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Abstract

It is claimed that novel 3-adrenolytic drugs possess superior antioxidant properties as compared to classical selective or non-
selective B-adrenoceptor antagonists. Here we tested this notion by analyzing radical scavenging properties of selected
B-adrenolytic drugs and their ability to release nitric oxide in biological preparations. Selective B;-adrenolytics such as
nebivolol, atenolol, metoprolol and non-selective B-adrenolytics with al-receptor blocking properties such as carvedilol
and labetalol were chosen for analysis. NO-releasing properties of nebivolol and carvedilol distinguished third generation
B-adrenolytics from their older counterparts while the reactivity towards hydroxyl and peroxyl radicals discerns only carvedilol
but not nebivolol. Thus, superior clinical efficacy of third generation 3-adrenolytics may be related to their ability to release

NO rather then to their direct antioxidant properties.
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Introduction

B-Adrenoreceptor antagonists (B-adrenolytics,
B-blockers) are commonly used in the treatment of
cardiac dysrythmias, hypertension, coronary artery
disease and heart failure. It is widely accepted that
these drugs are beneficial because they protect
cardiovascular system against excessive adrenergic
stimulation exerted via B-adrenoreceptor. However,
recently published experimental and clinical data
seem to suggest that some among the novel
B-adrenolytic drugs such as nebivolol or carvedilol
afford additional cardioprotective effects unrelated to

B-adrenoreceptor blockade. Indeed, nebivolol is an
unique cardioselective PB-adrenoceptor antagonist
because apart from its [;-adrenolytic activity it
possesses also vasodilating properties attributed to
endothelial nitric oxide (NO) [1-3]. NO-dependent
vasodilating effects of nebivolol was shown in different
vascular beds and species including humans [2,4—6].
Moreover, independently on hypotensive action,
chronic treatment with nebivolol, but not with
atenolol, reversed endothelial dysfunction in patients
with arterial hypertension [7,8] as well as in
experimental animal model of hypertension [9]. In
contrast to nebivolol, carvedilol is an adrenergic
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antagonist with non-selective B- and «ol-receptor
blocking properties. Surprisingly, it possesses ancillary
properties, similar to nebivolol. In patients with
coronary disease carvedilol improved NO-dependent
endothelial function [10], while z vitro it released NO
from vascular endothelium [11]. Interestingly, pleio-
tropic endothelial activity of nebivolol or carvedilol is
not shared by other B-adrenolytic drugs, for instance,
atenolol or metoprolol.

On the other hand, it was claimed that direct
antioxidant activity of nebivolol and carvedilol was, at
least in part, responsible for the beneficial endothelial
and cardiovascular action of these drugs. Further-
more, in numerous studies distinct antioxidant
properties of nebivolol and carvedilol were demon-
strated [12—16] and it was suggested that superior
antioxidant activity of these drugs as compared to their
older counterparts could, at least in part, be explained
by their better direct scavenging abilities towards the
reactive oxygen species (ROS) [17-27].

Direct scavenging of superoxide radical anion, O,
by B-adrenolytics is unlikely and effect of these drugs on
O, seems to be related to the inhibition of NAD(P)H
oxidase in inflammatory cells [24,28,29]. Indeed,
nebivolol and carvedilol diminished superoxide
ion production in inflammatory cells, through the
inhibition of NAD(P)H oxidase activity [24,28,29]
and this activity of nebivolol and carvedilol was
not accompanied by the direct reactivity of these
compounds with superoxide radical anion. Even at high
concentrations these $-adrenolytic drugs did not inhibit
the reaction of O, with cytochrome ¢, whereas it was
inhibited by superoxide dismutase SOD [25-28].

On the other hand, direct radical scavenging
properties of nebivolol and carvedilol are not consist-
ently understood. For example, it has been reported
that carvedilol inhibits lipid peroxidation by scavenging
free radicals [23], while other experiments show that
carvedilol rather sequesters ferric ion [27,30]. From
those results it might be concluded that carvedilol does
not act as a radical-scavenging antioxidant but that it
does act as an antioxidant against iron-induced lipid
peroxidation by sequestering ferric ion. In numerous
works reporting the antioxidative properties of carve-
dilol and other B-adrenolytics, different systems for
radical generation were used, including methods
requiring the presence of iron ions and enzymatic
systems [23-25,31-34]. From these results, it is not
possible to unequivocally decide whether carvedilol
scavenges free radicals already generated or whether it
prevents radical formation [34].

Taking the above into consideration, the main
objective of this study was to determine radical
scavenging properties of selected B-adrenolytic drugs
in reference to their ability to release NO in biological
preparations. For our analysis we have chosen
selective B;-adrenolytics such as nebivolol, atenolol,
metoprolol and non-selective B-adrenolytics with

al-receptor blocking properties such as carvedilol
and labetalol. To elucidate mechanisms of the radical
scavenging processes, we investigated a reactivity of
this group of compounds with hydroxyl and peroxyl
radicals. In addition we also investigated a reactivity of
indole analog of carvedilol (carbazole group replaced
by indole moiety) and methyl-2-hydroxypropylamine
(HPMA), representing a central fragment of all
investigated compounds that is considered to be
responsible for their physiological interaction with
the B-adrenoreceptors. On the other hand, NO-
dependent coronary vasodilator activity of the selected
B-adrenolytic drugs was assayed in the isolated guinea
pig heart. We have shown previously that this model is
suitable for the detection of the NO-dependent
endothelial action of cardiovascular drugs [4,35,36].

Experimental
Compounds

The B-adrenolytics were obtained from Berlin-Chemie
(nebivolol), Roche (carvedilol), or from Sigma-Aldrich
(atenolol, metoprolol, labetalol). Indole analog of
carvedilol was synthesized by Dr Grazyna Groszek
from the Department of Chemistry, Rzeszow
University of Technology and obtained as a gift. Other
chemicals were commercially available from Sigma-
Aldrich: KBr, NaN;, KSCN, KH,PO,4, Na,HPOy,,
ABTS (2,2'-Azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diamonium salt), PNBA (4-Nitrobenzoic
acid). The aqueous solutions were prepared using water
purified by a Millipore-Milli-Q system.

Synthesis of methyl-2-hydroxypropylamine

To a stirred aqueous solution (40%) of methylamine
(50 g; 0.61 mole of MeNH,) kept at —5°C propylene
oxide (8.7g; 0.15mole) was added dropwise over
three hours. The stirring was continued overnight at
room temperature. The excess of methylamine and
water were distilled off on the rotary evaporator and
the residue was shaken with solid potassium
carbonate, filtered, and extracted with ethyl ether.
The extract was thoroughly dried over anhydrous
MgSO, and fractionally distilled under reduced
pressure to give 10.4g (78%) of methyl-2-hydroxy-
propylamine as colorless liquid, b.p. 62—63°C/18 mm
Hg. '"H NMR (Brucker 250 MHz, D,0) 6 ppm: 1.15
(d, 3H, ¥ = 6.2Hz, CH3-N), 2.31 (s, 3H, CH3), 2.52
(d, 2H, ¥= 6.0Hz, CH,), 3.91 (m, 1H, CH-0).

Pulse radiolysis

The pulse radiolysis experiments were carried out
with high energy (6 MeV) electron pulses (2—7ns)
generated from ELU-6 linear electron accelerator.
The dose absorbed per pulse was determined with N,O
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saturated aqueous solution of KSCN (0.01 M),
assuming G((SCN), )=6.0 and &((SCN), )=
7600 M 'cm ™! (G represents yield of radicals per
100 eV of energy absorbed and e is molar extinction
coefficient at 475 nm) [37]. The dose delivered per
pulse was within the range 2—9 Gy. The spectra of the
transient products were obtained with the higher dose
pulses, whereas the rate constants were determined
with lower doses to minimize interference of radical—
radical reactions. Details of the pulse radiolysis system
are given elsewhere [38,39].

Pulse radiolysis of neutral water produces three highly
reactive species: e,q (2.6), OH (2.7), H (0.6) in addition
to the formation ofless reactive products: H,O, (0.7), H,
(0.45), H;0"(2.6) (numbers in parentheses are the G
values determined 100 ns after an electron pulse) [40].

In order to study the reaction of B-adrenolytics
(B-blockers) with the hydroxyl radicals the aqueous
solutions were saturated with the N,O in order to
convert e,q into hydroxyl radicals (reaction 1,
k=8.7x10°M s ') [41,42] and to remove oxygen

€aq + NoO—"OH + OH™ + N, (1)
B — blocker + OH — products. 2)

Kinetic analysis was done with Levenberg—
Marquardt algorithm. The first-order rate constant
values (kops) Were evaluated from the plot of A4 vs.
time. The bimolecular rate constants were determined
from the slope of the linear plot of k., vs. solute
concentration. Alternatively to the direct observation
of the reaction of B-adrenolytics with hydroxyl radical
based on the products build-up (reaction 2), the rate
constant of this reaction (k,) was determined by the
competition kinetics methodology. The competition
between reactions of hydroxyl radical with B-adreno-
Iytics (reaction 2) and one of the standard hydroxyl
radical scavengers like SCN ™~ (thiocyanate anion)
ABTS?”  2,2/-azinobis(3-ethylbenzothiazoline-6-
sulfonate ion) or PNBA ™ (p-nitrobenzoate ion)
(reactions 3—6) was monitored as a function of relative
concentration of B-adrenolytic drug to competitor.
The concentration of the competitor was kept constant
throughout the experiment at the appropriate level to
secure the scavenging of all hydroxyl radicals, even in
the presence of minimal amounts of B-adrenolytics

SCN™ +OH— SCN + OH"™ (3)
SCN™ + SCN — (SCN), (4)
ABTS?” +OH — ABTS™ (5)

PNBA~ + OH — PNBA ™ -OH (adduct).  (6)

Radical scavenging by B-adrenolytics 743

The products formed in the reactions 4—6 strongly
absorb at:

(SCN), 5 Amax = 475nm (the rate constant of the
formation of (SCN), , k3 = 1.1 X 101°M s D,
ABTS ™, Apax = 415nm (ks = 1.2 X 101°M s 1),
(PNBA™-OH), Apax =420nm (ke = 2.6 X 10°
M 'sTh,

and they do not overlap with absorption of the
reaction products of primary interest [40].

In the competition kinetics approach the absor-
bance (A) of the product generated in the reaction
with competitor (reactions 3—6) depends on the rate
constants of reactions with both competitor and the
studied B-adrenolytic drug assuming that both these
species are in excess compare to the hydroxyl radical
concentration:

Ao — 4 _ kB—blocker [B — blocker]
% Rcompetitor [cOmpetitor]

(7

where A, is the absorbance of product of
the competitor reaction in the absence of -
adrenoreceptor antagonist. Therefore the reciprocal
of the absorption A, at any moment of the reaction,
should be a linear function of B-adrenolytic drug
concentration:

l _ L L kB—blocker [B - blocker]
! a Ao Ao kcompetitor [competitor] '

(8)

The concentrations of B-adrenolytic drug and
competitor were chosen so that the reaction was
completed during the pulse and the [B-blocker]/
[competitor] relation varied over a suitable range.

The trichloromethylperoxyl radicals
(CCL130,; E(CC130,/CCl10, =1.0V) [42] were
generated in the system containing 48% 2-propanol,
48% water and 4% carbon tetrachloride (v/v). In this
solvent the trichloromethyl radicals (CCl;) are formed
upon ionization as a major radiolysis product in
reactions of CCl,; with aqueous electron, hydrogen
atoms and 2-propanol ketyl radicals (reactions 9—12).

CCly + e, — CCI; + C1~ 9)
CCl4 +H — CCl; + H" + CI™ (10)

OH + (CH;),CHOH — (CH3),C OH + H,0O (11)

CCly + (CH3),COH— CCl; + H" + CI™

+ (CHs3),CO (12)

CCI; + 0, — CCL;0,. (13)
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In dioxygen- or air-saturated solutions the trichlor-
omethylperoxyl radicals (reaction 13) are formed
rapidly and quantitatively (G = 6.2 £ 0.5) [43,44].
The rates of their reaction with B-adrenolytics were
determined by following the buildup of absorption of
the products since the peroxyl radicals exihibit only
weak absorption in UV region. Second-order rate
constants were determined from the slopes of the first-
order rates vs. solute concentrations.

In order to identify the products of one-electron
oxidation of B-adrenolytics their reaction with strong
oxidants like N radicals or dibromide radical anions
Br, was studied. We have found that Br,
(E°(Br, /2Br™) = 1.63V) [41,42] which is a stronger
oxidant than N3(E°'(N;/N;)=1.33V) [41,42] is
more suitable for that purpose as it allows to monitor
the oxidation reaction both by the Br, decay and
product formation (radical cation of B-adrenoceptor
antagonist). Dibromide radical anions, Br, , were
generated by the pulse radiolysis carried out in the
solution of KBr saturated with N,O, so that the OH
radicals react with bromide anions to form oxidizing
species. The rate constants of the reactions of
dibromide radical anions with (-adrenolytics were
determined on the basis of Br, decay at 360 nm
[41,42]

Br~ +OH—Br+ OH~ (14)

‘Br+Br~ — Br, . (15)

In some cases, when dibromide radical anion
absorption interfered with the weak absorption of
the products, N; radicals were used as oxidizing
species. Pulse radiolysis of aqueous solution of NaN5
leads to the formation of N} radicals in reaction of OH
radicals with N3

N; +OH— N, + OH". (16)

Quantum chemical calculations

The geometries of all species were optimized by
the B3LYP density functional method [45,46]
as implemented in the Gaussian 03 suite of
programs [47]. The above calculations were done at
the B3LYP/6-31G* level. Relative energies were
calculated at the same level including ZPE correction.

Bioassay of NO-dependent coronary wvasodilation in the
1solated guinea pig heart

The details of the method were described elsewhere
[48]. The investigation conforms with the Guide for
the Care and Use of Laboratory Animals published
by the US National Institutes of Health, and the
experimental procedures used in the present study

were approved by the local Animal Research
Committee.

Briefly, guinea pigs of both sexes and body weight of
300-400g G were anaesthetised with pentobarbital
(30-40mgkg ' body weight). Their hearts were
isolated, washed in ice-cold saline, and mounted in
Langendorff apparatus of Hugo Sachs Electronics
(HSE). Guinea pig hearts were perfused retrogradely
through aorta under a constant perfusion pressure of
60mm Hg with Krebs-Henseleit buffer of the
following composition (mM): NaCl 118, KClI 4.7,
CaCl, 2.52, MgSO, 1.64, NaHCO; 24.88, K,PO,
1.18, glucose 5.55, sodium pyruvate 2.0, equilibrated
with 95% O, 4+ 5% CO, at 37°C in the oxygenator
with rotating disc (HSE). The hearts were paced with
273 impulses per min through two platinum electro-
des placed in the right atrium. Left ventricular
pressure (LVP) was measured using the fluid-filled
balloon inserted into the left ventricle and connected
to a pressure transducer (Isotec HSE). The end
diastolic pressure was adjusted to be less than 10 mm
Hg. The dP/dt,,,, and dP/dt,;, values were calculated
from LVP signal by an analogue differentiation
amplifier (DIF module HSE). Coronary flow was
monitored by ultrasonic flowmeter (HSE). LVP,
dP/dtax, dP/dty,;, and coronary flow were calibrated
once a day before the experiment and then continu-
ously displayed throughout the experiment and finally
analysed using the specially-designed software (PSCF.
EXE-IGEL, Poland). Before experiments hearts were
equilibrated for 30min to reach the steady-state
conditions.

For studying coronary vasodilator responses
B-adrenolytics were given as 1min intracoronary
infusions at the final concentration of 1-30 M.
In control experiments in absence of inhibitors
the coronary vasodilator responses of selected
B-adrenolytics were reproducible (data not shown).
The involvement of endothelium-derived NO in
coronary vasodilator responses to [-adrenolytics
were assessed by pre-treatment with NOS inhibitor,
Now-nitro-L-arginine methyl ester (L-NAME)
(100 pM). B-adrenolytics with vasodilator properties
were infused twice: in the absence and in the presence
of L-NAME, which was administered at least 20 min
prior to infusion of a vasoactive substance.

Nebivolol, carvedilol and indole analogue of
carvedilol were dissolved in the mixture of DMSO
and water (v/v 1: 1), metoprolol, atenolol and
labetalol were dissolved in water. All these compounds
were infused into the coronary circulation at a
rate of 0.03—-0.09mlmin '. The rate of infusion
was adjusted to the value of basal coronary flow.
Infusion of vehicle slightly increased coronary flow by
1.07 = 0.16 ml/min.

Duration of an experiment never exceeded three
hours, up to this period of time quality of preparation
of isolated guinea pig heart stayed unchanged.
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Results and discussion

The following B-adrenoceptor antagonists were
investigated:
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Radical scavenging

As the pulse radiolysis technique allows for the direct
determination of the rate constants with ROS [49,50]

Radical scavenging by B-adrenolytics 745

this method was used in order to obtain the rate
constants for the reactions of hydroxyl and peroxyl
radicals with the -adrenolytics.

Figures 1 and 2 present the transient absorption
spectra obtained upon electron pulse irradiation of
N,O saturated aqueous solutions of six different 3-
adrenolytics at neutral pH (7.4-7.6). The reactivity of
all investigated compounds with the hydroxyl radical
which is the major reactive species under those
experimental conditions is very high. However,
because of the poor solubility of some -adrenolytics
in aqueous solutions direct monitoring of the kinetics of
these reactions, based on the product build-up, could
lead to erroneous evaluation of their rate constants.
Therefore the competition kinetics was used to
determine rate constants for the reactions of investi-
gated B-adrenolytics with hydroxyl radical. Three
different standard hydroxyl radical scavengers
like SCN~ (thiocyanate anion), ABTS?*~ (2,2/-
azinobis(3-ethylbenzothiazoline-6-sulfonate ion) and
PNBA™ (p-nitrobenzoate ion) (see reactions 3—6 in
Experimental Section) were used as [(-adrenolytics
competitors for scavenging of hydroxyl radicals. By
monitoring the strong absorptions (4) characteristic
for the reaction products of the competitors applied
with hydroxyl radicals and their disappearance with the
increasing concentration of 3-adrenolytics the second
order rate constant for the scavenging of hydroxyl
radicals by P-adrenolytics can be found. Insets to
Figures 1 and 2 present the dependence of 1/4 vs. the
ratio of the concentrations of the B-adrenolytic drug
and competitor used in the experiment. Table I
summarizes the estimated rate constants.

Because of the low solubility of carvedilol and large
uncertainty of the obtained results (see inset to the
Figure 1B) its indole analog was also investigated.

The satisfactory agreement can be noticed among
the results obtained with different competitors, which
eliminates errors arising from possible secondary
reactions with some competitors. Such a case was
evidently observed in the system: labetalol, ABTS*~
and hydroxyl radical where the ABTS ™~ (the product
of the reaction of ABTS?  with the ‘'OH) was also
formed in the reaction of ABTS?~ with the product of
the reaction of labetalol with the ‘OH.

The results presented above suggest that all the
investigated compounds possess very good scavenging
properties towards hydroxyl radical. It seems therefore
interesting to determine whether it can be assigned to
the functional hydroxypropylamine group common
for all B-adrenoreceptors or it is a result of the presence
of aromatic fragments in these molecules. It is known
that hydroxyl radical can react with organic molecules
through one-electron transfer, hydrogen abstraction
or addition to unsaturated bonds. Therefore, the side
aromatic fragments of the compounds could be
responsible for the formation of adducts with hydroxyl
radicals while the central 2-hydroxypropylamine
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Figure 1. Transient absorption spectra of products of the reaction of B-adrenolytics with hydroxyl radicals. Spectra obtained 20 ws after the
pulse radiolysis of B-adrenolytics aqueous solution containing 5mM phosphate buffer (pH 7.4-7.6) and saturated with N,O. Inset:
Dependence of the reciprocal of competitor absorbance vs. B-adrenolytic drug to competitor concentration ratio. A—nebivolol [saturated
solution]; B—carvedilol [saturated solution]; C—indole analog of carvedilol [0.05 mM]. Radiation dose: A—5 Gy, B, C—9 Gy. Optical

path—10 mm.

fragment of the molecule could be responsible for the
hydrogen atom abstraction. One-electron oxidation
could take place from the aromatic side rings or
central amine group. As most of the investigated 3-
adrenolytics, except carvedilol (pK,= 7.96), had
similar pK, values above 9, they all occur in the
protonated form (protonation of the amine fragment)
under the experimental conditions. The lower pK,
value of carvedilol was attributed to the inductive
effect of the B-O-atom which lowers the basicity of the
amino group [51]. Therefore, one-electron oxidation
of this fragment is less likely although the hydrogen
atom abstraction could be still possible [52]. Accord-
ing to B3LYP/6-31G* calculations the abstraction
could take place at the  carbon atom of hydro-
xypropyl group. The bond dissociation energy,
calculated as a difference in the relative energies of

formed ketyl radical and hydrogen atom minus
that for the species before hydrogen atom abstraction
(i.e. protonated HPMA) is on the order of 88.5 kcal/
mol. The reaction leading to the ketyl radicals is
characteristic for the reaction of hydroxyl radicals with
alcohols. Quite stable ketyl radicals are also formed
upon the protonation of radical anions of some
aromatic ketons [53,54].

+
N/ :1/ \'(\N/
\/\I \/\/\ N\
OH H OH HH OH HH

ketyl radical generated

HPMA protonated HPMA
from protonated HPMA

As a model representing the central fragment of
the B-adrenolytics we investigated the reactivity of
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Figure 2. Transient absorption spectra of products of the reaction of 3-adrenolytics with hydroxyl radicals. Spectra obtained 20 ws after the
pulse radiolysis of B-adrenolytics aqueous solution containing 5mM phosphate buffer (pH 7.4-7.6) and saturated with N,O. Inset:
dependence of the reciprocal of competitor absorbance vs. 3-adrenolytic drug to competitor concentration ratio. A—atenolol [0.2 mM]; B—
labetalol [0.2 mM]; C—metoprolol [0.2 mM]. Radiation dose: A, B—10 Gy, C—6 Gy. Optical path—10 mm.

the methyl-2-hydroxypropylamine, HPMA. This
compound also occurs in protonated form under the
experimental conditions (pK, = 10.2). The rate
constant for the reaction of this amine with hydroxyl
radical was determined by the competition kinetics
methods and was found to be one-order lower
(k=9 x 105M™'s™ ), than that found for B-adre-
nolytics themselves. Therefore, the scavenging prop-
erties of the central fragment of the molecules cannot
explain high reactivity of these pharmaceuticals
towards hydroxyl radicals. It may be concluded that
capabilities of B-adrenolytics to act as hydrogen atom
donors are rather small. Moreover, this implies that
the central fragment of the investigated species,
responsible for their B-receptor antagonism, is not
modulated by the reaction with hydroxyl radicals.

It is suggested that most of the antioxidant activity of
carvedilol is provided by the carbazole moiety, which

by itself, can actively inhibit peroxidation [23,55]. It is
very likely that carbazole moiety plays also a key role in
the hydroxyl radical scavenging process. It has been
shown previously for indole, tryptophan and their
derivatives that the primary reaction between the
hydroxyl radical and those aromatic systems is an
addition [56,57]. In some cases, however (low
ionization potential of the aromatic fragment, acidic
environment) an adduct formation may be followed by
the formation of the radical cation of the species (direct
one-electron oxidation or acid-catalyzed dehydration).
It is evident from the spectra presented in Figure 1B,C
that reaction of hydroxyl radicals with carvedilol and its
indole analog leads to the products, which possess
absorption bands in the visible region of the spectrum
characteristic for the radical cations of carbazole
and indole [53,58-60]. Similar spectra were obtained
upon direct one-electron oxidation of these two

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/02/11
For personal use only.

748 P Szajerski et al.

Table I. Rate constants for the reactions of B-adrenolytics with hydroxyl radicals and dibromide radical anions.

Compound % (B-adrenolytic drug+ OH) (M~ 's™1) k (-adrenolytic drug+Br, ) M tsTh
Nebivolol (1.9 = 0.2)10'* (7 + 1)107

Carvedilol (2.4 = 0.5)10'°% 5+ 1108

Indole analog of carvedilol (3.2 = 0.2)10'%*

Atenolol (6.9 = 0.4)10°%; (9.4 = 0.9)10°T; (7.0 = 0.3)10%* (1.3 £ 0.2)10°

Labetalol (1.9 + 0.2)10%%; (1.1 * 0.07)10%F (2.7 = 0.1)10°

Metoprolol (1.8 = 0.06)10'%4; (1.9 = 0.1)10'% (6.1 =0.2)10°

HPMA (9 + 1)10%*

Competition reaction with* SCN~.F ABTS?~ *PNBA .

B-adrenolytics in reactions with azide radical or
bromide radical anion and are presented in Figure 3.
In case of other B-adrenolytics the spectra obtained
by direct one-electron oxidation of those compounds
possess less characteristic absorption bands, mainly in
the UV region of the spectrum, but we can
conclude that one-electron oxidation is not the
major pathway of their reactivity. However, similar
high rate constants found for the reactions of hydroxyl
radicals with all investigated [-adrenolytics may

indicate quite similar mechanism of these reactions,
probably through the initial adduct formation.
Subsequent formation of the radical cations in some
cases (carvedilol and its indole analog) can effectively
mask process of initial adduct formation.

Similar results were obtained for the reaction of
trichloromethylperoxyl radical (CCl;0;) with investi-
gated B-adrenolytics. Due to its strong oxidative
properties this radical shows high reactivity towards
organic and biological materials and therefore allows

o0t0{ ,
bt
| ] m N
I \
J ; 1
0005 = " y "
/ -‘.\' 'i. -\I
T " u
@ / . e
2 o000 |
®
e 1 I I I 1 1 |
o B
o2 -
O 0021 . =
< [ B
/ [ ]
" \. N e
/ \ -
[ ] e \.
0.004 | - —
/./
-0.02

T T T

T I
300 400 500

T T T T T T T

T
600 700 800 900
A, NM

Figure 3. Spectra of the transient products of one-electron oxidation of -adrenolytics by Nj radicals. Spectra obtained upon pulse radiolysis
of N, O saturated aqueous solutions of NalN; [50 mM] and A—carvedilol [<0.1 mM] or B—indole analog of carvedilol [<0.1 mM]. Spectra
collected 20 ps after the electron pulse. Radiation dose-80 Gy. Optical path—10 mm.
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to estimate the upper limits of rate constants of the
reactions with peroxyl radicals. Among the investi-
gated B-adrenolytics the fastest reaction was observed
for carvedilol. Peroxyl radicals react with organic
compounds by a mechanism involving one-electron
oxidation or hydrogen abstraction. In the case of
carvedilol the reaction unambiguously involved an
oxidation mechanism since the same product was
formed as that observed in the reaction with hydroxyl
radical or strong one-electron oxidants (Figures 1B
and 3A). The oxidation of carvedilol remained,
however, not very rapid (k=1.3 X 10°M 's™ ') as
compared to the known examples of the reactivity of
this peroxyl radical with organic, easy oxidized
compounds, approaching 1 x10°M !s!
[43,44,61]. The mechanism of the reaction of this
species with other B-adrenolytics may be different as
the formation of one-electron oxidation products was
not observed. In fact, in the group of investigated
B-adrenolytics carvedilol remained the most easily
ionized compound. The rate constant for the reaction
of carvedilol with dibromide radical anion was
one/two orders of magnitude higher than for the rest
of the drugs studied (Table I).

NO release

In the isolated guinea pig heart basal coronary flow
was 9.54 *= 0.41 mlmin~ '(z = 33). Nebivolol and
carvedilol increased coronary flow in a concen-
tration-dependent manner while atenolol, labetalol,
metoprolol, did not cause vasodilation but slightly
reduced coronary flow (Figure 4). Moreover, indole
analogue of carvedilol also did not cause coronary
vasodilation. The comparison of vasoactive properties
of selected B-adrenolytics given at a concentration of
10> M is shown in Figure 4C. In the presence of NOS
inhibitor, L-NAME (10 *M) coronary vasodilator
responses to nebivolol and carvedilol were substan-
tially inhibited (by 50-75%). Endothelium-
dependent response induced by acetylcholine
(10""M) or by bradykinin (3x10~° M) was inhibited
by L-NAME to a similar degree (65—-75%), while
vasodilation induced by NO donor, S-nitroso-N-
acetylpenicillamine (SNAP) (10~ ’M) was not
affected (data not shown). In contrast to L-NAME,
indomethacin did not change coronary vasodilator
response induced by nebivolol, carvedilol, acetyl-
choline or bradykinin. These results clearly indicate
that among cardioselective B-adrenolytics that we
tested, nebivolol but not atenolol or metoprolol is
endowed with endothelial action. In turn, among
non-selective B/al-adrenolytics carvedilol but not its
indole analogue or labetalol is able to release NO from
coronary endothelium. Our results demonstrating the
unique properties of nebivolol and carvedilol to
stimulate production of NO from coronary endo-
thelium seem to go in line with clinical studies showing
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Figure 4. Comparison of vasoactive properties of selected
B-adrenolytics in the isolated guinea pig heart perfused according
to Langendorff technique. A—original tracings of the experiments
showing coronary vasodilation induced by nebivolol in comparison
with atenolol and classical endothelium-dependent responses.
B—original tracings of the experiment showing coronary
vasodilation induced by carvedilol in comparison with labetalol.
Non-selective «-antagonist (phentolamine) or «j-antagonist
prozosin (not shown) induced a transient vasoconstriction similarly
to labetalol. C—summarized data of vasoactive responses induced by
various [3-adrenoceptor antagonists given at 10 wM concentration.

the ability of nebivolol and carvedilol, but not atenolol
[7,8,10] to improve NO-dependent endothelial
function.

Conclusions

On the basis of our results we can exclude that direct
ROS-scavenging activity of nebivolol or carvedilol
contributes to their unique benefits reported in
clinical trials [62—65] and cited above experimental
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studies. Indeed, beneficial endothelial action includ-
ing the release of NO from endothelium, characteristic
for nebivolol or carvedilol is not shared by other B-
adrenolytics such as atenol, metoprolol or labetalol.
Furthermore, we revealed that carvedilol (and its
indole analog) undergoes one-electron oxidation in
contrast to other B-adrenolytics, including nebivolol.
One could expect that formation of radical ions of
carvedilol and its indole analog should differentiate
the biological properties of these compounds from
those which scavenge the radicals through a more
stable adduct formation or hydrogen abstraction.
Apparently, this is not the case as carvedilol and
nebivolol possess similar ancillary properties.

From the perspectives of free radical chemistry, a
positive charge distribution in radical cation of
carvedilol would affect its physiological interactions
with biological tissue to different extent than the
interactions of neutral radicals of the remaining
B-adrenolytics. Moreover, a different reactivity of the
species formed could be expected. Most likely, the
radical cations would be neutralized through back
electron transfer or deprotonation, while radical species
will still possess a free radical nature although less
reactive than the hydroxyl or peroxyl radical themselves.

In contrast NO-releasing properties of nebivolol
and carvedilol shown here and previously [2,4-6,11]
distinguish third generation B-adrenolytics from their
older counterparts. Still the mechanism of NO-release
by these drugs and normalization of NO/cGMP/sGC
signaling in vascular remains to be determined
[29,66].

Acknowledgements

This work was supported by the grants (PBZ-KBN-
101/T09/2003 and P0O5A/003/25) from the Ministry of
Science and Informatization. S. Chlopicki is a recipient
of professorial grant from the Foundation for Polish
Science (SP/04/04). We greatly acknowledge a gift of
indole analogue of carvedilol from Dr G. Groszek.

References

[1] Altwegg LA, d’Uscio LV, Barandier C, Cosentino F, Yang Z,
Luscher TF. Nebivolol induces NO-mediated relaxations of rat
small mesenteric but not of large elastic arteries. ] Cardiovasc
Pharmacol 2000;36:316-320.

[2] Cockcroft JR, Chowienczyk PJ, Brett SE, Chen CP, Dupont
AG, Van Nueten L, Wooding SJ, Ritter JM. Nebivolol
vasodilates human forearm vasculature: Evidence for an
L-arginine/NO-dependent mechanism. ] Pharmacol Exp
Ther 1995;274:1067—1071.

[3] Parenti A, Filippi S, Amerini S, Granger HJ, Fazzini A, Ledda
F. Inositol phosphate metabolism and nitric-oxide synthase
activity in endothelial cells are involved in the vasorelaxant
activity of nebivolol. J Pharmacol Exp Ther 2000;
292:698-703.

[4] Chlopicki S, Kozlovski VI, Gryglewski R]. NO-dependent
vasodilation induced by nebivolol in coronary circulation is not

(5]

(6]
(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

mediated by beta-adrenoceptors or by 5 HTI1A-receptors.
J Physiol Pharmacol 2002;53:615-624.

Dawes M, Brett SE, Chowienczyk PJ, Mant TG, Ritter JM.
The vasodilator action of nebivolol in forearm vasculature of
subjects with essential hypertension. Br J Clin Pharmacol
1999;48:460-463.

Ritter JM. Nebivolol: Endothelium-mediated vasodilating
effect. ] Cardiovasc Pharmacol 2001;38(Suppl 3):S13-S16.
Tzemos N, Lim PO, MacDonald TM. Nebivolol
reverses endothelial dysfunction in essential hypertension:
A randomized, double-blind, crossover study. Circulation
2001;104:511-514.

Lekakis JP, Protogerou A, Papamichael C, Vamvakou G,
Iconomidis I, Fici F, Mavrikakis M. Effect of nebivolol and
atenolol on brachial artery flow-mediated vasodilation in
patients with coronary artery disease. Cardiovasc Drugs Ther
2005; Sep 20: [Epub ahead of print].

Cosentino F, Bonetti S, Rehorik R, Eto M, Werner-Felmayer
G, Volpe M, Luscher TF. Nitric-oxide-mediated relaxations in
salt-induced hypertension: Effect of chronic betal-selective
receptor blockade. J Hypertens 2002;20:421-428.

Matsuda Y, Akita H, Terashima M, Shiga N, Kanazawa K,
Yokoyama M. Carvedilol improves endothelium-dependent
dilatation in patients with coronary artery disease. Am Heart J
2000;140:753-759.

Kalinowski L, Dobrucki LW, Szczepanska-Konkel M,
Jankowski M, Martyniec L, Angielski S, Malinski T. Third-
generation beta-blockers stimulate nitric oxide release from
endothelial cells through ATP efflux: A novel mechanism for
antihypertensive action. Circulation 2003;107:2747-2752.
Troost R, Schwedhelm E, Rojczyk S, Tsikas D, Frolich JC.
Nebivolol decreases systemic oxidative stress in healthy
volunteers. Br J Clin Pharmacol 2000;50:377—-379.
Cominacini L, Fratta PA, Garbin U, Nava C, Davoli A,
Criscuoli M, Crea A, Sawamura T, Lo CV. Nebivolol and its
4-keto derivative increase nitric oxide in endothelial cells by
reducing its oxidative inactivation. J] Am Coll Cardiol
2003;42:1838—1844.

de Groot AA, Mathy M], van Zwieten PA, Peters SL.
Antioxidant activity of nebivolol in the rat aorta. J Cardiovasc
Pharmacol 2004;43:148—-153.

Nakamura K, Kusano K, Nakamura Y, Kakishita M, Ohta K,
Nagase S, Yamamoto M, Miyaji K, Saito H, Morita H,
Emori T, Matsubara H, Toyokuni S, Ohe T. Carvedilol
decreases elevated oxidative stress in human failing myo-
cardium. Circulation 2002;105:2867—-2871.

Zhang S, Sun Z, Liu L, Hasichaonu. Carvedilol attenuates
CPB-induced apoptosis in dog heart: Regulation of
Fas/FasL. and caspase-3 pathway. Chin Med J (Engl) 2003;
116:761-766.

Janssen PM, Zeitz O, Hasenfuss G. Transient and sustained
impacts of hydroxyl radicals on sarcoplasmic reticulum
function: Protective effects of nebivolol. Eur J Pharmacol
1999;366:223-232.

Janssen PM, Zeitz O, Rahman A. Protective role of nebivolol in
hydroxyl radical induced injury. J Cardiovasc Pharmacol
2001;38(Suppl 3):S17-S23.

Flesch M, Maack C, Cremers B, Bdumer AT, Sidkamp M,
Bohm M. Effect of $3-blockers on free radical-induced cardiac
contractile dysfunction. Circulation 1999;100:346—-353.
Miura T, Muraoka S, Ogiso T. Protective effects of B-blockers
against 2,2/-azobis(2-amidinopropane)-dihydrochloridein-
duced damage. Chem Biol Inter 1995;97:25-35.

Lopez BL, Christopher TA, Yue TL, Ruffolo R, Feuerstein
GZ, Ma XL. Carvedilol, a new beta-adrenoreceptor blocker
antihypertensive drug, protects against free-radical-induced
endothelial dysfunction. Pharmacol 1995;51:165—-173.
Christopher TA, Lopez BL, Yue TL, Feuerstein GZ, Ruffolo Jr,
RR, Ma XL. Carvedilol, a new beta-adrenoreceptor blocker,

RIGHTS LI MN Kiy



23]
[24]
[25]
[26]

o

g

S 27]

—

5

2 (28]

o]

=

c

D

@

¥ [29]

3

2

) >

£5

S 8

Eé [30]

€3

T g

5 E [31]

£

IS

o

B 32]

3

o

z

3 (33]

B

[hd

o

g (34]

8

[T
(35]
(36]
37)
38]
39]

vasodilator and free-radical scavenger, exerts an anti-shock and
endothelial protective effect in rat splanchnic ischemia and
reperfusion. ] Pharmacol Exp Ther 1995;273:64—-71.

Yue TL, Cheng HY, Lysko PG, McKenna PJ, Feuerstein R,
Gu JL, Lysko K, Davis LL, Feuerstein GZ. Carvedilol, a
new vasodilator and beta adrenoceptor antagonist, is an
antioxidant and free radical scavenger. ] Pharmacol Exp Ther
1992;263:92-98.

Yue TL, McKenna PJ, Ruffolo RP, Feuerstein GZ. Carvedilol,
a new beta-adrenoceptor antagonist and vasodilator antihy-
pertensive drug, inhibits superoxide release from human
neutrophils. Eur J Pharmacol 1992;214:277-280.

Aruoma OI, Smith C, Cecchini R, Evans PJ, Halliwell B. Free
radical scavenging and inhibition of lipid peroxidation by beta-
blockers and by agents that interfere with calcium metabolism.
A physiologically-significant process? Biochem PPharmacol
1991;42:735-743.

Lysko PG, Webb CL, Gu JL, Ohlstein EH, Ruffolo Jr, RR, Yue
TL. A comparison of carvedilol and metoprolol antioxidant
activities iz vitro. ] Cariovasc Pharmacol 2000;36:277—-281.
Tadolini B, Franconi F. Carvedilol inhibition of lipid
peroxidation. A new antioxidative mechanism. Free Rad Res
1998;29:377-387.

Asbrink S, Zickert A, Bratt J, Gyllenhammar H, Palmblad J.
No effect of carvedilol on nitric oxide generation in phagocytes
but modulation of production of superoxide ions. Biochem
Pharmacol 2000;59:1007—-1013.

Mollnau H, Schulz E, Daiber A, Baldus S, Oelze M, August
M, Wendt M, Walter U, Geiger C, Agrawal R, Kleschyov AL,
Meinertz T, Munzel T. Nebivolol prevents vascular NOS III
uncoupling in experimental hyperlipidemia and inhibits
NADPH oxidase activity in inflammatory cells. Arterioscler
Thromb Vasc Biol 2003;23:615-621.

Noguchi N, Nishino K, Niki E. Antioxidant action of the
antihypertensive drug, carvedilol, against lipid peroxidation.
Biochem Pharmacol 2000;59:1069—-1076.

Yue TL, McKenna PJ, Gu JL, Cheng HY, Ruffolo Jr, RR,
Feuerstein GZ. Carvedilol, a new antihypertensive agent,
prevents lipid peroxidation and oxidative injury to endothelial
cells. Hypertens 1993;22:922-928.

Feurestein GZ, Yue TL. A potent antioxidant, SB209995,
inhibits oxygen-radical-mediated lipid peroxidation and
cytotoxicity. Pharmacol 1994;48:385-391.

Yue TL, McKenna PJ, Lysko PG, Ruffolo Jr, RR, Feuerstein
GZ. Carvedilol, a new antihypertensive, prevents oxidation of
human low density lipoprotein by macrophages and copper.
Atheroscler 1992;97:209-216.

Oecttl K, Greilberger J, Zangger K, Haslinger E, Reibnegger G,
Juergens G. Radical-scavenging and iron-chelating properties
of carvedilol, an antihypertensive drug with antioxidative
activity. Biochem Pharmacol 2001;62:241-248.

Gryglewski R], Uracz W, Swies J, Chlopicki S, Marcinkiewicz E,
Lomnicka M, Madej J. Comparison of endothelial pleiotropic
actions of angiotensin converting enzyme inhibitors and statins.
Ann N Y Acad Sci 2001;947:229-245.

Jakubowski A, Chlopicki S, Olszanecki R, Jawien J, Lomnicka
M, Dupin JP, Gryglewski R]. Endothelial action of thieno-
pyridines and thienopyrimidinones in the isolated guinea pig
heart. Prostaglandins Leukot Essent Fatty Acids
2005;72:139-145.

Schuler RH, Patterson LK, Janata E. Yield for the scavenging
of hydroxyl radicals in the radiolysis of nitrous oxide-saturated
aqueous solutions. ] Phys Chem 1980;84:2088—-2089.
Karolczak S, Hodyr K, Lubis R, Kroh J. Pulse radiolysis
system based on ELU-6E linac. J] Radioanal Nucl Chem
1986;101:177-188.

Karolczak S, Hodyr K, Polowinski M. Pulse radiolysis system
based on ELU-6e linac-II. Development and upgrading the
system. Radiat Phys Chem 1992;39:1-5.

[40]

[41]

(42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

[50]

[51]

(52]

(53]

[54]

[55]

Radical scavenging by B-adrenolytics 751
Buxton GV, Greenstock CL, Helman WP, Ross AB. Critical
review of rate constants for reactions of hydrated electrons,
hydrogen atoms and hydroxyl radicals in aqueous solution.
J Phys Chem Ref Data 1988;17:513—886.

Neta P, Huie RE, Ross AB. Rate constants for reactions of
inorganic radicals in aqueous solutions. ] Phys Chem Ref Data
1988;17:1027-1284.

Wardman P. Reduction potentials of one-electron couples
involving free radicals in aqueous solution. J] Phys Chem Ref
Data 1989;18:1637-1755.

Shen X, Lind J, Eriksen TE, Merenyi G. Reactivity of the
CCIL;00’ radical. Evidence for a first-order transformation.
J Phys Chem 1989;93:553—-557.

Neta P, Huie RE, Mosseri S, Shastri LV, Mittal JP,
Maruthamuthu P, Steenken S. Rate constants for reduction
of substituted methylperoxyl radicals by ascorbate ions and N,
N, N/, N'-teramethyl-p-phenylenediamine. J Phys Chem
1989;93:4099-4104.

Becke AD. Density-functional thermochemistry. III. The role
of exact exchange. ] Chem Phys 1993;98:5648—-5652.

Lee C, Yang W, Parr RG. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron
density. Phys Rev B 1988;37:785-789.

Frisch M], Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA, Vreven T, Kudin KN,
Burant JC, Millam JM, Iyengar SS, Tomasi J, Barone V,
Mennucci B, Cossi M, Scalmani G, Rega N, Petersson GA,
Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R,
Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Klene M, Li X, Knox JE, Hratchain HP, Cross JB,
Adamo C, Jaramillo J, Gomperts R, Stratmann RE, Yazyev O,
Austin AJ, Cammi R, Pomelli C, Ochterski JW, Ayala PY,
Morokuma K, Voth GA, Salvador P, Dannenberg ]JJ,
Zakrzewski VG, Dapprich S, Daniels AD, Strain MC, Farkas
O, Malick DK, Rabuck AD, Raghavachari K, Foresman JB,
Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski J, Stefanov
BB, Liu G, Liashenki A, Piskorz P, Komaromi I, Martin RL,
Fox DJ, Keith T, Al-Laham MA, Peng CY, Nanayakkara A,
Challacombe M, Gill PMW, Johnson B, Chen W, Wong MW,
Gonzalez C, Pople JA. Gaussian 03 Rev B 01. Pittsburgh:
Gaussian Inc. 2003.

Chlopicki S, Lomnicka M, Gryglewski R]. Reversal of the
postischaemic suppression of coronary function in perfused
guinea pig heart by ischaemic preconditioning. ] Physiol
Pharmacol 1999;50:605-615.

Gebicki J, Sysa-Jedrzejowska A, Adamus J, Wozniacka A,
Rybak M, Zielonka J. 1-Methylnicotinamide: A potent anti-
inflammatory agent of vitamin origin. Pol J Pharmacol
2003;55:109-112.

Zielonka J, Gebicki J, Grynkiewicz G. Radical scavenging
properties of genistein. Free Radic Biol Med 2003;35:958—-965.
Caron G, Steyaert G, Pagliara A, Reymond F, Crivori P,
Gaillard P, Carrupt PA, Avdeef A, Comer J, Box KJ, Girault
HH, Testa B. Structure-lipophilicity relationships of neutral
and protonated B-blockers. Part I. Intra- and intermolecular
effects in isotropic solvent systems. Helv Chim Acta
1999;82:1211-1221.

Bobrowski K. Pulse radiolysis studies concerning the reactions
of hydrogen abstraction from tetraalkylammonium cations.
J Phys Chem 1980;84:3524—-3529.

Shida T. Electronic absorption spectra of radical ions.
Amsterdam: Elsevier; 1988.

Hayon E, Ibata T, Lichtin NN, Simic M. Electron and
hydrogen atom attachment to aromatic carbonyl compounds in
aqueous solution. Absorption spectra and dissociation con-
stants of ketyl radicals. ] Phys Chem 1972;76:2072—-2078.
Kramer JH, Weglicki WB. A hydroxylated analog of the beta-
adrenoceptor antagonist, carvedilol, affords exceptional anti-

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/02/11
For personal use only.

752 P Szajerski et al.

[56]

[57]

(58]

(59]

[60]

[61]

[62]

oxidant protection to postischemic rat hearts. Free Radic Biol
Med 1996;21:813-825.

Armstrong RC, Swallow AJ. Pulse- and gamma-radiolysis of
aqueous solutions of tryptophan. Radiat Res 1969;40:563—-579.
Iddon B, Philips GO, Robbins KE. Radiation chemistry of
aqueous solutions of indole and its derivatives. ] Chem Soc B
1971;1887-1892.

Bent DV, Hayon E. Excited state chemistry of aromatic amino
acids and related peptides. III. Tryptophan. ] Am Chem Soc
1975;97:2612—-2619.

Evans RF, Ghiron CA, Volkert WA, Kuntz RR. Flash photolysis
of N-acetyl-L-tryptophanamide, acid-base equilibrium of the
radical transients. Chem Phys Lett 1976;42:43—-45.

Posener MI, Adams GE, Wardman P, Cundall RB.
Mechanism of tryptophan oxidation by some inorganic
radical-anions: A pulse radiolysis study. ] Chem Soc Faraday
Trans I 1976;72:2231-2239.

Arouma OI. Peroxyl radical scavenging activity of the
antihypertensive drug carvedilol. Toxicol in witro
1996;10:625-629.

Flather MD, Shibata MC, Coats AJ, Van Veldhuisen D],
Parkhomenko A, Borbola J, Cohen-Solal A, Dumitrascu D,

(63]

[64]

(65

—

[66]

Ferrari R, Lechat P, Soler-Soler J, Tavazzi L, Spinarova L,
Toman J, Bohm M, Anker SD, Thompson SG, Poole-Wilson
PA. Randomized trial to determine the effect of nebivolol on
mortality and cardiovascular hospital admission in elderly
patients with heart failure (SENIORS). Eur Heart J
2005;26:215-225.

Jacob S, Rett K, Henriksen EJ. Antihypertensive
therapy and insulin sensitivity: Do we have to redefine the role
of beta-blocking agents? Am ] Hypertens 1998;11:1258-1265.
Poirier L, Cleroux J, Nadeau A, Lacourciere Y. Effects of
nebivolol and atenolol on insulin sensitivity and haemody-
namics in hypertensive patients. ] Hypertens 2001;19:
1429-1435.

Wollert KC, Drexler H. Carvedilol prospective randomized
cumulative survival (COPERNICUS) trial: Carvedilol as the
sun and center of the beta-blocker world? Circulation
2002;106:2164-2166.

Kobayashi N, Mita S, Yoshida K, Honda T, Kobayashi T,
Hara K, Nakano S, Tsubokou Y, Matsuoka H. Celiprolol
activates eNOS through the PI3K-Akt pathway and inhibits
VCAM-1 via NF-kappaB induced by oxidative stress.
Hypertens 2003;42:1004—-1013.

RIGHTS LI MN Kiy



