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Abstract

Background There is increasing evidence indicating that
the dietary intake of food with high antioxidant capacity
may protect mitochondria from damage and exert positive
effects on different pathogenic processes.

Aim of the study The present study was designed to
evaluate the possible protective effect of alcohol-free beer
intake on chain components dysfunction of liver and heart
mitochondria, and to compare with the effect of alcohol
beer intake.

Methods The study was carried out in rat heart and liver
mitochondria by inducing with Adriamycin the dysfunction
of the respiratory chain. Heart and liver mitochondria were
isolated from rats and subjected to oxidative stress with
two doses of Adriamycin (5 mg/Kg) 7 days from the
beginning of consumption of both alcohol-free and alcohol
beer during 31 days. Complexes I and IV and the levels of
coenzymes Qg and Qo were evaluated and compared with
a control group.

Results  Liver and heart mitochondria isolated from rats
treated with Adryamicin showed a decrease in levels of
complex I and complex IV enzymatic activity and in levels
of coenzymes Qg and Q,o. Beer intake for itself does not
affect any of the studied parameters. Therefore, the con-
sumption of both alcohol and alcohol-free beer by rats
treated with Adriamycin prevents the inhibition of
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enzymatic activities of complexes I and IV and the oxi-
dation of coenzymes Qg and Qpq in rat heart and liver
mitochondria.

Conclusions These results indicate that alcohol-free beer
prevents adriamycin-induced damage to mitochondrial
chain components and, therefore, helps to prevent mito-
chondrial dysfunction.

Keywords Alcohol-free beer - Adriamycin -
Mitochondrial enzymes - Coenzymes Q

Introduction

Mitochondria play a central role in both cell life and
death. These organelles are essential for the production of
ATP via oxidation, phosphorylation and regulation of
intracellular Ca™ homeostasis. Alterations in mitochon-
drial complexes involved in energy conservation result in
defective electron transfer and oxidative phosphorylation
[9, 26]. Production of free radicals by the mitochondrial
transport chain is one of the causes of mitochondrial
damage, which is involved in the pathogenesis of differ-
ent diseases. The use of antioxidants present in foods
could play an important role in the prevention of this
mitochondrial damage [1, 4, 26, 32]. The antioxidant
compounds present in foods and beverages (polyphenols,
vitamins, etc.) seem to contribute to plasma and possibly
tissue total antioxidant capacity, reinforcing defenses
against oxidative stress [10, 17, 22, 34] and preventing
the mitochondrial chain components damage. In this
direction, recently we have shown that alcohol-free beer
intake reduces levels of oxidative damage in liver and
heart mitochondria obtained from Adriamycin-treated rats
[32].
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On the other hand, the components of our diet are able to
modify levels of mitochondrial membrane components.
Therefore, the concentration of CoQ in rats is known to
vary depending on nutritional status or environmental
conditions. Changes in membrane CoQ concentration
could be a result of changes in lipid environment such as,
for example, peroxidation phenomena that take place at the
membrane level [12].

Beer is a beverage with antioxidant capacity due its high
content of vitamins, phenolic compounds, and melanoidins
[10, 23]. This antioxidant capacity has been highly studied,
showing the relation between beer intake and preven-
tion of many human diseases mediated by free radicals
[17, 32, 34].

We decided to use the anticancer agent Adriamycin as a
model to study mitochondrial damage in rats because it
induces cumulative dose-dependent cardiomyophathy,
which has been ascribed to the mitochondrial redox-
cycling of the drug. NADH dehydrogenase (complex I) of
the mitochondrial electron transport chain and other oxi-
dases are able of turning ADR into a semiquinone radical
via univalent reduction [2]. This semiquinone radical can
rapidly auto-oxidize using molecular oxygen as an electron
acceptor, allowing for the initiation of a futile redox cycle
resulting in a substantial increase in reactive oxygen spe-
cies that affects proteins, lipids, etc., in close proximity to
the site of generation. This mitochondrial dysfunction,
including inhibition of components of mitochondrial res-
piration, has been implicated as a major determinant of
pathogenesis of Adriamycin-induced pathologies [2, 31].
Furthermore, it is known that antioxidant compounds
present in foods and beverages have a protective effect
against damage to mitochondrial biomolecules [8, 19, 20,
25, 33].

In the light of these results, the aim of this study was to
evaluate the effect of beer consumption on mitochondrial
chain components in adriamycin-treated rats. Our hypoth-
esis was that in Adriamycin-treated rats the in vivo con-
sumption of beer results not only in a decreased oxidative
stress, as we observed in a previous work [32], but also in
the restoration of the activity and levels of mitochondrial
membrane components. To prove our hypothesis we eval-
uated the effect of beer consumption on several parameters
of respiratory chain function (complex I, complex IV) and
on coenzymes Qg and Q.

Materials and methods
Chemicals and reagents

The following reagents were used in the experiments:
Adriamycin (Pharmacia-Upjohn, Milan, Italy). Solvents
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and other reagents were obtained from Scharlau (Barce-
lona) and Merck (Darmstadt, Germany). All reagents were
prepared with water purified by the Milli-Q system (Mil-
lipore Corp., Bedford, MA). NADH (Boehringer), Dode-
cyl-f-D-maltoside, cytocrome c¢; Coenzyme Q (Sigma).

Beer samples

Two types of lager beer were used in this study. Alcohol-
free beer (alcohol levels below 0.5%) and alcohol beer
(clear beer with alcohol content of 5.4%), both obtained
from commercial sources in Spain. Beers were refrigerated
and used immediately upon opening to prevent phenolic
compounds oxidation and loss.

Experimental design

Wistar male rats of 3 months of age weighing between 250
and 300 g were housed in individual cages; maintained
under controlled conditions of light cycle (12 h/12h light—
dark) and temperature (22 °C); and fed a standard diet
(IPM-20; Panlab Barcelona, Spain).

Rats were divided into six groups of eight rats. Rats
were administered Adriamycin by intraperitoneal (i.p.)
injection of two doses of 5 mg/Kg. A volume of 1.5 ml of
beer was administered intragastrically using a probe. This
volume is equivalent to a moderate intake (400 ml/day) in
humans weighing 70 Kg.

Rats of group 1 (control group, C) were fed water and
received two doses of isotonic saline solution (injected i.p.
on days 7 and 14 of the study) for 21 days. Rats of group 2
(ADR group) drank water and were injected two doses of
Adriamycin on days 7 and 14 of the study. Rats of groups 3
and 4 (Control 4+ Beer groups) were fed alcohol-free beer
or alcohol beer during 21 days and received two i.p. doses
of saline solution. Rats of groups 5 and 6 (ADR + Beer)
were injected with two doses of Adriamycin on days 7 and
14 of the study, and fed alcohol-free or alcohol beer for
21 days.

Preparation of mitochondria from rat heart and liver

Liver and heart mitochondria were isolated using the
method described by Santos et al. [24]. Liver and heart
tissues were excised, minced in ice-cold medium contain-
ing 250 mM sucrose, 1 mM EGTA, and 5 mM Hepes—
KOH (pH 7.4), homogenized in a Potter-Elvehjen
homogenizer, and then protease was added. Homogenates
were centrifuged at 9,000 g for 10 min, low-speed super-
natant was discarded, and the pellet was resuspended in
isolation medium and centrifuged at 9,000 g for 10 min.
The final mitochondrial pellets were resuspended in isola-
tion medium.
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Activity assays for mitochondrial respiratory
complexes

Complex I: NADH-ubiquinone oxidoreductase activity
(E.C. 1.6.5.3)

Complex I specific activity was determined by following
oxidation of NADH at 340 nm (¢ 6.81 mM_lcm_l) as
described by Santos et al. [24]. 25 uL of heart mitochondria
resuspension (1 mg/mL) was added to the reaction solution
containing 50 mM potassium phosphate buffer (pH 7.4),
1 mM EDTA, 60 mM coenzyme Qo, and 2 pg/mL anti-
mycin A, and was incubated at 25 °C for 1 min. Next, 10 pL
of 75 uM NADH was added to start the reaction and initial
rates of NADH oxidation were recorded during 1 min.

Complex IV: cytochrome oxidase (E.C. 1.9.3.1)

Complex IV activity was measured by following oxidation
of cytochrome ¢ (II) at 550 nm (¢ 20 mM~' cm™") [24].
The assay solution, which contained 20 mM potassium
phosphate buffer (pH 7.0), 0.45 mM dodecyl-f-p-malto-
side, and 15 uM reduced cytochrome ¢ (II), was incubated
for 30 s at 30 °C to determine the basal level of cyto-
chrome ¢ (II) oxidation. 5 pL. of mitochondrial sample
(0.6 mg/mL) was then added to start the reaction. The
increased rate of cytochrome ¢ (II) oxidation caused by the
addition of mitochondrial sample was used to calculate
complex IV activity.

Coenzyme Qg (CoQo) and coenzyme Qo (CoQ ;o)

The ubiquinone content of the mitochondria was measured
by reverse-phase HPLC analysis as previously indicated
[14, 29]. The mitochondrial protein concentration used in
the assay was of 1 mg/mL dissolved in 250 mM sucrose,
I mM EGTA, and 5 mM Hepes—-KOH (pH 7.4). After
adding 2 mL of ethanol, hexane 2/5 v/v the samples were
sonicated 2 min and centrifuged at 3,000 rpm for 3 min.
The hexane phase was evaporated with nitrogen or air, and

the pellet resuspended in 200 pL of ethanol. Quantification
of CoQg and CoQq levels was performed by HPLC-UV
(275 nm) using two columns (Spherisorb ODS 1.50 x
0.46 cm and Kromasil 2.5 x 0.46 cm). The mobile
phase was prepared by dissolving 7.0 g NaCLO,4.H,O in
ethanol:methanol:70% HCLO, (699:300:1), with a flow
rate of 1 mL/min.

Protein measurement

Total protein concentration was determined by the method
of Lowry [16] using bovine albumin as a standard.

Statistical analysis

Statistical analysis of the data was carried out using one-
way analysis of variance (ANOVA) for statistical evalua-
tion of significant differences between two groups. The
level of confidence required for significance was selected at
P < 0.05. Statistical analysis was performed using the
Statgraphics Plus 4.0 statistical package for windows
(Statgraphics Plus for Windows 4.0. User’s guide Manu-
gistics, Inc., Rockville, MD, 1999).

Results

To evaluate the effect of intake of alcohol beer and alco-
hol-free beer on the mitochondrial respiratory chain com-
ponents, we used the drug Adriamycin. The study was
carried out in heart and liver mitochondria of different
groups of rats: control group (C), controls fed alcohol or
alcohol-free beer (C + Beer), rats treated with Adriamycin
(ADR), and rats that treated with Adriamycin and fed
alcohol or alcohol-free beer (ADR + Beer).

The results of the effect beer with and without alcohol
intake on the mitochondrial respiratory chain are shown in
Table 1. The parameters studied do not show any signifi-
cant differences as result of beer intake during the period
studied.

Table 1 Activity of complex I and complex IV and levels of coenzymes Qg and Q in liver and heart mitochondria of rats consuming alcoholic

or alcohol-free beer

Complex I Complex IV CoQo CoQqo

(nmol/min x mg prot) (nmol/min x mg prot) (nmol/mg prot) (nmol/mg prot)

Liver Heart Liver Heart Liver Heart Liver Heart
C 283 £ 30 349 + 46 1915 £ 298 2768 £ 267 823+ 1.4 7.8 £05 0.60=+0.03 0.60 &+ 0.06
C+ alcohol beer 254 £ 17 362 + 31 1738 292 2815 + 150 77+114 80+£15 080=£0.10 0.74 &+ 0.04
C+ alcohol-free beer 259 £ 10 379 £ 29 1987 £+ 66 2946 + 162 89+ 0.6 86+ 14 073+009 0.67+£0.18

Results are expressed as mean + standard deviation. Control (C), and animals that consumed alcoholic beer (C+ Alcoholic beer) or alcohol-free

beer (C+ alcohol-free beer)
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Fig. 1 Complex I activity in heart and liver mitochondria isolated
from control (C), animals fed with beer (C + Beer), adriamycin-
injected animals (ADR), and adriamycin-injected animals fed with
beer (ADR + BEER). Values are expressed as mean =+ standard
deviation. The letters indicate significant differences (P < 0.05)

Figure 1 shows the results of liver and heart mitochon-
drial complex I. Beer intake (C + Beer) did not induce
significant changes in the activity of complex I. In the
group of rats treated with Adriamycin, the activity of
complex I was significantly decreased (P < 0.005) com-
pared to the control group. This activity was around 33%
lower in heart mitochondria and 45% lower in liver mito-
chondria compared to the control group. The intake of both
alcohol and alcohol-free beer prevented the decrease in
activity of heart mitochondrial enzymes with recovery
values that reached 96 and 93% of those obtained for
control group. Similar results were obtained in liver
mitochondria where the intake of both alcohol-free and
alcohol beer showed protective effects (of up to 91 and
97%, respectively).

The effects of Adriamycin treatment on complex IV of
rat heart and liver mitochondria are shown in Fig. 2. No
changes were observed in the C + Beer groups when
compared to the control group (C). Adriamycin-treated rats
decreased significantly (P < 0.005) their mitochondrial
enzyme activity, showing decreases of around 32% in heart
and around 45% in liver. Alcohol beer during the period
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Fig. 2 Complex IV activity in heart and liver mitochondria isolated
from control (C), animals fed with beer (C + Beer), adriamycin-
injected animals (ADR), and adriamycin-injected animals fed with
beer (ADR + BEER). Values are expressed as mean =+ standard
deviation. The letters indicate significant differences (P < 0.05)

studied prevented this Adriamycin-induced decrease (92%)
in heart and liver mitochondria. Alcohol-free beer also
showed this preventive effect (94 and 98% in heart and
liver mitochondria, respectively).

Coenzyme Q is a component of the mitochondrial
respiratory chain. In the present work, we have studied
CoQ;p and CoQq, and the results are shown in Figs. 3 and
4, respectively. The intake of either alcohol or alcohol-free
beer did not lead to changes in levels of the heart and liver
coenzymes studied as shown by the results obtained when
control group and beer intake groups are compared
(C + Beer).

Levels of CoQ;q decreased significantly (P < 0.005) in
rat treated with Adriamycin (Fig. 3). The percentage
decrease was of 55% in heart mitochondria and of 41% in
liver mitochondria. In the group of rats fed beer with or
without alcohol (ADR + Beer) levels of CoQ;o were
similar to those for the control group, showing higher
increases in heart than in liver mitochondria.

The levels of CoQq also decreased significantly in
Adriamycin-treated rats. This decrease was higher in the
heart, with a 55% lower CoQq values, compared to the
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Fig. 3 Coenzyme Qo activity in heart and liver mitochondria
isolated from control (C), animals fed with beer (C + Beer),
adriamycin-injected animals (ADR), and adriamycin-injected animals
fed with beer (ADR + BEER). Values are expressed as mean =+ stan-
dard deviation. The letters indicate significant differences (P < 0.05)

liver, with a decrease of around 27%. Intake of both
alcohol and alcohol-free beer prevented oxidation of CoQg
in rat heart mitochondria, with values that reached 100 and
90% of those obtained for control group, respectively.
However, in the liver mitochondria alcohol-free beer
showed a 100% prevention of CoQq oxidation, however
alcohol beer did not protect from oxidation, and no sig-
nificant difference with the Adriamycin-treated group was
observed.

Discussion

The present results indicate that consumption of beer, both
with and without alcohol, decreased Adriamycin-induced
damage of mitochondrial chain components.

In a previous study carried out by our research group
[32], we observed that beer consumption reduces oxidative
damage in mitochondria obtained from liver and heart
of Adriamycin-treated rats. Interaction of Adriamycin
with the mitochondrial membrane components is the main
cause of free radicals generation, inducing changes in
mitochondrial chain components. For this reason, in the
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Fig. 4 Coenzyme Qo in heart and liver mitochondria isolated from
control (C), adriamycin-injected animals (ADR), and adriamycin-
injected animals fed with beer (ADR + BEER). Values are expressed
as mean =+ standard deviation. The letters indicate significant differ-
ences (P < 0.05)

present work we have studied if beer consumption also
showed a protective effect on mitochondrial membrane
components.

The hypothesis of the present research was that beer
consumption could mitigate Adriamycin-mediated inhibi-
tion of mitochondrial respiratory function. Adriamycin
generates oxygen free radicals by undergoing redox-
cycling on complex I of the mitochondrial electron trans-
port chain [7, 11, 35] giving as result the alteration of
mitochondrial bioenergetics and of calcium regulation,
which is a decisive factor in the pathogenic process [35].
Adriamycin-induced mitochondrial toxicity was confirmed
by the changes in complexes I and IV activity induced by
the drug, and a decrease in levels of CoQg and CoQq in
agreement with previous studies [2, 3, 31].

To evaluate the possible effect on energy levels, we
studied the effect of consuming these beers on mitochon-
drial membrane components that play important roles in
cell stability, such as complexes I and IV, and CoQq and
CoQ¢. Furthermore, the stability of these components is
related to energy production (ATP) and to redox state of
the cell. Beer is a beverage with high antioxidant capacity
[23]. The effect of beer components depends on
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bioavailability, membrane transport system, incorporation
and stabilization of plasma membranes, and stability of the
oxidation products [22].

Complex I catalyzes the futile redox-cycling of adria-
mycin to liberate oxygen free radicals, such as superoxide
or hydroxyl radical [7]. During reverse electron transport
Adriamycin inhibits NAD™ reduction to NADH [6, 11] and
alters the thiol-dependent regulation of different mito-
chondrial processes [27, 28]. Complex IV is a hemoprotein
associated with the inner mitochondrial membrane. It is
known that changes in Complex IV activity result in an
alteration of the electron transport chain with an increase in
the production of free radicals. Furthermore, changes or
alterations in the mitochondrial membrane could be asso-
ciated to an increase of the oxidative stress and lead to cell
necrosis or apoptosis [18]. In this study, we observed that
beer consumption prevented alterations in mitochondrial
complexes I and IV, not finding any differences between
alcohol and alcohol-free beer. These results could be
indicating that beer components play a role not only in the
protection of mitochondria against oxidative damage, but
also in modulation of apoptosis or necrosis.

Coenzymes Q are components of the mitochondrial
respiratory chain, distributed among the cellular mem-
branes, that may provide protective benefits as antioxidants
[5, 15, 21]. In eukaryotes, CoQ shuttles electrons from
complexes I and II to complex III in the mitochondrial
electron transfer system, and it has been shown that CoQ is
an antioxidant which protects cells both directly, by pre-
venting lipid peroxidation, and indirectly, by regenerating
other antioxidants such as ascorbate and «-tocopherol [9,
20]. Furthermore, it is known that of CoQg and CoQq
concentration in rat liver changes depending on the tissues
and on the nutritional and environmental conditions [30].

The results of our study show that levels of both coen-
zymes significantly decreased in heart and liver mito-
chondria as result of Adriamycin treatment. Beer intake
had a protective effect avoiding the oxidation of both CoQ
and, consequently, their decrease. This protective effect
could be due to oxidative stress decrease in presence of
antioxidants as result of beer intake or to the regeneration
of coenzymes by effect of vitamin E [13]. In this sense, in a
previous study we observed that levels of a-tocopherol are
higher in rats fed with beer [3]. However, we observed no
effects of alcohol beer in CoQq levels of liver mitochon-
dria, where no significant difference with the ADR group
was observed, coinciding with the lower levels of o-
tocopherol observed in this tissue [32]. This result could be
to due to the central role played by liver in ethanol
detoxification by means of different pathways, which
results in an increase of reactive oxygen species that could
provoke a decrease in levels of antioxidants such as CoQq

[9].
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In conclusion, the results of the current investigation
provide the first evidence of the restoration of mitochon-
drial respiration after Adriamycin-induced inhibition
through beer consumption. Thus, beer may play a role in
modulating the negative bioenergetic and functional con-
sequences associated with Adriamycin treatment.
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