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Anthocynanins,  found  in  fruits  and  vegetables,  have  a variety  of  protective  properties,  which  have  gener-
ally been  attributed  to their  antioxidant  capacity.  However,  antioxidants  are  generally  strong  reductants,
and some  reductants  have  been  found  to block  apoptosis  by reducing  cytosolic  cytochrome  c,  which
prevents  caspase  activation.  We  tested  the  ability  of  various  anthocyanins:  to  reduce  cytochrome  c,
to  support  cytochrome  c-induced  mitochondrial  respiration  and  to  inhibit  apoptosis  induced  by  heart
ischemia.  Anthocyanins  such  as delphinidin-3-glucoside  (Dp3G)  and  cyanidin-3-glucoside  (Cy3G) were
able to reduce  cytochrome  c directly  and  rapidly,  whereas  pelargonidin-3-glucoside  (Pg3G),  malvinidin-
ardioprotection 3-glucoside  (Mv3G)  and  peonidin-3-glucoside  (Pn3G)  had  relatively  low  cytochrome  c reducing  activities.
Dp3G and  Cy3G  but not  Pg3G  supported  mitochondrial  state  4  respiration  in the  presence  of  exogenous
cytochrome  c. Pre-perfusion  of  hearts  with  20 �M  Cy3G  but not  Pg3G  prevented  ischemia-induced  cas-
pase  activation.  This  suggests  that  the  ability  of  anthocyanins  to  block  caspase  activation  may  be  due to
their  ability  to  reduce  cytosolic  cytochrome  c.  This  article  is part  of  a  Directed  Issue  entitled:  Bioenergetic
dysfunction,  adaptation  and  therapy.
. Introduction

Mitochondria are organelles that produce ATP by oxidative
hosphorylation and also control cell survival and death. To
ccomplish their energetic function they have to be structurally

nd functionally intact. However, in many pathological situations
ncluding heart ischemia or ischemia plus reperfusion mitochon-
rial injury occurs, which is manifested as inhibition of oxidative

Abbreviations: Cy3G, Cyanidin 3-O-glucoside; DEVD, Acetyl-Asp-Glu-Val-Asp-7-
mido-4-methylcoumarin, caspase -3 substrate; Dp3G, Delphinidin 3-O-glucoside;
GTA, ethylene glycol tetraacetic acid; eNOS, endothelial nitric oxide synthase;
EPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Mv3G, Malvinidin 3-
-glucoside; Pg3G, Pelargonidin 3-O-glucoside; Pn3G, Peonidin 3-O-glucoside;
MPD, N,N,N′ ,N′-tetramethylphenylene-1,4-diamine.
� This article is part of a Directed Issue entitled: Bioenergetic dysfunction, adap-
ation and therapy.
∗ Corresponding author at: Institute of Neurosciences, Lithuanian University of
ealth Sciences, Eiveniu str. 4, LT-50009 Kaunas, Lithuania. Tel.: +370 37 302968;

ax: +370 37 302959.
E-mail addresses: vilmante.borutaite@lsmuni.lt, vilbor@vector.kmu.lt

V.  Borutaite).

357-2725/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.biocel.2012.07.022
© 2012 Elsevier Ltd. All rights reserved.

phosphorylation, loss of mitochondrial membrane integrity, and
loss of cytochrome c from mitochondria (Rouslin, 1983; Regitz
et al., 1984; Toleikis et al., 1989; Borutaite et al., 1996; Chen
et al., 2008; Lesnefsky and Hoppel, 2008; Pasdois et al., 2011).
The release of cytochrome c from mitochondria was found to be
one of the earliest events in ischemic heart damage (Borutaite
et al., 1996) which may  lead to apoptosis of cardiomyocytes (Bialik
et al., 1999; De Moissac et al., 2000) by the mechanism involving
binding of cytosolic cytochrome c to adaptor protein Apaf-1. This
results in formation of the apoptosome and subsequent activation
of caspase-9 leading to apoptotic cell death (Yang et al., 1997; Li
et al., 1997). The process of caspase activation may be regulated
by the redox state of cytochrome c as several investigators have
shown that reduced cytochrome c is less potent in caspase acti-
vation than its oxidized form (Pan et al., 1999; Suto et al., 2005;
Borutaite and Brown, 2007; Barauskaite et al., 2011). Cytochrome
c can be reduced by several factors such as intracellular glu-

tathione or added N,N,N′,N′-tetramethylphenylene-1,4-diamine
(TMPD) (Vaughn and Deshmukh, 2008; Borutaite and Brown,
2007; Barauskaite et al., 2011). Interestingly, there are various
plant flavonoids (epicatechin, quercetin, kaempferol) known as

dx.doi.org/10.1016/j.biocel.2012.07.022
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:vilmante.borutaite@lsmuni.lt
mailto:vilbor@vector.kmu.lt
dx.doi.org/10.1016/j.biocel.2012.07.022
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by adding 1 mM ADP. The effect of cytochrome c on respiration
rate was determined by adding 32 �M cytochrome c to mitochon-
dria inhibited with 140 �M atractyloside (see Fig. 2). Mitochondrial
respiration rates were expressed as pmol/s/0.125 mg  protein. The

Fig. 2. Typical traces of respirometric measurements of mitochondria isolated from
Fig. 1. Chemical structure of anthocy

trong natural antioxidants, and other natural dihydroxy conju-
ated compounds (like catechols), which have been reported to
educe cytochrome c (Saleem and Wilson, 1982; Lagoa et al., 2011).
n principle, such compounds could block caspase activation by
eduction of cytosolic cytochrome c, however, this has not been
nvestigated yet.

Among different groups of flavonoids, anthocyanins, which are
idely distributed amongst colored fruits and vegetables, might

lso inhibit apoptosis by a similar mechanism. It has been pro-
osed that the consumption of anthocyanin-rich dietary plants
nd fruits can provide strong neuro- and hepato-protective effects
Shin et al., 2006; Dani et al., 2008; Lu et al., 2010), and reduce the
isk of cardiovascular diseases (Amorini et al., 2003; Toufektsian
t al., 2008; Akhlaghi and Bandy, 2009; De Pascual-Teresa et al.,
010) in humans and animals. It is generally considered that these
rotective activities are related to the antioxidant properties of
nthocyanins which in turn are determined by the number and
osition of hydroxyl groups as substituents (Fig. 1), and by the
xtent of glycosylation (Galvano et al., 2004; Prior and Wu,  2006;
uselik et al., 2007; Yao and Vieira, 2007) However, the exact
olecular mechanism(s) of the protective effects of anthocyanins

as not been fully elucidated yet, and there are recent reports that
nthocyanins such as delphinidin and some of other flavonoids may
rotect the heart against ischemia-reperfusion injury by mecha-
isms not related to their antioxidant activities (Scarabelli et al.,
009).

In this study we have examined the effect of five common
nthocyanidin glucosides: delphinidin (Dp3G), cyanidin (Cy3G),
elargonidin (Pg3G), peonidin (Pn3G), and malvidin (Mv3G), on
he redox state of extramitochondrial cytochrome c in vitro. To the
est of our knowledge, this is the first report that Dp3G and Cy3G
but not Pg3G, Pn3G or Mv3G) are potent and effective reducers
f cytochrome c. Moreover, we show that Cy3G prevents the acti-
ation of caspases in ischemic rat hearts possibly by reduction of
ytosolic cytochrome c, whereas Pg3G was uneffective. Our results
uggest new therapeutic applications of certain anthocyanins.

. Materials and methods

.1. Chemicals

Delphinidin-3-O-, cyanidin-3-O-, pelargonidin-3-O-, peonidin-
-O-, and malvidin-3-O-glucosides were from Extrasynthese
Genay, France). All other reagents were obtained from Sigma,
nless specified otherwise.
.2. Isolation of rat heart mitochondria

All experiments were performed on hearts from 2 to 4 months
ld female Wistar rats. Rats were killed by increasing concentration
: A – Dp3G, B – Cy3G, and C – Pg 3G.

of CO2 in the air followed by cervical dislocation. The hearts, control
or after ischemia, were cooled in 0.9% KCl, then cut into small pieces
and homogenized with a Teflon-glass homogenizer in the isola-
tion buffer (10 ml/g of tissue) containing 250 mM sucrose, 5 mM
HEPES, 2 mM EGTA, pH 7.3. Cytosolic and mitochondrial fractions
were separated by differential centrifugation (5 min  at 750 × g, then
10 min at 6800 × g). Total cytosolic and mitochondrial protein was
measured by the Biuret method.

2.3. Ischemia model

The hearts were perfused on a Langendorff perfusion sys-
tem with Krebs-Henseleit solution (11 mM glucose, 118 mM NaCl,
25 mM NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 0.5 M CaCl2, 1.6 mM
MgSO4 and 0.7 mM Na pyruvate, saturated with 95% O2 – 5% CO2,
pH 7.4 at 37 ◦C) at a pressure of 80 cm H2O. After a 10 min equili-
bration period, 20 �M anthocyanins Cy3G or Pg3G were added to
the perfusate and hearts were perfused for another 15 min. Control
hearts were perfused for the same time but without anthocyanins.
After perfusion with/without anthocyanins, hearts were subjected
to 45 min  total ischemia at 37 ◦C.

2.4. Measurement of mitochondrial respiratory rates

Mitochondrial respiration was measured using an Oxygraph-2k
(OROBOROS Instruments, Innsbruck, Austria) in the buffer con-
taining 0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20 mM
Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM  sucrose (pH 7.1 at
37 ◦C), and 6 mM pyruvate plus 6 mM malate were used as respira-
tory substrates. Mitochondrial State 3 respiration rate was  achieved
rat heart. At the beginning the routine respiration rate with 0.125 mg of mitochon-
dria and 6 mM pyruvate + 6 mM malate was measured. Further additions: ADP –
1  mM ADP; ATR – 140 �M atractyloside; Cyt c – 32 �M cytochrome c; Cy3G – 40 �M
Cy3G. The upper trace indicates oxygen concentration, the lower trace – oxygen
flux.
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ig. 3. Effects of anthocyanins on the routine and State 3 respiration rate. Mitocho
 mM malate as substrates. +Dp3G, +Cy3G or +Pg3G – respiration rates in the prese
espiration rate, *statistically significant effect compared to V0 in the absence of an

nal mitochondrial protein concentration in all experiments was
.125 mg/ml.

.5. Measurement of cytochrome c reduction level

The cytochrome c reduction level was recorded with a Helios
 spectrophotometer. Absorbance was scanned over 500–600 nm
avelenght range and the cytochrome c reduction maximum
as take as 550 nm.  The spectra of various anthocyanins in 1 ml

f buffer containing 0.5 mM EGTA, 3 mM MgCl2, 60 mM potas-
ium lactobionate, 20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES,
10 mM sucrose (pH 7.1) were recorded and taken as the experi-
ental blanks. Then 32 �M cytochrome c from horse heart (from

igma–Aldrich, purity ≥95%) was added to the same buffer and the
ytochrome c spectrum over the range 500–600 nm was  recordered
very minute. The absorption peak height at 550 nm was  taken
nd compared to the absorption peak of completely reduced
ytochrome c at the end of the test when all added cytochrome

 was completely reduced by adding few crystals of dithionite. The
bsorption peak of dithionite-reduced cytochrome c was equated
o 100% of reduced cytochrome c. All measurements were done at
oom temperature.

.6. Measurement of caspase activity

For measurement of caspase 3-like activity, 1 mg/ml  of total
ytosolic protein was incubated for 60 min  in buffer contain-
ng 250 mM sucrose, 5 mM HEPES, 2 mM EGTA (pH 7.3 at 37 ◦C)
nd 0.1 mM Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin
DEVD). The hydrolysis of caspase substrate was  followed fluori-

etrically, excitation set at 380 nm,  emission – 460 nm.  Substrate
leaving activity was completely suppressed by 0.02 mM N-acetyl-
sp-Glu-Val-Asp-aldehide, a reversible inhibitor of caspase 3.

.7. Measurement of mitochondrial and cytosolic cytochrome c
ontent

Cytochrome c content in mitochondria and cytosolic fractions
as detected using Quantikine rat/mouse Immunoassay ELISA
it (R&D System). For measurement of cytochrome c content,
itochondria were solubilized with 1% Triton X-100 and fur-

her procedures were performed according to the manufacturer’s
nstructions.
 respiration rate was measured as described in Methods using 6 mM pyruvate plus
f 20 �M (A) and 40 �M (B) anthocyanins. V0 – routine respiration rate, V3 – State 3
nins. Means ± standard errors of 3–5 separate experiments are presented.

2.8. Statistical analysis

Data are expressed as means ± standard errors of at least three
separate experiments. Statistical comparison between experimen-
tal groups was performed by a paired t-test. A value of P < 0.05 was
considered statistically significant.

3. Results

3.1. Effects of anthocyanins on heart mitochondrial respiration

In order to investigate the direct effect of anthocyanins on
mitochondrial oxidative phosphorylation, the mitochondrial res-
piration rate in various metabolic states was  measured. According
to the experimental protocol shown in Fig. 2, at the beginning
mitochondrial routine respiration (V0) was measured in the pres-
ence of the respiratory substrates. When Dp3G, Cy3G and Pg3G
were used, they were added into mitochondrial incubation medium
during the phase of routine respiration. Mitochondrial State 3 res-
piration was  achieved by adding ADP. State 4 respiration rate
was measured in the presence of atractyloside to inhibit ATP/ADP
transport. Finally, the exogenous cytochromes c was added in
order to check the intactness of the mitochondrial outer mem-
brane.

As can be seen in Fig. 3A, all tested anthocyanins (Dp3G, Cy3G
and Pg3G) had no effect on mitochondrial routine or phosphory-
lating (State 3) respiration rate at 20 �M concentrations. However,
40 �M Dp3G induced an increase (by 53%) in the routine respiration
rate indicating that at higher concentrations Dp3G may exert an
uncoupling effect (Fig. 3B). State 3 respiration was  not affected by
anthocyanins at both 20 �M and 40 �M concentrations (Fig. 3A and
B). The non-phosphorylating respiration rate, which was measured
after addition of atractyloside, was  also not affected by all antho-
cyanins used at 20 �M,  and by Cy3G and Pg3G at 40 �M,  except for
Dp3G, which at higher (40 �M)  concentrations caused a significant
increase (by 54%) of the non-phosphorylating respiration rate (data
not shown).

Interestingly, when Dp3G and Cy3G were added to mitochon-
dria and their state 4 respiration was measured in the presence
of external cytochrome c, a powerful stimulation of the respira-

tory rate (by 71% and 30%, respectively) was observed as compared
to cytochrome-c-stimulated non-phosphorylating respiration of
control mitochondria not treated with anthocyanins (Fig. 4). In
contrast, Pg3G had no effect on this parameter (Fig. 4).



26 K. Skemiene et al. / The International Journal of Biochemistry & Cell Biology 45 (2013) 23– 29

n
2
5
m

g
 p

ro
te

in

200

250

71%
*

*

m
o
l 
O

2
/s

/0
.1

2

100

150

30%

-7%

ir
a
ti
n
 r

a
te

, 
p
m

0

50

100

c

R
e
s
p 0

A
TR

+C
yt
 c

+D
p3

G

+C
y3

G

+P
g3

G

Fig. 4. The effects of anthocyanins on cytochrome c-activated State 4 respiration
rate. +Dp3G, +Cy3G or +Pg3G–respiration rates in the presence of 40 �M antho-
c
c
3

3

t
c
r
o
t
o
e
t
i
a
i
c
(
t
o

F
c
i
3
a
c

in
/m

g
pr
ot
.

14

16

18

* *

c�
vi
ty
,n
m
ol
/m

6

8

10

12

#

EV
D
cl
ea
vi
ng

ac

0

2

4

6

Control Cy3G Pg3G

DE Ischaemia

Fig. 6. Perfusion of hearts with Cy3G but not Pg3G prevents ischemia-induced
caspase-3 activation. Hearts were pre-perfused for 15 min with 20 �M Cy3G or
20  �M Pg3G prior to induction of 45 min total ischemia and the caspase-3- activity
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.2. Effect of anthocyanins on cytochrome c redox state

We hypothesized that the observed increase of state 4 respira-
ion rate induced by some anthocyanins in the presence of added
ytochrome c may  be caused by the ability of anthocyanins to
educe cytochrome c. Therefore, next we determined the capacity
f various anthocyanins to reduce cytochrome c directly in solu-
ions. For that we recorded the absorbance spectrum in the range
f 500–600 nm of cytochrome c over time in the presence of sev-
ral anthocyanins. Initially the added 32 �M cytochrome c was in
he oxidized form and did not change over the time of the exper-
ment (data not shown). In the presence of Dp3G there was fast
nd almost complete reduction of cytochrome c within 6 min  of
ncubation: during the first minute in the presence of 40 �M Dp3G,

ytochrome c was reduced to 67 ± 1%, and reached 78 ± 2% at 6 min
Fig. 5). 40 �M Cy3G was also able to reduce cytochrome c though
his was less rapid: within the first minute Cy3G reduced 19 ± 2%
f cytochrome c reaching 42 ± 4% and 50 ± 4% after 3 min  and
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ig. 5. Effect of anthocyanins on cytochrome c reduction level. The cytochrome
 reduction level was measured spectrophotometrically as described in Methods
n  the presence of 40 �M of anthocyanins (Dp3G, Cy3G, Mv3G, Pn3G, Pg3G) and
2  �M cytochrome c. The same sample was measured over the time and the peak
bsorbance at 550 nm wavelength was estimated. Dithionite-reduced cytochrome

 level was taken as 100%.
was measured as described in Methods. *Statistically significant effect compared to
control group. #Statistically significant effect of Cy3G compared to ischemic group.
Means ± standard error of 4–9 separate experiments are presented.

6 min, respectively. Mv3G and Pn3G were much less able to reduce
cytochrome c causing about 11–21% and 5–14% reduction over the
1–6 min  interval, respectively (Fig. 5). Pg3G had the lowest reduc-
ing capacity among all the investigated anthocyanins so that only
3.4 ± 0.6%, 9.2 ± 0.4% and 12 ± 0.7% of cytochrome c was reduced
in the presence of 40 �M Pg3G after 1, 3 and 6 min, respectively
(Fig. 5). The pattern of cytochrome c reduction by various antho-
cyanins in the presence of mitochondria was in principle the same
as described above in the absence of mitochondria, only reduction
levels were lower (data not shown). When experiments with mito-
chondria were done in the presence of azide to inhibit cytochrome
oxidase, the pattern of reduction of cytochrome c was  essentially
the same as in the absence of mitochondria: 40 �M Dp3G reduced
cytochrome c within 6 min  to 84 ± 6%, 40 �M Cy3G – to 56 ± 4%,
and 40 �M Pg3G – to 22 ± 6%.

These results show that Dp3G and Cy3G are the most potent
cytochrome c reducing anthocyanins whereas Pg3G has the lowest
capacity to reduce cytochrome c.

3.3. Effect of anthocyanins on ischemia induced caspase
activation in perfused heart

It has been previously reported that cytochrome c reducing
chemicals such as TMPD can protect against caspase activa-
tion and apoptosis in several experimental models of cell death
including ischemia-induced cardiomyocyte death in perfused heart
(Borutaite and Brown, 2007; Barauskaite et al., 2011). In this study
we were interested whether a similar protective effect may be
exerted by another class of cytochrome c reducing compounds –
the anthocyanins. For this purpose we  have chose Cy3G, which
had a high capacity to reduce cytochrome c but did not uncou-
ple mitochondrial oxidative phosphorylation (as Dp3G did, Fig. 3B)
and compared its effect on ischemia-induced caspase activation
to the effect of Pg3G, which was  found to have relatively lit-
tle cytochrome c reducing activity. In this series of experiments,
hearts were pre-perfused with 20 �M Cy3G or 20 �M Pg3G for
15 min  and then subjected to 45 min  total ischemia. DEVD-cleaving,
caspase-3-like protease activity was taken as a measure of apo-
ptosis induced by heart ischemia. We  found that after ischemia
caspase-3-like, DEVD-cleaving activity was increased by two-folds

compared to the non-ischemic control group (Fig. 6). When hearts
were pre-perfused with 20 �M Cy3G, ischemia-induced activation
of caspases was almost completely blocked: the DEVD-cleaving
activity in the ischemia plus Cy3G group was significantly reduced
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reductant of cytochrome c, prevents caspase activation and apopto-
sis in several models of mitochondria-mediated cell death including
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5  min  with 20 �M Cy3G or 20 �M Pg3G prior to induction of 45 min  total ischemia
s  described in Methods. *Statistically significant effect if compared with control gr

nd practically was not different from non-ischemic control (Fig. 6).
n contrast, pre-perfusion of the hearts with 20 �M Pg3G did not
revent ischemia-induced caspase activation: the DEVD-cleaving
ctivity in the ischemia plus Pg3G group was not statistically dif-
erent from the ischemic group (Fig. 6). Pre-perfusion of normal
non-ischemic) hearts with 20 �M Cy3G or Pg3G had no signifi-
ant effect on caspase activity (data not shown). This suggests that
y3G but not Pg3G prevents activation of caspases in perfused heart
uring ischemia.

.4. Anthocyanins did not prevent re-distribution of cytochrome c
n ischemic hearts

Though Cy3G protected against ischemia-induced caspase acti-
ation it had no effect on the release of cytochrome c from
itochondria during heart ischemia. As can be seen in Fig. 7A,

fter 45 min  ischemia the mitochondrial content of cytochrome c
as significantly decreased, and the level of cytochrome c in the

ytosolic fractions of ischemic hearts significantly increased by 41%
ompared to the control group (Fig. 7B). The levels of mitochondrial
nd cytosolic cytochrome c in ischemic hearts pre-perfused with
0 �M Cy3G were not significantly different from the respective

evels in ischemic group (Fig. 7). Pre-perfusion of the hearts with
0 �M Pg3G also had no effect on the mitochondrial and cytosolic
ytochrome c content compared to ischemic group levels. This indi-
ates that both Cy3G and Pg3G did not prevent ischemia-induced
ytochrome c release from mitochondria into cytosol.

.5. Anthocyanins did not prevent ischemia-induced
itochondrial dysfunction in perfused hearts

As can be seen from Fig. 8, 45 min  of ischemia caused a statisti-
ally significant decrease in mitochondrial state 3 respiration rate
y 52% without any effect on the routine (V0) respiration rate. Pre-
erfusion of the hearts with 20 �M Cy3G or 20 �M Pg3G did not
rotect mitochondria against ischemia-induced damage: in these
reated groups, the state 3 respiratory rates were decreased to a
imilar extent as in the untreated ischemic group.
. Discussion

The main findings of our study are that (i) anthocyanins such as
p3G and Cy3G are able to reduce cytochrome c directly and rapidly
 in cytosolic fractions of control and ischemic hearts. Hearts were pre-perfused for
ytochrome c concentration in mitochondria and cytosolic fractions were measured
eans ± standard error of 4–9 separate experiments in each group are presented.

whereas the cytochrome c reducing activities of Pg3G, Mv3G and
Pn3G are relatively low; (ii) Dp3G and Cy3G but not Pg3G sup-
port mitochondrial state 4 respiration in the presence of exogenous
cytochrome c; and (iii) pre-perfusion of the hearts with Cy3G but
not Pg3G at 20 �M concentrations prevents ischemia-induced cas-
pase activation which is a hallmark of apoptotic cell death. This
suggests that the cytochrome c reducing capacity of anthocyanins
may  correlate with their ability to prevent caspase activation. As
both Cy3G and Pg3G had no effect on the ischemia-induced loss
of cytochrome c from mitochondria and the related inhibition of
mitochondrial respiration but only Cy3G was  able to suppress cas-
pase activation, it is evident that Cy3G should act downstream of
cytochrome c release but upstream of caspase activation. It has
been previously reported that reduced cytochrome c is less capa-
ble of caspase activation in the apoptosome than its oxidized form
(Pan et al., 1999; Hancock et al., 2001; Suto et al., 2005; Borutaite
and Brown, 2007). Also it has been shown that TMPD – a powerful
Fig. 8. Perfusion of hearts with Cy3G and Pg3G did not prevent ischemia-induced
mitochondrial dysfunction. Hearts were pre-perfused for 15 min with 20 �M Cy3G
or  20 �M Pg3G prior to induction of 45 min  total ischemia. Substrates 6 mM pyru-
vate plus 6 mM malate. *Statistically significant effect compared to control group.
Means ± standard error of 4–9 separate experiments are presented.
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nd Brown, 2007) and ischemia- or ischemia-reperfusion-induced
poptosis and necrosis in perfused rat heart by a mechanism involv-
ng reduction of cytosolic cytochrome c (Barauskaite et al., 2011).
herefore, on the basis of results obtained in this study and previous
eports in the literature we conclude that the observed Cy3G-
ediated inhibition of caspase activation in ischemic heart may

e due to the reduction of cytosolic cytochrome c by Cy3G.
On the other hand, we cannot rule out the possibility that Cy3G

ay protect against ischemia-induced caspase activation via other
echanisms such as direct inhibition of apoptosome function or

upport of mitochondrial respiration after release of cytochrome c.
ur results showed that neither of the investigated anthocyanins
t 20 �M concentrations had an effect on routine or phosphory-
ating respiration of mitochondria except Dp3G which exhibited a
light uncoupling effect at 40 �M concentration. However, Cy3G,
s well as Dp3G but not Pg3G, stimulated atractyloside-inhibited
corresponding to state 4) mitochondrial respiration in the pres-
nce of exogenous cytochrome c. This effect may  be particularly
mportant at the reperfusion phase after heart ischemia support-
ng mitochondrial respiration that becomes inhibited due to the
oss of cytochrome c from mitochondria (Borutaite et al., 1996).

A possibly related neuroprotective effect of Cy3G without
nhibition of cytochrome c release from mitochondria has been
emonstrated in mice fed with 2 mg/kg Cy3G and subjected to brain

schemia induced by permanent cerebral artery occlusion (Min
t al., 2011). In general, the cardio- or neuro-protective effects of
nthocyanins are usually attributed to their antioxidant, free radi-
al scavenging properties (Galvano et al., 2004; Prior and Wu,  2006;
uselik et al., 2007). However, there is accumulating evidence that

ot all beneficial effects of anthocyanins are due to their antioxidant
roperties and that other protective mechanisms can be involved.
or instance, long, 1 h pre-perfusion of hearts with the anthocyanin
elphinidin as well as with the flavonoid myricetin has been shown
o protect against ischemia/reperfusion-induced heart injury pos-
ibly by a mechanism involving inhibition of signal transducer and
ctivator of transcription 1 (Scarabelli et al., 2009). Another study
as reported that 8 h exposure of cultured bovine artery endothe-

ial cells to 0.1 �M Cy3G caused upregulation of eNOS expression
nd production of NO (Xu et al., 2004), which, in turn, may  exert

 protective effect during heart ischemia/reperfusion (Bolli et al.,
997; Schulz et al., 2004; Jones and Bolli, 2006). Note that pro-
ective effects mentioned above were observed after prolonged
reatments with anthocyanins whereas in our study a short 15 min
re-perfusion of the hearts with Cy3G was enough to provide the
ardioprotective effect. This points to the acute action of Cy3G
n the ischemic heart that may  provide some additional time for
he development of the late mechanisms of protection related to
he induction of gene expression. It is possible that various antho-
yanins exert different cardioprotective effects depending on their
tructures (Fig. 1) and chemical activities, concentrations, duration
f treatment, types of cells affected and other factors.

In our study, 20 �M Cy3G was used to protect the ischemic
eart against caspase activation. Such a concentration is somewhat
igher than the reported post-absorption levels of anthocyanins

n plasma: about 0.14–3 mg/l (Tsuda et al., 1999; Ziberna et al.,
010) which would correspond to 0.2–0.6 �M Cy3G, suggesting
hat concentrations of dietary anthocyanins might be too low
or therapeutic purposes. However, the bioavailability of antho-
yanins, their accumulation in various tissues and metabolism are
till controversial questions that need further investigations.

It should be mentioned that at higher, 40 �M concentrations
y3G was found to be cardiotoxic (unpublished data). It has been

eported that bilberry anthocyanins at concentrations correspond-
ng to 50–100 �M Cy3G caused a marked decrease of coronary
ow and an increase in lactate dehydrogenase release in perfused
earts (Ziberna et al., 2010). The reasons for such toxic effect are
ochemistry & Cell Biology 45 (2013) 23– 29

not entirely clear but may  be related to the pro-oxidant activity of
anthocyanins leading to the formation of reactive oxygen species,
particularly H2O2 which besides other damaging effects may  cause
oxidation of cytochrome c. Then if the production of H2O2 would
exceed the reductive capacity of anthocyanins, the redox state of
cytochrome c may  shift toward the oxidized form, which promotes
caspase activation.

One of the novel findings of our study was the observa-
tion that Dp3G and Cy3G are potent and powerful reductants of
cytochrome c whereas Pg3G, Pn3G and Mv3G were much less effec-
tive. While our paper was in preparation, Lagoa and colleagues have
reported that representatives of another class of polyphenolic com-
pounds – flavonoids epicatechin, quercetin and kaempferol exhibit
cytochrome c reducing activities (Lagoa et al., 2011) which are com-
parable to that of Dp3G and Cy3G. Further studies are required
to determine which chemical structures of polyphenolic com-
pounds provide most powerful cytochrome c reducing activities
as such compounds may  have a potential application in inhibiting
apoptotic cell death in various pathologies associated with detri-
mental apoptosis. It is worth mentioning also that, due to the same
mechanism, anthocyanins may  exert an unwanted effect during
chemotherapy when medicines (such as cisplatin) inducing apo-
ptosis via the mitochondrial pathway in tumor cells are used.
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