
INTRODUCTION
The cardiotoxicity of doxorubicin (DOX) – a broadly

used anticancer drug – is related to reactive oxygen
species (ROS) overproduction leading to oxidative stress.
It was surprising that antioxidative protection observed in
animals had no anticardiotoxic effect in patients treated
with antracyclines [11]. In addition, it was difficult to
explain how oxidative stress found in the presence of
DOX my cause cardiomyopathy appearing after years.
According to Lebrecht and Walker [9], the drug causes
oxidative changes in mitochondrial DNA (mtDNA),
which is the basic point to disturbance in mitochondrial
respiration. Such imbalance results in mistaken
respiration proteins synthesis. Electron transfer changes
are a subsequent consequence of it leading to secondary
ROS overproduction, even in the absence of DOX. These
ROS cause the following mtDNA damages, which are

responsible for a defective protein synthesis. Such a circle 
of events is repeated many times and disturbance of
mitochondria function augments with passing of time and
eventually responses for delayed cardiomyopathy [2, 9].
It was assumed that at the beginning of these chain
reactions induced by DOX, a ROS related depolarisation
of the inert mitochondrial membrane must appear. The
majority of previous DOX studies, referring to changes in
mitochondria membrane potential were conducted in in
vitro conditions, ex vivo  in isolated mitochondria of rat
heart perfused with DOX or in vitro but using over clinical 
relevant dose of DOX [12, 18]. However, these models are
not sufficient to study the mechanism conducted in a de -
layed cardiomyopathy. For these reasons, the aim of the
study was to evaluate mitochondrial inner-membrane
depolarisation and markers of redox balance in the heart and
liver of rats 3 weeks after completing DOX admi- nistration.

METHODS
 The use of animals in the study was approved by the

Local Bioethical Commission of Medical University of
Lublin. The male Wistar strain rats with the initial body
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weight of 160-195 g were maintained in stable conditions
at 22°C with a 12-h light/dark cycle and were given
standardized granulated fodder LSM® (Agropol; Motycz,
Poland). All the animals were randomly divided into two
groups (n=6). The animals were weekly intraperitoneally
exposed to DOX hydrochloride (1.5 mg/kg; Ebewe Pharma,
Unterach, Austria) for twelve weeks, whereas the control
group was injected with physiologic saline. The samples
were obtained three weeks after the last DOX dose.

The heart ven tri cles and the liver sec tions were ob -
tained from the ani mals, which were anes the tized with
so dium pen to bar bi tal (Biowet Puławy, Po land). Or gan
sam ples were washed with 20 ml of sa line, then placed in
liq uid ni tro gen and stored at -75°C un til bio chemi cal
analy sis or fixed in buff ered for mal de hyde so lu tion and
rou tinely his to logi cally proc essed.

Mi to chon dria were iso lated us ing a com mer cial kit
(Sigma- Aldrich, Saint Luis, USA) ac cord ing to the manu -
fac tur er’s man ual. The outer mem brane in teg rity was
as sessed by meas ure of cy to chrome c oxi dase ac tiv ity in
the pres ence and ab sence of the n- dodecyl β-D-malto-
sidase us ing commer cial kit (Sigma- Aldrich, Saint Luis,
USA). The de tec tion of changes in mi to chon drial inner-
 membrane elec tro chemi cal po ten tial of heart and liver
was con ducted us ing the meas ure ment of cati onic, lipo -
philic dye JC-1 fluo res cence (Sigma- Aldrich, Saint Luis,
USA) in VICTOR 3 mi cro plate reader (Perkin El mer,
Waltham, USA). 

Mi to chon drial re duced (mtGSH) and oxi dized gluta- 
thione (mtGSSG) were evalu ated us ing a com mer cially
avail able kit (Cal bio chem, San Di ego, USA). Tis sue
NADPH and NADH con cen tra tions were de ter mined
spec to pho tomet ri caly us ing com mer cial kits and manu -
fac tured method (Bio Vi sion, Mil pi tas, USA) us ing Power
Wave Mi cro plate Spectro pho tome ter (Bio- Tek).

The obtained results were expressed as mean ± SD and
statistically analyzed by STATISTICA 5.0 software. The
statistical significance of differences between control and
other groups was evaluated by U Mann-Whitney test. The
value of P ≤ 0.05 was considered as statistically significant.

RESULTS
DOX did not cause any significant changes in cardiac

mitochondrial GSH, GSSG concentration (mtGSH,
mtGSSG) and mtGSH/mtGSSG ratio (Fig. 1). However,
a sig nifi cant increase in liver mtGSSG level in drug- expo- 
sed group and markedly lower mtGSH/mtGSSG ratio was 
also observed (Fig. 2). The NADH and NADPH con cen-
tration did not change in either organs (Fig. 3 and 4). The
inner mitochondrial membrane potential was significantly 
lower in liver and heart of animals treated with DOX than
in the untreated control group (Fig. 5 and 6).
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Fig. 1. The content of mtGSH, mtGSSG and mtGSH/mtGSSG
ratio (mean ± SD) in cardiac homogenates expressed as percent
changes with respect to the control group, which was established
at 100%

Fig. 2. The content of mtGSH, mtGSSG and mtGSH/mtGSSG
ratio (mean ± SD) in liver homogenates expressed as percent
changes with respect to the control group, which was established
at 100% 

Fig. 3. NADH and NADPH content (mean ± SD) in cardiac
homogenates expressed as percent changes with respect to the
control group, which was established at 100%



DISCUSSION
The cur rent study es tab lished that DOX de creased the

car diac and he patic mi to chon drial inner- membrane elec -

tro chemi cal po ten tial, which was ac com pa nied by in sig -
nifi cant changes in mtGSH/mtGSSG ra tios and in
NADPH and NADH con cen tra tions in ho mogen ates of
both or gans.

The mi to chon drial DNA (mtDNA) is more sen si tive to
oxi da tive dam ages than nu clear DNA (nDNA). Car dio -
tox ic ity mecha nism of DOX is mul ti fac tor ial but in the
ma jor ity of acute tox ic ity stud ies this com pound is re -
spon si ble for oxi da tive stress in nor mal cells [11]. In the
be gin ning, an ion su per ox ide radi cal (O2*-) pro duc tion
arises when DOX trans fers elec tron from NAD(P)H on
O2. The first step of this pro cess is cata lysed by oxi do re -
duc ta ses. O2*- is trans formed to other re ac tive oxy gen
spe cies, e.g. H2O2, *OH and NOO- re sult ing in oxi da tive
stress [4]. The ac tiv ity of the ses oxi do re duc ta ses cata lys -
ing DOX is much higher in the liver than in the heart [1,
3]. How ever, in the heart, the ac tiv ity of an ti oxi da tive en -
zymes is much lower than in the liver [11]. It was also
es tab lished that the main source of ROS in car dio myo -
cytes in the pres ence of DOX is the mi to chon drial
com plex I [1, 11]. When DOX is re moved from the tis -
sues, ROS over pro duc tion should be stopped. How ever,
clini cally the la tent pe riod of car diac fail ure reach even
years. It may be sus pected that DOX pro grams car diac
cells to be de stroyed.

In the cur rent study the or gan changes were evalu ated
three weeks af ter the last DOX ad mini stra tion (1.5 mg/kg
x every 12 weeks; cu mu la tive dose 18 mg). Thus, or gan
sam ples were taken at the time when the drug had been ex -
cluded from the body [13]. The ob served changes in liver
and heart mi to chon drial mem brane po ten tial are thus the
ef fect of the cu mu la tive dose but not a sum of ef fects of
the cu mu la tive and the acute ef fect of the last dose. The
ob tained re sults are con sis tent with “DOX pro grammed”
the sis by Le brecht and Walker [9]. It may be as sumed that
ROS gen era tion in the pres ence of DOX cause mtDNA
dam ages. The mtDNA ROS re lated mu ta tion is re spon si -
ble for dis tur bance in mi to chon drial elec tron tran si tion
lead ing to sec on dary ROS over pro duc tion and mtDNA
dam ages. With the passing of time, mi to chon dria dys -
func tion reaches the criti cal point of in suf fi ciency
mani fest ing the car diac fail ure re sult ing from con trac til ity 
dis or ders. It seems rea son able that in DOX re lated oxi da -
tive mi to chon dria dis or ders the first step is re lated to
a pri mary DOX in duced ROS syn the sis and with the pas -
sage of time sec on dary ROS gen era tion de pend ent on
DOX pro grammed mtDNA mu ta tion ap pears. Un der the
con di tions of mi to chon drial oxi da tive stress some pro -
teins make a com plex of mi to chon drial per me abil ity
tran si tion (MPT) pore, which al lows, in con trast to nor mal 
con di tions, the pas sage of mole cules over 1.5 kD in size
and re sults in the loss of mi to chon drial mem brane po ten tial 
[6, 16]. The MPT was shown to me di ate mi to chon drial
proa pop totic events and ini ti ate the cell death [5]. Spol la -
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Fig. 4. NADH and NADPH content (mean ± SD) in liver
homogenates expressed as percent changes with respect to the
control group, which was established at 100%

Fig.  5.  The intensity of fluorescence of JC-1 dye in isolated cardiac
mitochondria (mean ± SD) dependent on inner membrane
potential

Fig. 6. The intensity of fluorescence of JC-1 dye in isolated liver
mitochondria (mean ± SD) dependent on inner membrane
potential



rosa et al. [17] used cul tured cells and they showed that
DOX- related proa pop totic sig nals are nor mal ized by an
ad di tion of an ti oxi dant thus found par tici pa tion of oxi da -
tive stress in apop totic events in duced by the drug.
Fur ther more, it was sated that even small dam age of car -
dio myo cytes can lead to car dio myo pa thy [20].

Mi to chon drial ROS over pro duc tion must be con trolled 
by the an ti oxi da tive sys tem, in clud ing the most im por tant
one re lated to glu tathione. DOX in duced car dio tox ic ity is
criti cally de pended on mi to chon drial GSH (mtGSH) [10]. 
Thus, in the cur rent study, mtGSH and mtGSSG as says
were con ducted and mtGSH/mtGSSG ra tio was cal cu -
lated. How ever, the glu tathione sys tem was un af fected in
car diac ho mogen ates among drug- exposed rats. It may
sug gest that in the tested time there was no ap par ent oxi -
da tive stress symp tom or the buf fet ing ca pac ity was
suf fi cient even in ROS over pro duc tion con di tions, proba -
bly as a re sult of adap tive pro cesses.

Un like in the heart, in liver an in crease in mtGSSG
level and si mul ta ne ously de crease in mtGSH/mtGSSG ra -
tio was fund in DOX- treated ani mals. It seems that
mi to chon drial re dox equi lib rium in liver is much stronger
af fected by an tra cy clin than in the heart. How ever, he pa -
to cytes possess in com pa ra ble bet ter re gen era tive proper-
ties that car dio myo cytes and in the fi nal re sults in clini cal
con di tions, the heart not the liver fail ure is the most com -
mon and dan ger ous life- threatening com pli ca tion.

The criti cal mole cule in GSH re gen era tion from GSSG
is NADPH. On the other hand, NADPH is a key co fac tor
for DOX re duc ing en zymes, e.g. iNOS, NADPH cy to -
chrome P450 re duc tase trig ger ing ROS gen era tion [4].
Thus, NADPH is seem ingly para doxi cally the mole cule
pro mot ing oxi da tive stress and an es sen tial fac tor in the
an ti oxi da tive de fence sys tem. In the pres ent study, 3 weeks
af ter com plet ing DOX ad mini stra tion there were no
changes in the car diac and he patic NADPH lev els. Tak ing 
into ac count that NADPH is a co fac tor of both DOX re -
lated oxi da tive stress and re gen era tion of an ti oxi da tive
force (re gen era tion GSH from GSSG), lack of any sig nifi -
cant changes in NADPH level may be ex plained by the
ef fi ciency of NADP re build ing sys tem. NADPH re gen -
era tion is mainly de pend ent on G6PDH (de hy dro ge nase
glu cose 6 phos phate) and the ac tiv ity of malic en zyme.
Moreo ver, NADPH may be syn the sised in the fol low ing
re ac tion NADH+NADP+ → NAD + NADPH, which is
cata lysed by NAD(P)+ tran shy dro ge nase [7]. How ever,
in sig nifi cant NADPH con cen tra tion dif fer ences in the
heart and liver among rats re ceiv ing DOX was ac com pa -
nied by lack of NADH changes. The ob tained data
sug gests that the four- month study did not elicit sta ble dis -
tur bances in NADPH and NADH lev els. In con trast, some 
pre vi ous ex peri ments re vealed an in hib it ing ef fect DOX
on mi to chon drial res pi ra tion via the in flu ence on the ac -
tiv ity of mi to chon drial com plexes [19]. In par al lel,

com plex DOX with mi to chon drial car di oli pin aug mented
one elec tron oxy gen re duc tion to O2*-. The ob served dif -
fer ences proba bly re sult from a dif fer ent sched ule of
DOX ad mini stra tion. In the cur rent study, three weeks af -
ter the last DOX in jec tion it was pos si ble to ex clude the
pri mary and di rect ef fect of the drug on re dox equi lib -
rium.

It should be pointed out that the per ma nent changes in
in ert mi to chon dria mem brane de po lari sa tion was sig nifi -
cantly im por tant in the heart and the liver three weeks
af ter ad mini stra tion of the cu mu la tive dose of DOX
(18mg/kg). Re fer ring to the heart, the ob tained data are
con sisted with the pre vi ous study of Ka wa saki et al. [8], in 
which DOX was intrape ri to neally ad min is tered (2.5 mg/
kg 6- time over the pe riod of 2 weeks) and ob ser va tions
were con ducted 1 day or 3 and 6 weeks af ter the last in jec -
tion. A de crease of ATP and the car nitine level with the
prog ress of time was found. The ob tained re sults are also
simi lar to data pub lished by Sok olove [15], who dem on -
strates DOX- dependent ap pear ance of MPT pores of the
iso lated and in cu bated rat heart mi to chon dria. The study
of car diac mus cu lar tis sue tran scripts af ter 5 weeks since
the cu mu la tive dose of 12 mg DOX also showed that mi -
to chon dria are the key tar gets in DOX tox ic ity [2].

In ter est ingly, the rate of de po lari sa tion in the heart and
the liver was roughly the same de spite the fact that the
liver con cen tra tion of mtGSSG and mtGSH was about
150- fold higher than in the heart. How ever, the heart and
liver mtGSH/mtGSSG ra tio was at the same level and in
both or gans DOX did not cause any changes in this pa -
rame ter, which is con sis tent with the study by Poin ton et
al.  [14]. The mor phol ogy of both or gans was simi lar in
con trol and DOX- exposed groups, which sug gests that
mi to chon drial de po lari sa tion is an ear lier event in the cu -
mu la tive model of DOX car dio tox ic ity. Solem et al. [16],
who re ported a con tin ued mi to chon drial dys func tion prior 
to histo pa thologi cal sig nifi cant changes, pre sented simi -
lar data.

The current and previously published results considered
that depolarisation of the heart and liver mitochondria
after three weeks since the last DOX injection seems to be
a programmed effect of the drug. It may be assumed that
this is an early physiological change leading to
mitochondrial insufficiency and consequently the cardiac
failure. The mitochondrial redox equilibrium is affected
by the drug much stronger in liver than in heart. The future 
studies should focus on changes on inert mitochondrial
membrane depolarisation and mitochondria redox
changes. A longer time intervals since completing DOX
administration will be also desirable. Such a comparative
assessment of mitochondrial changes in the heart and the
liver could explain why despite staring similarities,
cardiotoxicity, but not hepatotoxicity, is the major
complication of DOX therapy.
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