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Abstract

Carvedilol, an antihypertensive agent, has been in clinical use for several years. In addition to its function as ab-blocker, carvedilol has
been shown to act as an antioxidant. However, there is some controversy as to how carvedilol achieves its antioxidative ability: by radical
scavenging or ion chelation? We therefore used a method of radical generation independent of metal ions to investigate the antioxidative
properties of carvedilol. We showed that carvedilol decreased low-density lipoprotein (LDL) oxidation induced by a peroxyl radical-
generating system [2,29-azobis(2-amidinopropane)hydrochloride]. Formation of thiobarbituric acid-reactive substances, lipid hydroperox-
ides, and newly generated epitopes on oxidised LDL was used to monitor LDL oxidation. We further showed that carvedilol was consumed
during reaction with peroxyl radicals. However, carvedilol showed no reaction with nitrogen-centered radicals (1,1-diphenyl-2-picrylhy-
drazyl and 2,29-azino-di-[3-ethylbenzthiazoline sulphonate]), which are often used in assays for determining antioxidative properties. On the
other hand, we found that carvedilol acted as a chelator of ferric ions. Using mass spectrometry and NMR spectroscopy, we observed
complex formation with free and acetylacetonate-complexed ferric ions. The binding constant with Fe31 was in the range of 105 L/mol.
From our data, we concluded that carvedilol acts as both a metal chelator and a radical scavengerin vitro. However, it is selective in reacting
with different radicals and is not an electron-donating radical scavenger as isa-tocopherol. Therefore, taking into account the low
physiological concentration, the antioxidative properties reported earlier may not solely be explained by its radical-scavenging activity.
© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Free radicals are thought to be involved in the develop-
ment of a number of pathological conditions and diseases,
especially of the cardiovascular system [1,2]. The radicals
involved in those processes are mainly oxygen-centered
radicals such as superoxide, hydroxyl, or peroxyl radicals.
The administration of antioxidative drugs or natural prod-
ucts to treat or prevent such conditions is of great interest

[3]. Thus, the characterisation of the antioxidant activities of
these compounds is necessary and may be performed by a
variety of methods [4–10]. There are differences in the
mechanisms of antioxidative actions. Therefore, different
methods to investigate antioxidative properties could give
rise to quite different results [10].

Carvedilol is used as an antihypertensive drug. Besides
being a b-adrenoceptor blocker, carvedilol has been re-
ported to act as an antioxidantin vitro andex vivo[11–19].
This antioxidative function would serve as an additional
benefit given that carvedilol is used in the treatment of
patients with hypertension, which is often accompanied by
cardiovascular disorders. However, the mechanism of its
antioxidative action is still unclear. In numerous works
reporting the antioxidative behaviour of carvedilol, different
systems for radical generation were used, including autox-
idation of dihydroxyfumaric acid in the presence or absence
of iron ions [14,15], ferrous iron with ascorbic acid [17],
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stimulated macrophages [12,13], and enzymatic systems
[17]. From these works, it is not possible to unequivocally
decide whether carvedilol scavenges free radicals already
generated or whether it prevents radical formation. While
one group of researchers excluded formation of complexes
with ferric ions [12], other groups reported ferric iron com-
plexation by carvedilol [19,20].

In order to shed new light on these problems, we inves-
tigated the influence of carvedilol on LDL oxidation in-
duced independently from metal ions as well as the iron-
chelating properties of carvedilol.

2. Materials and methods

2.1. Materials

Carvedilol, (6)-1-[carbazoloyl-(4)-oxyl]-3-[2-methoxy-
phenoxy)] ethylamino-2-propanol, was kindly provided by
Roche Diagnostics. Goat anti-rabbit IgG, goat anti-mouse
IgG, BSA, probucol, Tween 20, DPPH, the Lowry protein
test kit, and the non-ionic detergent Igepal CA-630 were
purchased from Sigma Chemical Co. Aprotinin was from
Bayer. Rabbit antiserum against human apolipoprotein B
was from Behring AG, the Eu31 labelling kit (DELFIAt
No. 1244-302) was obtained from Wallac Oy and AAPH
from Polysciences Europe. All other reagents were from
Merck. Ferric acetylacetonate, Fe(acac)3, was synthesised
as described elsewhere [21].

2.2. Lipoprotein isolation

Lipoproteins were isolated from plasma of young healthy
fasting donors, with serum lipoprotein (a) levels lower than
1 mg/dL as described [22]. Kallikrein inactivator (aprotinin;
100,000 U/L), Pefabloc (11.2 mg/L), and EDTA (1 g/L)
were present during all steps of lipoprotein preparation to
prevent lipid peroxidation and apo B cleavage by contam-
inating bacteria or proteinases. LDL (1.019–1.063 g/mL)
was obtained by sequential ultracentrifugation by adjusting
the density with KBr. LDL protein was measured by the
method of Lowryet al. [23] with BSA as standard, pooled,
and stored sterile-filtered at 4°.

2.3. Oxidation of LDL with AAPH

Pooled LDL from 3 donors (1:1:1; 1.65 mg/mL protein)
was extensively dialysed in 10 mM phosphate buffer pH
7.4, which was carefully degassed and then saturated with
nitrogen. Oxidation of native LDL was performed by incu-
bating 0.3 mg/mL of LDL protein with 2 mM AAPH and 10
mM EDTA in the presence or absence of carvedilol at 37°.
At intervals up to 24 hr, the reaction was stopped at 4°.
Immediately thereafter, the amount of generated LPO [24]
and TBARS [25] was estimated.

2.4. Solid-phase fluorescence immunoassay

To investigate the influence of carvedilol on the forma-
tion of oxidation-specific epitopes on AAPH-oxidised LDL,
a binding assay was performed as described earlier [26]. In
brief, microtitration plates were coated with 200mL LDL
(10mg/mL) in 10 mM phosphate buffer (pH 7.4) containing
1 g/L of EDTA at 4° overnight. After washing three times
with washing buffer (10 mM phosphate buffer, pH 7.4,
containing 9 g/L of NaCl and 0.2 g/L of Tween 20) using a
microtitration plate washer (Wallac Oy), 300mL of block-
ing buffer (10 mM phosphate buffer, 1 g/L of EDTA, 10 g/L
of BSA pH 7.4) was added to the wells to block the remain-
ing binding sites for 90 min at 25°. The wells were then
washed three times and 200mL of OB/04 [27] (1:200
dilution) or rabbit anti-human apo B (1:10,000 dilution) in
assay buffer pH 7.4 (10 mM phosphate buffer, 1 g/L of
EDTA) was incubated for 1 hr at 25°. After three washes,
the amount of bound antibodies was detected by adding 200
ng/mL of anti-mouse IgG or anti-rabbit IgG labelled with
europium (DELFIA, Eu31 labelling kit 1244-302, Wallac
Oy) according to the manufacturer’s description. After a
1-hr incubation at 25°, plates were washed six times and
200mL of enhancement solution (Wallac Oy) per well was
added to measure the fluorescence counts with a Victor
fluorescence reader (Wallac Oy). The final result for oxida-
tion-specific epitopes on AAPH-oxidised LDL was ex-
pressed as the ratio of OB/04 (counts)/apo B (counts).

2.5. Reaction of carvedilol with peroxyl radicals

Carvedilol (5mM) was incubated in the presence of 20
mM AAPH in 50% methanol at 37° for up to 3 hr. At the
times indicated, aliquots were taken and the carvedilol con-
centration was measured by HPLC. The HPLC system con-
sisted of an ERC vacuum degasser, a Flux Rheos 4000
binary gradient pump, a pulse dampener, and a Jasco
821-FP fluorescence detector. Chromatography was
achieved using a Bischoff 1503 3-mm column filled with
Prontosil 120-3-OH, 3-mm particles. Acetic acid (0.5%) in
a mixture of water, acetonitrile, and methanol (4:1:5, v/v/v)
with a flow rate of 400mL/min was used as mobile phase.
Carvedilol was detected by fluorescence with an excitation

Fig. 1. Chemical structure of carvedilol.
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wavelength of 285 nm and an emission wavelength of 340
nm [28].

2.6. Reactions of carvedilol with
nitrogen-centered radicals

The radical-scavenging activity of carvedilol was tested
using two different radical sources. The commercial testkit,
Randox Total Antioxidant Status, is based on the formation
of the radical cation of ABTS1 and its scavenging by
antioxidants [29,30]. The solutions of the testkit were pre-
pared according to the instructions and contained chromo-
gen, consisting of 6.1mM metmyoglobin and 610mM
ABTS, substrate (250mM hydrogen peroxide), and a stan-
dard of 1.6 mM Trolox. The assay was performed as a
kinetic measurement of the absorbance at 620 nm up to 7
min [9,31]. In a cavity of a 96-well plate, 5mL of sample
and 250mL chromogen solution were mixed. The reaction
was started by adding 50mL substrate. When a detergent
was used, 2% Igepal was added to the chromogen solution.
Carvedilol was added dissolved in ethanol. Ethanol had no
effect on radical formation.

In a second system, the scavenging of DPPH was mea-
sured mixing 500mL of a solution of carvedilol in ethanol
with 100 mL of an ethanolic solution of DPPH (300mM)
[32,33]. After 20 min, the absorption at 515 nm was mea-
sured. Trolox was used as standard.

2.7. Mass spectrometry

All mass spectrometric analyses were performed on a
Finnigan LCQ mass spectrometer with an electrospray ion
source. Nitrogen was used as spray gas. The settings of the
ion source were: capillary temperature, 200°; capillary volt-
age, 3 V; tube lens offset, 30 V; spray voltage, 3.5 kV.
Samples dissolved in acetonitrile/water (9:1, v/v) were in-
troduced via a syringe pump with a flow rate of 5mL/min.
In MS/MS experiments, the isolation width was set at 2 and
collision energy at 18%.

2.8. NMR spectroscopy

All NMR experiments were carried out on a Varian
Unity INOVA NMR spectrometer operating at a1H fre-
quency of 600 MHz. A solution of 2 mM carvedilol in
acetonitrile-d3/H2O (9:1, v/v) was titrated with a 60-mM
solution of FeCl3 in the same solvent. Suppression of the
water signal was achieved by the WATERGATE sequence
[34]. 1D and 2D TOCSY, 2D COSY, and 2D ROESY
spectra were recorded on the sample before metal addition
and at the end of the titration for resonance assignments.
One hundred twenty-eight scans were accumulated for each
1D spectrum of 8K data points. All 2D experiments were
acquired as matrices of 1024*512 complex points and zero
filled to 2K*1K data points. A 60° phase-shifted squared
sine bell window function was applied prior to Fourier

transformation. Phase sensitivity was achieved by the time-
proportional phase incrementation scheme in t1 (TPPI) [35].

To obtain binding constants and lifetimes of free and
complexing carvedilol, the concentrated FeCl3 solution was
added to final concentrations of 0.2, 0.4, 0.6, 0.8, 1, 1.5, and
2 mM Fe31. Due to the rapid chemical exchange between
free and complexing carvedilol, the observed chemical shift
(sobs) is an average of both. It is given by the equation

sobs5
@Ctot# 2 @CFe#

@Ctot#
sC 1

@CFe#

@Ctot#
sCFe

(1)

wheredC anddCFe
are the chemical shifts of a certain signal

in carvedilol in free and complexed form, [CFe] is the
concentration of complex formed, and [Ctot] and [Fetot] are
the total concentrations of carvedilol and Fe31, respectively.
The concentration of the complex depends on the binding
constant (Kb) according to

@CFe# 5 0.5S @Fetot# 1 @Ctot# 1
1

Kb
D

2 Î0.25S @Fetot# 1 @Ctot# 1
1

Kb
D2

2 @Fetot#@Ctot#

(2)

Since all parameters except the binding constant are known,
the latter can be obtained by a non-linear one-parameter fit
to Eqn 1, by substituting [CFe] from Eqn 2.

2.9. Statistical analysis

A two-sided Student’st-test was performed for testing
the significance of differences withP , 0.001 as the
criterion for very high significance.

3. Results

LPOs and TBARS were estimated in LDL oxidised by 2
mM AAPH in the presence of 0, 100, and 200mM carve-
dilol. Fig. 2a shows a time-dependent increase in LPO
content in all incubations. In the presence of carvedilol,
formation of LPO was significantly decreased from 6 hr on.
The amount of LPO was reduced to 70% and 57% in the
presence of 100 and 200mM carvedilol, respectively, com-
pared to AAPH-oxidised LDL without carvedilol. The ef-
fect was more pronounced in the 24-hr incubation: 54% and
33% of LPOs were formed.

The results of the TBARS assay (Fig. 2b) showed a
similar pattern compared to the LPO assay: a time-depen-
dent formation of TBARS in all incubations, although the
onset was delayed compared to the formation of LPOs.
From the 6-hr incubation on, the formation of TBARS was
reduced in the presence of carvedilol: after 6 hr 100 and 200
mM carvedilol reduced TBARS release to 75% and 55%,
respectively, compared to AAPH-oxidised LDL without
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carvedilol. In the 24-hr incubation, carvedilol reduced the
TBARS content to 89% and 71%, respectively.

A monoclonal antibody against oxidised LDL (OB/04)
and a polyclonal antibody against apo B were used to
characterise the protein part of LDL oxidised by 2 mM
AAPH. As shown in Fig. 2c, the ratio of OB/04/apo B did
not increase after a 2-hr incubation, and only slightly after
6 hr. After an incubation time of 24 hr, however, the ratio
showed a pronounced increase in the absence of carvedilol.
In the presence of 100 and 200mM carvedilol, the increase
in the ratio of OB/04/apo B was reduced to 43% and 37%,
respectively, compared to the ratio obtained in the absence
of carvedilol.

To determine whether carvedilol reacts with AAPH-
derived radicals, 5mM carvedilol was incubated in the
presence of 20 mM AAPH at 37°. Carvedilol was attacked
by peroxyl radicals and its concentration was reduced to
50% within a few hours (Fig. 3). However,a-tocopherol
under the same conditions was consumed completely within
the first 30 min (data not shown). Purging of the assay
mixture with He before the addition of AAPH stabilised
carvedilol by preventing peroxyl radical formation. On the
other hand, carvedilol showed no effect at all in an assay
using DPPH radicals in ethanolic solution or in a commer-
cial test kit for measuring the antioxidant capacity. In the
latter system, cation radicals of ABTS are formed from
hydrogen peroxide and metmyoglobin. Carvedilol had no
effect in the presence or absence of the non-ionic detergent
Igepal, whilea-tocopherol and Trolox showed radical scav-
enging in both cases. In the assay based on the decolorisa-

Fig. 2. Effect of carvedilol upon oxidation of LDL induced by AAPH
during different time intervals. Pooled LDL (3 different donors; 11 1 1
1) was oxidised at 37° with 2 mM AAPH in the presence of 0 (closed bars),
100 mM (open bars), and 200mM (grey bars) carvedilol. The degree of
oxidation was recorded by measuring the formation of LPOs (a), the
formation of TBARS (b), and the ratio of immunoreactivity against mono-
clonal antibodies OB/04 to polyclonal anti-apolipoprotein B (c). Values6
the range of two experiments performed in duplicate (a and b) or three
experiments performed in triplicate (c) are given. Values marked with an
asterisk differ very significantly from the corresponding control value
without carvedilol (P , 0.01).

Fig. 3. Reaction of carvedilol with peroxyl radicals. Carvedilol (5mM in
50% methanol) was incubated in the presence of 20 mM AAPH at 37°. At
the times indicated, aliquots of the mixture were analysed by HPLC and the
height of the carvedilol peak was determined. One assay was performed
without (open circles) and another with (filled circles) purging the solutions
with He. Values6 the range of two experiments are shown.
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tion of DPPH, Trolox anda-tocopherol showed a concen-
tration-dependent radical-scavenging activity. Again,
carvedilol had no effect at all, up to a fourfold excess
compared to DPPH (data not shown).

Using electrospray mass spectrometry, possible complex
formation of carvedilol with iron ions was investigated. The
acetylacetonate complex of ferric iron, Fe(acac)3, gave ions
of m/z 376 and 254 according to [Fe(acac)2]

1 and
[Fe(acac)3 1 Na]1, respectively. Carvedilol showed two
peaks of m/z 407 and 813 according to [M1 H]1 and
[2M 1 H]1, respectively. After mixing carvedilol with
Fe(acac)3, the peaks resulting from the latter disappeared
and new peaks with m/z values of 560, 660, and 682
emerged (Fig. 4a). These peaks can be interpreted as
[Fe(acac)carvedilol2]1 (I), [Fe(acac)2carvedilol]1 (II), and
[Fe(acac)2carvedilol2 1 Na]1 (III), respectively. In an
MS/MS experiment, it was shown that II (m/z 660) upon
fragmentation gave mainly I by dissociation of one-mole-
cule acetylacetone, and a further fragment with m/z 407
(Fig. 4b). The latter daughter ion was confirmed to be
carvedilol by MS4 compared with the authentic substance.
MS/MS of I (m/z 560) gave daughter ions with m/z 335 and
364. This fragmentation is in accordance with a complex
formation within the side chain of carvedilol, including the
hydroxyl group on C29 and the nitrogen atom.

Using NMR spectroscopy, we found that the addition of
Fe31 to a solution of carvedilol led to significant changes in
the chemical shifts of resonances in the side chain of carve-
dilol, and almost unchanged signals from the aromatic pro-
tons. In the side chain, the changes in chemical shifts were
most pronounced around the NH group (Fig. 5). In addition
to changes in the chemical shifts of side chain protons, two
additional signals appeared around 8 ppm after the addition
of about 0.5 equivalents of metal ions. These signals ex-
change with water protons, as found by recording 1D spec-
tra after varying periods of saturation of the water signal. A
sensitivity-enhanced 1D15N-1H HSQC showed no peaks
around 8 ppm, indicating that these two additional signals
are caused by OH groups. As the relative intensity of these
signals points towards two OH groups, we hypothesize that
in the complex between carvedilol and Fe31 at least two
relatively slowly exchanging OH groups are coordinated to
the iron.

Monitoring the chemical shifts in side chain protons as a
function of the Fe31 concentration led to a titration curve
with a steep linear increase and sudden plateauing caused by
a tight binding between iron and carvedilol (data not
shown). In such a case, almost all iron that is brought into
solution is bound to carvedilol until no more binding sites
are available. The binding stoichiometry can then be easily
extracted from this turning point, which is at about 0.5
equivalents of iron. A 1:2 (iron:carvedilol) complex is there-
fore most likely. The binding constant was obtained by
least-squares fitting of Eqn 1 to the experimental titration
curves of each side chain proton by the Mathematicat
program (Wolfram Research, Inc.). The obtained binding

constants averaged to give a value of 76,0006 13,000
L/mol.

Since just one signal was observed during the course of
the titration, the lifetime of free and complexing carvedilol

Fig. 4. Mass spectra of reaction products of carvedilol with Fe(acac)3.
Carvedilol (500mM) was mixed with Fe(acac)3 (100 mM) in acetonitrile/
water 9:1 (v/v), and the mixture was introduced into an electrospray ion
source by a syringe pump. The mass spectrum of the mixture (a) and the
daughter spectra of the peaks with m/z 660 (b) and 560 (c) are shown.
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must be shorter than the inverse frequency differencesC-
sCFe

of the signal shifted most upon complex formation. As
the protons at position H-49 were shifted by about 150 Hz
during the Fe31 additions, the lifetime of free carvedilol
must be less than about 0.007 sec.

4. Discussion

Carvedilol is a lipophilic agent whose most pronounced
antioxidative effect has come to be expected in the lipid
fraction of serum.In vitro oxidation of LDL can be stimu-
lated by different methods. Two commonly used ways to
initiate lipid peroxidation in LDL are the addition of tran-
sition metal ions such as copper or iron or incubation with
macrophages in transition metal ions containing media.
Both methods have been used to investigate the effect of
carvedilol on LDL oxidation, with carvedilol showing an
inhibitory effect in both cases [17]. However, in a recently
published article, 5 and 10mM carvedilol were not found
sufficient to protect LDL against copper-mediated lipid per-
oxidation [20]. As these oxidation assays depend on the
presence of metal ions, they are not able to distinguish
between a radical-scavenging or an ion-chelating activity of
the antioxidant under investigation. We therefore used an
agent that acts independently from metal ions, generating
peroxyl radicals for induction of LDL oxidation. Our results
demonstrate for the first time an inhibitory effect of carve-
dilol on the generation of TBARS, lipid hydroperoxides,
and epitopes against oxidised LDL. However, the concen-
tration of carvedilol in our experiments was one order of
magnitude higher than in other studies [20]. The effects of
carvedilol on TBARS formation are similar whether copper
ions or AAPH are used for initiation [11].

Formation of oxidation-specific epitopes on LDL ap-
pears delayed compared to the production of LPO and
TBARS. In this formation, the effect of carvedilol is most
pronounced. This might be due to a possible scavenging of
the initial radicals that could directly damage the protein
moiety of LDL and to a reduction in the formation of
intermediates of lipid peroxidation, leading to conforma-
tional changes in or modifications of the protein moiety.
Such a two-stage mechanism would likely be more effective
compared to the scavenging of initial radicals alone. The
reduction in epitopes is in agreement with a recent report
where the autoantibody titer of antioxidatively modified
LDL was found to be decreased in a group of hypertensive
patients treated with carvedilol compared to a control group
[36].

From our data, we may conclude that the inhibitory
effect of carvedilol in high concentrationsin vitro is due to
a scavenging of free radicals. However, we cannot distin-
guish between scavenging of the initial radicals generated
by AAPH and the scavenging of product radicals formed
during lipid peroxidation, since both may occur. Carvedilol
is consumed slowly by incubation with AAPH, but only in
the presence of oxygen. Therefore, we conclude that carve-
dilol does not react with AAPH itself or with carbon-centred
radicals generated from it in the first stage, but with the
peroxyl radicals or hydroperoxides generated in the pres-
ence of oxygen [37,38]. In our experiments, the proposed
radical scavenging activity of carvedilol was confirmed.
However, the consumption of carvedilol occurs very slowly
compared toa-tocopherol. Moreover, carvedilol does not
scavenge the nitrogen-centred radicals DPPH and ABTS1,
and thus does not act as an electron-donating antioxidant as
a-tocopherol does. The radicals DPPH and ABTS1 are
frequently used for the determination of the antioxidative
properties of compounds or biological samples, but when
they are used, an antioxidative property of carvedilol cannot
be detected. At low physiological concentrations of carve-
dilol compared to the experimental conditions, a radical-
scavenging effectin vivo is not very likely.

Another mechanism of antioxidative action, the complex
formation of carvedilol with iron ions, has been investigated
using photometric methods with conflicting results [12,19].
Using mass spectrometry, we found the formation of prod-
ucts mixing carvedilol with an acetylacetonate complex of
ferric iron, with carvedilol displacing acetylacetonate from
the complex. One of those products released carvedilol upon
fragmentation. The fragmentation pattern of another allows
us to conclude that complex formation occurs in the side
chain of the molecule. Complex formation was confirmed
and elucidated in detail by NMR spectroscopy. The changes
in chemical shifts clearly indicate an involvement of the
nitrogen atom in the side chain in complex formation. While
the antioxidative activity of carvedilol was attributed to the
carbazole moiety of the molecule [16], we differentiate
between radical scavenging and complex formation. Radi-
cal scavenging is increased in the hydroxylated metabolite

Fig. 5. Change in chemical shifts of side chain protons of carvedilol upon
addition of Fe31. NMR spectra of carvedilol (1 mM in acetonitrile) were
recorded before and after addition of 3 mM FeCl3. The changes in the
chemical shifts upon the addition of FeCl3 are given.
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of carvedilol [17] and may indeed be localised to the car-
bazole ring system. However, complex formation is clearly
attributable to the side chain of carvedilol. The antioxidative
properties found with metal-dependent methods may arise
from both radical scavenging and metal chelation. We can-
not attribute the major role to one of these two effects. As
under physiological conditions free iron ions are not avail-
able, radical scavenging may be the relevant mechanism.
The question is, are physiological concentrations of carve-
dilol sufficient for this effect, taking into account that the
lipophilic compound may accumulate in LDL? However,
under pathological conditions, iron ions may be released
from their protein-bound form [1,39], and complex forma-
tion may then contribute to the antioxidative action of
carvedilol. As only traces of iron ions are to be expected and
these are complexed readily by carvedilol, the serum con-
centrations within reach (0.3mM after a dose of 50 mg [13])
may be enough for a protective effect by iron chelation.
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