and women of
child-bearing potential not using birth-control measures.

After subjects gave informed consent to participate in the study, those who met the inclusion
and exclusion criteria had screening labs and measurement of blood pressure. All subjects
were placed on placebo and previous antihypertensive therapy withdrawn.

Subjects were seen every week during the placebo period for monitoring of blood pressure.
At each visit sitting and standing blood pressure were measured. At the end of the placebo
period subjects were randomized (if the last two systolic BP recordings varied by <10% and
were >140 mm Hg (or 130 mm Hg in diabetics)) to receive NEB 5 mg daily or MET 100 mg
daily. On the day of randomization the following procedures were done: recording of blood
pressure and augmentation index, blood drawn for measurement of ADMA, IGF-1 and EPC
number.

Subjects were seen at two-week intervals. If systolic BP was still elevated over 140 mm Hg
(or 130 mm Hg in subjects with type 2 diabetes mellitus) up-titration to 10 mg of nebivolol
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or 200 mg of metoprolol succinate was performed. At each visit, blood pressure and Al were
measured and blood drawn for measurement of ADMA, IGF-1 and EPC number.

PROCEDURES

Blood Pressure

Blood pressure and Al were measured by an Omron device with subjects seated and both
feet on the floor. The arm was at heart level and recordings were taken after 5 min rest (no
talking). Three measurements were recorded and the average of the last two measurements
analyzed.

Measurement of ADMA, IGF-1 and EPCs

Blood specimens were obtained from a brachial vein 2—4 hours post-dosing after overnight
fasting. Blood (10 ml) was extracted in two EDTA-containing tubes. One tube was used for
measurement of circulating endothelial progenitor cell (EPC) number and the other one
centrifuged at 1500 x g for 10 min. Plasma was separated and stored at —80 °C until assays
for ADMA and IGF-1 concentrations were performed. Laboratory personnel were blinded as
to the case-control status of the blood samples. Samples pertaining to matched study
subjects were analyzed together in the same batch (that is, on the same day and utilizing the
same immunoassay Kkit).

Plasma concentration of ADMA was measured in 3 replicas for each patient using direct
ELISA kit (ALPCO Diagnostics). ADMA was not normalized to L-arginine concentrations.
However, treatment of patients with hypertension with NEB for 4 weeks did not result in
any change in L-arginine plasma concentrations.14

IGF-1 assay included an acid-ethanol extraction step (to release IGF-1 from its binding
proteins) and free IGF-1 purification step (SEP-PAK C18 columns, Waters Inc.). Plasma
IGF-1 levels were assayed using Human IGF-1 Quantikine ELISA Kit (R&D systems).

EPC number were assessed as follows: peripheral blood mononuclear cells (PBMCs) were
isolated by density gradient centrifugation on Histopaque-1077 (1.077 g/ml, Sigma) (400 xg
for 40 min at 4 °C). Approximately 2 x 10° PBMCs were incubated with a biotinylated
monoclonal antibody against human kinase-insert domain receptor (KDR, Sigma-Aldrich, St
Louis, MO), followed by staining with Streptavidin-Phycoerythrin conjugate (BD
Biosciences, San Jose, CA). Samples were then further incubated with fluorescein
isothiocyanate (FITC) - conjugated anti-CD34 (BD Biosciences, San Jose, CA) and
Allophycocyanin-conjugated anti-CD133 (Miltenyi Biotec, Auburn, CA) antibodies.
Negative controls for each sample were co-incubated with appropriate isotype controls.
Samples were analyzed in a FC 500 System (Beckman Coulter). At least 10,000 events in
the lymphomonocytic gate were acquired and analyzed using CXP software (Beckman
Coulter).

Safety and Tolerability—Subjects were monitored for possible adverse events associated
with the study drugs.

Randomization Process

Study subjects were randomly allocated into the NEB and MET treatment groups at the
beginning of the trial using a random number generated by SAS. We did not stratify the
participants by race and sex in the randomization process, which led to an unbalanced
proportion of males and females. At the beginning of the study, 25 subjects were recruited in
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each group. Due to withdrawal of consent, lost to follow-up and missing values of some
outcome variables, the final sample size was 22 in the NEB group and 19 in the MET group.

Sample Size Calculation

Sample size need for comparing mean changes during follow-up between two groups with
equal size was calculated using the method described by Rosner.1> We use ADMA as a
primary outcome and expected a decrease of 25% in ADMA in NEB treatment group
compared with MET. Based on the parameters (mean and SD) in a previous study,6 the
sample size was calculated as n=20 for each group, with a power >=80% at a significance
level a=0.05.

Statistical Analysis

Data analysis was performed using SAS 9.1. A general linear model (GLM) was performed
to test the significance of differences in changes of outcome variables during follow-up
between groups (NEB vs MET). Relevant confounder variables were included in the model
for adjustment. The effects of NEB v MET on the relationship between outcome variables
were examined by comparing correlation coefficients (Pearson or Spearman) between
ADMA, IGF-1 and EPC between the two groups; the difference in the correlation
coefficients between the two groups were tested using Fisher’s Z-test. The significance level
was set at 0.05 for all analyses. The normality of the outcome variables was tested using the
Shapiro-Wilk statistic. Log-transformation was applied where necessary to improve the
distribution; however, their means and SDs are presented in the original scale in tables and
text.

Results

Forty-four subjects were suitable for randomization and 41 subjects completed the study.
There were no serious adverse side effects during the study. The baseline demographics are
shown in Table 1.

Blood Pressure

Baseline systolic/diastolic blood pressure was 155.1 + 18.7/85.3 + 12.5 mm Hg for MET
subjects and 157.6 + 20.7/87.1 + 14.0 mm Hg for NEB subjects and lowered comparably in
both groups. Systolic/diastolic blood pressure for NEB was 135 + 26/75+13 mm Hg at week
4 and 137+17/75+ 10 mm Hg at week 8 and for MET 142 + 25/78 + 16 mm Hg at week 4
and 149 £ 28/83 + 17 mm Hg at week 8. There was no statistical difference in blood
pressure lowering between the groups.

Asymmetric Dimethylarginine (ADMA)

Baseline plasma ADMA was 0.4035 £ 0.1378 umol/L in the nebivolol group and 0.3248 +
0.1228 pumol/L in the metoprolol group (NS). NEB treatment was not associated with a
change in ADMA at week 4 (0.4363 + 0.9739 umol/L) or week 8 (0.4353 + 0.640 umol/L)
while treatment with MET resulted in a dose-dependent increase of 44.78% (0,3946 +
0.0633) at week four (50 mg/day) and 71.72% (0.4628 + 0.1052 umol/L) at week eight (100
mg/day) compared to baseline (p<0.05) (Figure 1).

Augmentation Index

Augmentation index adjusted for heart rate {Al (75%)} was 82.5 + 12.3 at baseline in the
NEB group and 85.5 + 12.0 in the MET group (NS). After 8 weeks of treatment Al(75%)
was 85.6 £ 11.9 in the NEB group compared to 91.7 + 17.1 in the MET group (P = 0.017)
(Figure 2).
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Insulin-like Growth Factor-1

IGF-1 was 127.2 + 46.4 umol/L in the NEB group and 136.0 + 44.1 umol/L in the MET
group (p = NS). With NEB treatment IGF-1 was 116.1 + 36.1 and 118.9 + 40.1 umo/L at
weeks 4 and 8 respectively while with MET treatment IGF-1 was 109.8 + 36.7 and 114.2 +
29.8 umol/L at weeks 4 and 8 respectively. There was no correlation of IGF-1 with any of
the other measured parameters.

Endothelial Progenitor Cells

Baseline CD34/KDR cells were 71.9 £ 55.9 in the NEB group and 108.5 + 93.9 in the MET
group (NS) while CD34/KKDR/CD133 cells were 32 + 21.1 in the NEB group and 45.6 £
54.7 in the MET group (NS). EPCs did not correlate with any other measured parameter at
baseline and were unchanged by treatment with NEB or MET.

Discussion

NEB, a B1-AR antagonist and a 3-AR agonist, did not produce a change in plasma ADMA
concentration in subjects with hypertension while MET, primarily a f1-AR antagonist only,
increased ADMA in a dose-dependant fashion (Figure 1). Similar findings were reported but
without the dose-response data and identification of MET as succinate or tartrate.13 The
increase in ADMA with the B1-AR antagonist, MET, might result from increased
production, decreased metabolism or both. However, a clue to the mechanism may come
from the lack of effect of the B1-AR antagonist and p3-AR agonist NEB. Stimulation of the
B3-AR results in an increase in activity of DDAH-2 with increased metabolism of ADMA
thus neutralizing the effect of f1-AR antagonism alone. One may speculate that p1-AR
stimulation would result in a decrease in ADMA to accommaodate the increased blood flow
resulting from increased heart rate and myocardial contractility.

Thus, the net effect on ADMA by nebivolol is the result of B1-AR antagonism and p3-AR
agonism. The presence of two pharmacological mechanisms of action that influence the
concentration of ADMA may account for the finding that in some studies, nebivolol
decreases ADMA where as in ours, and other studies, ADMA concentration is not changed.

Interestingly, the I-enantiomer of nebivolol is an agonist at the B3 receptor and also has been
shown to increase the activity of DDAH1,2, enzymes responsible for the metabolism of
ADMA. Interestingly, mutation of the DDAH gene is associated with increased
cardiovascular risk and hypertension.1’

Interplay between the p1- and B3-ARs has been found in rat neonatal cardiomyocytes.18
Chronic B1- or f3-AR stimulation leads to the modulation of $1- and p3-ARs by a cross-
regulation involving PKC, PI3K, p38MAPK and MEK/ERK1/2 pathway, and through
protein kinase A when B1-ARs are chronically activated. Up-regulation of 3-ARs is seen in
human myocardium from subjects with heart failure.1® In myocardium, stimulation of $3-
ARs produces a negative inotropic effect that is mediated by NO. In the periphery, B3-AR
stimulation produces vasodilation following NO release. Thus, the B3 adrenoceptor may
assist in compensating for excessive catecholamine stimulation.

IGF-1 and ADMA have an interesting relationship in that increasing IGF-1 decreases
ADMA while increasing the production of NO. Treatment of growth hormone deficient
subjects results in a reduction of ADMA concentration and increased NO production. The
failure of nebivolol to change the plasma concentration of IGF-1 suggests that NEB
modulates ADMA due to a different mechanism.
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The highest dose of MET (100 mg/day) resulted in an increase in Al (75%). This is
consistent with previous studies showing that an increase in ADMA is associated with
increased arterial stiffness.2? The lack of a negative effect of NEB may be related not only
to the lack of effect on ADMA, but to the increased production of NO as well.

The number of EPCs observed in blood from subjects in this study was small and may
reflect the degree of hypertension and co-morbidity, e.g. diabetes mellitus and smoking.2!
The lack of effect of treatment may reflect the short duration of the study as well as a lack of
effect of the specific drugs.

Beta-blockers are a heterogenous class of cardiovascular drugs that produce effects that are
the net result of their actions on various receptors. The increase in ADMA with MET
suggests that may p1-AR antagonism alone may not produce optimal benefit for the
treatment of some diseases, e.g. hypertension as demonstrated in some meta-analyses. It
remains to be seen if drugs such as nebivolol are associated with better outcomes,
particularly on stroke.
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Figure 1.

Plasma concentration of ADMA is increased in a dose-dependant manner by MET, whereas
there is no effect of treatment with NEB. MET dosage was 100 mg daily for the first 4

weeks and 200 mg daily for the last 4 weeks of treatment while NEB dosage was 5 mg daily
for the first 4 weeks and 10 mg daily for the last 4 weeks of treatment.
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Figure 2.

Augmentation index corrected for heart rate (Al 75%) is increased after 8 weeks of

treatment with MET, but was not affected by treatment with NEB.
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BASELINE DEMOGRAPHICS

NEB (n=23) | MET (n=18)
Age(yrs) 59.9+8.6 57.5+12.2
Male 10 13
Female 13 5
White 3 4
Black 20 14
Wt (Ibs) 193 +43 199 + 54
Waist (in.) | 43.1+6.15 42.9+7.52
Diabetes 2 5

Mean * SD are given for continuous variables. MET = metoprolol succinate ER; NEB = nebivolol; Wt = body weight; waist = waist

circumference.
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