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S T R А С T 

Aims: T h e p r e s e n t s t u d y w a s d e s i g n e d for f u r t h e r e v a l u a t i o n of t h e b i o c h e m i c a l m e c h a n i s m of h e p a t i c m i t o -
c h o n d r i a l d y s f u n c t i o n u n d e r ox ida t i ve d a m a g e s i n d u c e d by o r g a n i c h y d r o p e r o x i d e , t e r t - b u t y l h y d r o p e r o x i d e 
( tBHP), for e s t i m a t i o n of t h e m o l e c u l a r t a r g e t s i m p a i r e d d u r i n g o x i d a t i v e s t ress , a n d for inves t iga t ion of t h e 
ro le of Ca 2 + i ons in m i t o c h o n d r i a l ox ida t i ve r e a c t i o n s a n d of t h e p r o t e c t i v e e f f e c t of m e l a t o n i n d u r i n g m i t o -
c h o n d r i a l p e r o x i d a t i v e d a m a g e . 
Main methods: M i t o c h o n d r i a w e r e i so la ted by d i f f e r en t i a l c e n t r i f u g a t i o n f r o m t h e ra t liver. The e f fec t s of tBHP 
e x p o s u r e , EDTA, C a 2 + ions a n d m e l a t o n i n on m i t o c h o n d r i a l r e s p i r a t o r y ac t iv i ty , m i t o c h o n d r i a l e n z y m e act iv-
i t ies a n d r e d o x s t a t u s w e r e m e a s u r e d . 
Key findings: The p r e s e n t s t u d y p r o v i d e s e v i d e n c e t h a t tBHP ( a t l o w c o n c e n t r a t i o n s of 0 . 0 2 - 0 . 0 6 5 m M , in 
EDTA-free m e d i u m ) i n d u c e d u n c o u p l i n g of t h e o x i d a t i o n a n d p h o s p h o r y l a t i o n p r o c e s s e s a n d d e c r e a s e d 
t h e e f f i c i ency of t h e p h o s p h o r y l a t i o n r eac t ion . This e f f e c t d e p e n d e d o n t h e r e s p i r a t o r y s u b s t r a t e u sed . T h e 
p r e s e n c e of EDTA p r e v e n t e d o x i d a t i v e i m p a i r m e n t of m i t o c h o n d r i a l r e s p i r a t i o n , b u t Ca 2 + ions in t h e m e d i u m 
e n h a n c e d o x i d a n t - i n d u c e d m i t o c h o n d r i a l d a m a g e c o n s i d e r a b l y . In t h e p r e s e n c e of 0 .5 m M EDTA, tBHP (a t 
h i g h c o n c e n t r a t i o n s , 0 . 5 - 2 m M ) c o n s i d e r a b l y o x i d i z e d m i t o c h o n d r i a l r e d u c e d g l u t a t h i o n e , e n h a n c e d accu -
m u l a t i o n of m e m b r a n e lipid p e r o x i d a t i o n p r o d u c t s a n d m i x e d p r o t e i n - g l u t a t h i o n e d i su l f ides a n d led to an 
i nh ib i t i on of o x o g l u t a r a t e d e h y d r o g e n a s e a n d s u c c i n a t e d e h y d r o g e n a s e . 

Significance: Direc t ox ida t i ve m o d i f i c a t i o n of e n z y m a t i c c o m p l e x e s of t h e r e s p i r a t o r y cha in a n d m i t o c h o n d r i -
al m a t r i x , m i t o c h o n d r i a l r e d u c e d g l u t a t h i o n e d e p l e t i o n , p r o t e i n g l u t a t h i o n y l a t i o n , m e m b r a n e lipid p e r o x i d a -
t ion a n d C a 2 + o v e r l o a d a re t h e m a i n e v e n t s of m i t o c h o n d r i a l p e r o x i d a t i v e d a m a g e s . E x p e r i m e n t s in v i t ro 
d e m o n s t r a t e d t h a t m e l a t o n i n i nh ib i t ed t h e m i t o c h o n d r i a l p e r o x i d a t i v e d a m a g e , p r e v e n t i n g r e d o x - b a l a n c e 
c h a n g e s a n d s u c c i n a t e d e h y d r o g e n a s e inac t iva t ion . 

© 2 0 1 3 Elsevier Inc. All r igh t s r e s e r v e d . 

Introduction 

Mitochondria play a central role in cell biology. Disturbances in mi-
tochondrial function will lead to disruption of cellular structure and 
function and result in apoptotic and necrotic cell death (Duchen, 
2004). Mitochondria are major producers of free radical species and 
first of all of a superoxide anion radical (the primary reactive oxygen 
species, ROS), possibly also of nitric oxide, and despite the presence of 
various antioxidant defenses are also the major targets of oxidative 
damage. It is widely accepted that one of the major sites of radical gen-
eration lies at complex III of mitochondria (ubiquinol-cytochrome c 
reductase) (Turrens, 2003). 
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Many xenobiotics, toxic agents and oxidants are inhibitors of the 
mitochondrial respiratory chain. Cytotoxicity resulting from many 
pathological insults, such as ischemia-reperfusion injury, intoxica-
tion, stroke and excitotoxicity, is known, to involve mitochondria-
associated processes: mitochondrial oxidative damage, intracellular 
Ca 2 + ion level increase and mitochondrial permeability transition 
(MPT) (Jaeschke et al„ 2002; Baranov et al„ 2008). t h e organic hydro-
peroxide, tert-butyl hydroperoxide (tBHP), a water-soluble analog of 
lipid hydroperoxides, is a useful model compound to study the mech-
anisms of oxidative cell injury, and to evaluate the sensitivity of cells 
and cellular components to oxidative metabolic stress (Nieminen et 
al„ 1997; Krivakova et al„ 2007). The effect of tBHP on mitochondrial 
energy metabolism is very complex and depends on many parame-
ters; the oxidant concentration, the t ime of its exposure, and the res-
piration substrates used (Bellomo et al„ 1984; Kmonlckova et al„ 
2000; Krivakova et al., 2007). As was shown in the earlier works of 
Bellomo et al. (1982,1984), at low concentrations of tBHP, pyridine nu-
cleotides and SH groups are the targets of its action in mitochondria. It 
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was fur ther suggested tha t tBHP modif ied t h e i ron - su l fu r clusters or SH 
groups of the NADH dehydrogenase e n z y m e complex in mi tochondr ia 
(complex 1) (Drahota et al., 2005). The me tabo l i sm of tBHP (at low 
concentrat ions) leads to a release of C a 2 f f r o m intracellular s tores 
via oxidation of pyridine nucleot ides and reduced glutathione, and 
subsequent m e m b r a n e d a m a g e is not direct ly associated wi th this 
C a 2 + efflux but results f rom cont inued cycling of released Ca2 + 

(Bellomo et al., 1982 ,1984) . The au tho r s suggested tha t d i f ferent regu-
latory mechanisms modula te mi tochondr ia l (NADPH-dependent) and 
ex t r ami tochondr i a l ( t h i o l - d e p e n d e n t ) Ca2 + c o m p a r t m e n t a t i o n and 
t ha t d i s tu rbance of n o r m a l C a 2 " h o m e o s t a s i s m i g h t be critical in 
peroxide-induced cytotoxicity (Bellomo et al., 1982). Later it was shown 
that tBHP (0.1 mM) caused an early increase of mitochondrial free 
C a 2 + uptake in hepatocytes, leading to increased matr ix C a 2 + - i n d u c e d 
MPT, mitochondria depolarizat ion, rapid pyr idine nucleot ide oxidation 
and reactive oxygen species (ROS) genera t ion , leading to dea th of hepa-
tocytes (Nieminen et al., 1997; Lemasters e t al., 1998; Byrne et al., 
1999). Onset of the MPT w a s p receded by pyr idine nucleot ide oxida-
tion, mitochondrial genera t ion of ROS, and an increase of mitochondria l 
free C a 2 + . 

Isolated hepatocytes exposed to tBHP (1 m M ) s h o w e d a significant 
t ime-dependen t increase in cytosolic f ree calcium level, pe rhaps d u e 
to inner mitochondrial m e m b r a n e permeabi l i ty changes and mi tochon-
drial C a 2 + release (opening of C a 2 + - d e p e n d e n t pores) (Kmonickova 
et al., 2000). In isolated rat hepatocytes , permeabi l ized by digitonin, 
f iavoprote in-dependent subst ra te (succinate) oxidat ion is m u c h less 
sensitive to oxidative stress (tBHP exposure ) t h a n oxidat ion of NADH-
dependen t substrates (g lu tamate + mala te ) (Drahota e t al., 2005). 
Similarly, it was shown using isolated rat liver mi tochondr ia tha t expo-
sure to tBHP (0.2 mM) resulted in considerable d a m a g e of complex I 
(palmitoyl carnit ine oxidat ion) and did not affect succinate oxidat ion 
as well as ATP synthesis (Cervinkovä e t al., 2008) . In isolated hepa to -
cytes in EDTA-containing med ium, only high (3 m M ) tBHP concent ra-
tion (10-min incubation) had an uncoupl ing effect in the presence of 
succinate as a substrate, which w a s man i fes t ed in an increase of respira-
tion in the absence of ADP and a decrease of t he respirat ion control 
index as well as a dissipation of m e m b r a n e potent ia l (Kriväkovä et al., 
2007). 

A large n u m b e r of s tudies have s h o w n t h a t me la ton in , N-acetyl-
5 -me thoxy- t ryp t amine , and its me tabo l i t e s a r e highly effect ive f ree 
radical scavengers and ubiqui tous ly ac t ing ant ioxidants , w h i c h play 
an essential role in reduc ing oxida t ive s t ress u n d e r a var ie ty of expe r -
imental set t ings (Reiter, 2000; Tan e t al., 2007; Cal lano e t al., 2011) . 
Many of the beneficial effects of m e l a t o n i n admin i s t r a t i on m a y de -
pend on its action on the m i t o c h o n d r i a (Jou e t al., 2010; Paradies e t 
al., 2010; Dragicevic et al., 2012) . High concen t r a t i ons of mela ton in 
were found in mi tochondr ia (Mar t in e t al., 2000 ; Tan e t al., 2000; 
Tan et: al., 201.3). There is ev idence tha t mi tochondr i a may have the 
capacity to synthesize and metabo l i ze me la ton in (Tan e t al., 2013) . 
Earlier w e demons t ra ted tha t mela tonin adminis t ra t ion in a pharmaco-
logical dose affected the mitochondria l funct ion and preven ted mito-
chondrial dysfunction under exper imenta l d iabetes and intoxication, 
demonstrat ing mitochondria-specific activity of melatonin (Cheshchevik 
et al., 2011; Zavodnik et al., 2011; Cheshchevik e t al., 2012). 

Thus, the results of n u m e r o u s inves t iga t ions of organic h y d r o p e r -
oxide interact ions wi th mi tochondr i a a re cont rovers ia l and t he de -
tails of this process are n o t fully u n d e r s t o o d . The p r e s e n t s tudy w a s 
des igned to evalua te the b iochemica l m e c h a n i s m of hepa t i c mi to -
chondrial dysfunc t ion u n d e r oxida t ive d a m a g e s induced by tBHP 
and to es t imate t he molecu la r t a rge t s impa i red du r ing oxidat ive 
stress, as well as to invest igate t h e role of C a 2 + ions in mi tochondr ia l 
oxidative react ions and t h e p ro tec t ive ef fec t of m e l a t o n i n dur ing 
mitochondria l peroxida t ive d a m a g e w h i c h is respons ib le for deve lop-
m e n t of some pathologic s ta tes . Our resul ts con f i rmed high sensit ivi ty 
of mi tochondr ia to oxidat ive s t ress and i n v o l v e m e n t of Ca2 + in oxida-
tive processes in mi tochondr ia . 

Materials and methods 

Chemicals 

tert-Butyl hydroperoxide (tBHP), 5,5 '-di thiobis(2-nitrobenzoic acid) 
(Ellman's reagent) , calcium chloride dehydrate , thiobarbituric acid 
(TBA), t r i ch loroace t ic acid (TCA), N - a c e t y l - 5 - m e t h o x y t r i p t a m i n e 
( m e l a t o n i n ) , succinic acid d i s o d i u m salt hexahydra t e , L-glutamic 
acid s o d i u m salt, 2 - o x o g l u t a r a t e s o d i u m salt, 2 , 6 - d i c h l o r o p h e n o l -
i n d o p h e n o l (DCPI) a n d ADP w e r e p u r c h a s e d f r o m Sigma-Aldrich 
Chemie GmbH (S te inhe im, G e r m a n y ) . All o t h e r r eagen t s w e r e p u r -
chased f r o m POCh (Gliwice, Po l and ) a n d Reakhim (Moscow, Russia) 
and w e r e of analy t ica l g r ade . All so lu t ions w e r e m a d e w i th w a t e r 
pur i f ied in t he Milli-Q. sys t em. 

Rat liver mitochondria: isolation and respiration measurements 

Mitochondr ia w e r e isolated by t h e s t andard p rocedure of d i f fe ren-
tial cen t r i fuga t ion f r o m t h e ra t liver (Johnson and Lardy, 1967). The 
mi tochondr ia l pel le t w a s r e s u s p e n d e d in t he buf fe r to an approxi -
m a t e p ro te in concen t r a t i on of 3 5 - 4 0 mg/ml . The prote in concent ra -
t ion w a s d e t e r m i n e d by t he m e t h o d of Lowry e t al. (1951) . 

The resp i ra t ion of m i t o c h o n d r i a w a s m e a s u r e d using a labora tory-
m a d e oxygen Clark- type e lec t rode a n d a he rme t i c polarographic 
cell ( vo lume 1.25 ml) w i th cons t an t gen t le s t i rr ing (Dremza et al., 
2006) . The incubat ion m e d i u m con ta ined 0 .125 M KCl, 0.05 M su-
crose, 0.01 M Tris-HCl, 0 .0025 M KH 2P0 4 , and 0.005 M MgS0 4 , w i th 
0 .0005 M EDTA (EDTA-containing) or w i t h o u t EDTA (EDTA-free 
m e d i u m ) , pH 7.4, The expe r imen t s w e r e pe r fo rmed at 25 °C using 
5 m M succinate, oxoglu tara te or L-glutamate as respiratory substrates. 
Mitochondrial prote in concent ra t ion in the sample w a s 1.0 mg/ml. 
The funct ional s ta te of mi tochondr ia w a s de t e rmined by t he acceptor 
control ratio (ACR), equal to the ratio of the respiratory rates (V3/V2) 
of mi tochondr ia in States 3 and 2, and the coefficient of phosphoryla t ion 
(ADP/O) ( the ratio of t he a m o u n t of ADP added to the a m o u n t of oxygen 
consumed th roughou t phosphoryla t ion) . State 2 cor responded to the 
respiration in t he presence of subs t ra te (glutamate, oxoglutarate or suc-
cinate) added (V2). The rate of mi tochondr ia l respiration corresponding 
to State 3 (V3) w a s recorded af ter addit ion of 180 pM ADP (in the 
presence of 210 n m ADP in the polarographic cell). To study peroxidative 
damage of mitochondria, w e used such concentrat ions of tBHP at which 
the free radicals genera ted caused damage of mitochondrial functional 
activity. W e used high concentrat ions of tBHP (up to 2 mM) in the pres-
ence of EDTA for producing mitochondrial damage and lower concentra-
tions of tBHP (up to 0.1 m M ) in the absence of EDTA or in the presence 
of calcium ions. Similar concentra t ions of tBHP were used to study oxida-
tive damage in mi tochondr ia previously (Krivakova et al., 2007; Drahota 
et al., 2005). 

Biochemical measurements 

The a m o u n t of m e m b r a n e lipid peroxidat ion products, TBA-reactive 
species (TBARS), in rat liver mi tochondr ia af ter tBHP t r ea tmen t was 
measured us ing t he m e t h o d of Stocks and Dormandy (1971). Mitochon-
dria (15 m g pro te in /ml) w e r e exposed to tBHP in 150 mM KCl, 20 mM 
KH2P04 , 0.5 m M EDTA, pH 7.4, at 25 °C for 30 rnin. The concentrat ion 
of the lipid peroxidat ion products , TBA complex, w a s assessed spectro-
photometrically, using t he extinction coefficient of 156 m M " 1 c m " 1 

(532 nm) . The concentra t ion of GSH in mitochondria w a s de te rmined 
spectrophotometr ical ly by t he m e t h o d of Ellman (1959), using the ex-
tinction coefficient of 13.6 m M " 1 c m " 1 a t 412 nm. Mixed disulfides 
(GSSP) fo rmed by g lu ta th ione and accessible sulfhydryl groups of mito-
chondrial prote ins af ter tBHP t r e a t m e n t w e r e de te rmined by the m e t h -
od described by Rossi e t al. (1993). Oxoglutarate dehydrogenase 
(OGDH) activity w a s assayed as t he rate of NAD reduction that was m e a -
sured spectrophotometr ica l ly a t 340 n m upon addition of fractured 



1112 I.B. Zavoclnik et al. / Life Sciences 92 (2013) 1110-1117 1112 

mitochondria (by rapid f r e e z i n g - t h a w i n g of mi tochondr ia , th ree t imes) 
to the med ium containing 0.1 M po tass ium p h o s p h a t e buffer, pH 7.4, 
5.0 mM MgCl2, 40.0 jLiM rotenone , 2.5 m M oxoglutarate , 0.1 m M CoA, 
0.2 mM thiamine pyrophosphate , and 1.0 m M NAD at 25 °C (Nulton-
Persson and Szweda, 2001). The protein concent ra t ion in the reaction 
mixture was 50 pg/ml. The activity of mitochondrial succinate dehydro-
genase (SDH) was spectrophotometr ical ly de t e rmined by the rate of 
2,6-dichlorophenol- indophenol reduction at 600 n m upon addition of 
fractured mitochondria (final protein concentra t ion of 50 |jg/ml) to the 
reaction mixture containing 0.1 M potass ium phospha t e buffer, pH 7.4, 
25 m M s o d i u m succinate , 0.5 m M p h e n a z i n e m e t a s u l f a t e , 2.5 m M 
sodium azide and 0.05 m M DCPI (Nul ton-Persson and Szweda, 2001) . 

Statistical analysis 

The results w e r e expressed as t he m e a n s of four to five repli-
cates ± SD and t he statistical analysis w a s c o n d u c t e d us ing analysis 
of variance (ANOVA). W e used t he s t a n d a r d S tuden t ' s t - tes t for t he 
compar ison of the r a w and t r a n s f o r m e d da ta s h o w i n g no d e p a r t u r e s 
f rom normali ty (according to Shap i ro -Wi lk ' s t es t ) . 

Results 

In the p resen t work, w e s tud ied t h e m e c h a n i s m ( s ) of oxidat ive 
d a m a g e of isolated liver mi tochondr i a d u r i n g e x p o s u r e to organic hy-
droperoxide tBHP and eva lua ted t h e e f fec ts of C a 2 + ions, EDTA, diva-
lent ions chelator, and an t iox idan t m e l a t o n i n d u r i n g oxidat ion. 

Respiratory parameters of mitochondria: effects of tBHP, EDTA and Ca2 + ions 

Fig. 1 represen ts the effect of tBHP on t he mi tochondr ia l resp i ra to-
ry pa ramete r s in EDTA-free m e d i u m . (Mi tochondr ia w e r e exposed to 
the oxidant for 2 min at 25 °C be fo re s ta r t ing m e a s u r e m e n t s . ) The 

oxidat ive d a m a g e of m i t o c h o n d r i a cons iderably decreased the ADP-
s t imula ted respi ra t ion ra te V3 in t h e case of g lu t ama te as subs t ra te 
and increased t h e s u b s t r a t e - d e p e n d e n t respi ra t ion rate V2 in t he 
p resence of bo th g l u t a m a t e and succ ina te (Fig. l a and c). The acceptor 
control rat io (ACR) r eached 1.0 d u e to uncoup l ing of t he processes of 
oxidat ion and phosphory la t ion and t he phosphory la t ion coeff icient 
(ADP/O) reached 0 a t 0 .065-0 .1 m M tBHP in t he case of g lu tamate or 
succinate as respiratory subs t ra tes (Fig. l b and d). The g lu tamate -
d e p e n d e n t respirat ion w a s m o r e suscept ible to t he oxidant than t he 
succ ina te -dependen t one (Fig. 1a -d ) . 

In the EDTA-containing m e d i u m , t he oxidative effect of tBHP on mi-
tochondria w a s much lower. In t he case of oxoglutarate as a substrate, V3 

and the ACR and ADP/O ratios decreased considerably in the presence 
of high concentra t ions of tBHP (above 1 mM), whe reas V2 was not 
changed a t the s a m e oxidant concent ra t ion (Fig. 2a and b). The oxidative 
agent at t he concentra t ions used (0 .4 -2 mM) did not change mi tochon-
drial respiration w h e n mi tochondr ia used succinate as a substra te in 
EDTA-containing m e d i u m (data not shown) . The respiratory pa rame-
ters of mitochondria w e r e m o r e susceptible to the oxidative agen t 
tBHP, w h e n mi tochondr ia consumed oxoglutarate in comparison wi th 
g lu tamate or succinate. Fig. 3 summar i ze s the effect of varying EDTA 
concentrat ions on the tBHP-induced oxidative impa i rment of ADP-
st imulated mitochondrial respirat ion in t he case of g lu tamate as a sub-
strate. 1 m M EDTA, divalent ions chelator, complete ly prevented inhibi-
tion of respiration dur ing exposure of mi tochondr ia to tBHP, showing 
tha t endogenous C a 2 + ions (and ions, released f rom damaged mito-
chondr ia) part icipate in mi tochondr ia l oxidative impairments . 

At the next s tep of t he work, w e evaluated the role of exogenous 
C a 2 + ions in the oxidative d a m a g e of mitochondria . In the EDTA-free 
medium, exogenous C a 2 + ions at low concentra t ions of 4 - 3 0 pM dose-
dependent ly inhibited t he mitochondrial respiration V3 (Fig. 4a) and 
decreased the ACR in the case of g lu tamate-energized mitochondria 
(Fig. 4b) . In the case of succinate as a substrate, t he effect of Ca2 f ions 
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Fig. 1. Effect of organic hydroperoxide tBHP on respiratory parameters of isolated rat liver mitochondria in EDTA-free medium; respiratory substrates: glutamate (a, b) and succi-
nate (c, d); substrate-dependent respiration rate V2 and ADP-stimulated respiration rate V3 (a, c) and acceptor control ratio ACR and phosphorylation coefficient ADP/O (b, d). 
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drial protein concentration was 1.0 mg/ml and respiratory substrate concentrations were 5 mM. 
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respiration rate V3 (Fig. 5a) and the coefficients ACR and ADP/O ( the 
respiration rate V2 did not change) , w h e n added to mitochondria in 
the presence of the ox idan t in EDTA-free med ium, reflecting uncoupl ing 
of the oxidat ion and phosphory la t ion in mi tochondr ia and a decrease of 
the efficacy of the e lec t ron- t ranspor t chain (Fig. 5b). The susceptibility 
of mitochondrial respiratory pa r ame te r s to the combined action of the 
oxidant and Ca2 + ions w a s h igher w h e n mi tochondr ia consumed gluta-
ma te in compar i son wi th succinate. 

Membrane lipid peroxidation reduced glutathione level and enzyme activities 
in mitochondria: effects of tBHP, Ca2+ ions, EDTA and melatonin 

tBHP (at high concen t ra t ions of 0 . 5 - 2 mM) induced considerable 
oxidat ion of mi tochondr ia l r educed gluta th ione (Fig. 6a) and mixed 
g lu ta th ione-p ro te in disulfide format ion (Fig. 6b), mitochondrial m e m -
brane lipid peroxidat ion (Fig. 6c), SDH (complex II) and OGDH inactiva-
t ions (Fig. 6d) dur ing mi tochondr ia exposure to the oxidant for 30 min 
at 25 °C in the presence of EDTA. W e found tha t the inhibition of SDH 
correlated wi th t he levels of m e m b r a n e lipid peroxidat ion products 
( r 2 = 0.72, p < 0.0005) (Fig. 7a) and not wi th GSH depletion, and the 
OGDH inactivation dur ing tBHP t r e a t m e n t correlated wi th mi tochon-
drial GSH oxidation ( r 2 = 0.85, p < 0.0001) (Fig. 7b). 

Mela tonin p r even t ed mi tochondr ia l oxidat ive damage , inhibi t ing 
m e m b r a n e lipid peroxida t ion , GSH oxidat ion and GSSP format ion , as 
well as complex 11 inact ivat ion (Fig. 6 a - d ) . The effect of me la ton in 
d e p e n d e d on t he me la ton in /ox ida t ive agen t ratio. At t he ox idan t 

tBHRmM 

Fig. 2. Effect of organic hydroperoxide tBHP on respiratory parameters of isolated rat 
liver mitochondria in EDTA-containing m e d i u m : oxoglu ta ra te -dependen t respiration 
rate V2 and ADP-stimulated respiration rate V3 (a) and acceptor control ratio ACR 
and phosphorylation coefficient ADP/O (b). 0.125 M KCl, 0.05 M sucrose, 0.01 M 
Tris-HCI, 0.0025 M KH2P04 , 0.005 M MgSO„, 0.0005 M EDTA, pH 7.4, 25 °C, the t ime 
of preliminary exposure of mitochondria to tBHP was 2 min. Mitochondrial protein 
concentration was 1.0 mg/ml. 

on the respiratory parameters of mi tochondr ia was lower in comparison 
with glutamate (data not shown) . In the presence of EDTA (0.5 mM), 
C a 2 + ions did not change the respiratory paramete rs of mitochondria 
consuming succinate or g lu tamate (data not s i iown). 

In the presence of low concent ra t ions of tBHP (0.025 mM), t he effect 
of Ca2 + ions on the mitochondrial respira t ion significantly enhanced 
(Fig. 5a and b). Low calcium concent ra t ions ( 4 - 8 nM) decreased the 

- E D T A - » - + 0 5 mM EDTA - * - + 1 mM EDTA 

120 

> 

tBHP.mM 

Fig. 3. Effect of organic hydroperoxide tBHP on ADP-stimulated respiration rate V3 of 
rat liver mitochondria in the absence or in the presence of varying EDTA concentra-
tions: 0. 0.5 mM and 1.0 mM. 0.125 M KCl, 0.05 M sucrose, 0.01 M Tris-HCI, 
0.0025 M KH2PO4, 0.005 M MgS04 , pH 7.4, 25 °C, the t ime of preliminary exposure 
of mitochondria to tBHP was 2 min. Mitochondrial protein concentrat ion was 
1.0 mg/ml and respiratory substrate (g lu tamate) concentra t ion was 5 mM. 
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Fig. 4. Effect of Ca 2 + ions on respiratory parameters of rat liver mitochondria in 
EDTA-free medium. Subs t ra te -dependent respiration rate V2 and ADP-stimulated res-
piration rate V3 (a), and acceptor control ratio ACR and phosphorylation coefficient 
ADP/O (b). 0.125 M KCl, 0.05 M sucrose. 0.01 M Tris-HCI, 0.0025 M KH2P04 , 0.005 M 
MgS04 . pH 7 .4 ,25 °C. Mitochondrial protein concentrat ion was 1.0 mg/ml and respira-
tory substrate (g lu tamate) concentrat ion was 5 mM. 
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Fig. 5. Effect of Ca2 4 ions on respiratory parameters of rat liver mitochondria in the 
presence of organic hydroperoxide tBHP (0.025 mM), EDTA-free medium: glutamate-
dependent respiration rate V2 and ADP-stimulated respiration rate V3 (a) and acceptor 
control ratio ACR and phosphorylation coefficient ADP/O (b) 0.125 M KCl, 0.05 M sucrose, 
0.01 M Tris-HCl, 0.0025 M KH2P04, 0.005 M MgS04 , pH 7.4, 25 °C. the t ime of prelimi-
nary exposure of mitochondria to tBHP was 2 min. Mitochondrial protein concentration 
was 1.0 mg/ml. Glutamate concentration was 5 mM. 

concentra t ion higher t han t ha t of m e l a t o n i n no p reven t ion of GSH ox-
idation or GSSP format ion w a s observed . 

C a 2 + ions ( 3 0 - 1 5 0 |tM) a lone n e i t h e r induced oxidat ion of mi to -
chondrial const i tuents (GSH or m e m b r a n e lipids) nor inf luenced on 
the tBHP-induced oxidat ion of GSH a n d m e m b r a n e lipids. At t he 
same t ime 0 .5 -1 m M EDTA slightly p r e v e n t e d oxida t ive d a m a g e of 
mitochondria induced by tBHP. Addi t ion of resp i ra to ry subs t ra te 
(5 mM succinate) similarly d imin i shed tBHP-induced oxidat ive d a m -
age of mi tochondr ia (da ta not s h o w n ) . 

Discussion 

The cellular bioenergetic machinery localized in mi tochondr ia is a 
target of oxidative stress induced in cells and t issue unde r many pa tho-
logical conditions (Duchen, 2004; Kroemer et al., 1998). Exposure of rat 
liver mitochondria to tBHP results in p roduc t ion of methyl- , ter t 
butoxyl- and tert butylperoxyl-radicals d u e to di rect reduct ion of c h e m -
ical oxidant by either cy tochrome c1. cy toch rome c, or both of these of 
the respiratory chain c o m p o n e n t s in mi tochondr ia (Kennedy e t al., 
1992). It was shown in mi tochondr ia tha t t he tBHP-induced reaction 
was initiated by organic hydroperoxide homolyt ic cleavage by t he c o m -
plexes of cytochrome c/cardiolipin (Belikova e t al., 2009) . The s a m e 
complexes of cy tochrome c/cardiolipin catalyze t h e impor t an t reaction 
of heterolytic reduction of fatty acid hydroperox ides in mi tochondr ia 
(Belikova et al., 2009). On the o the r hand, t he reduct ive metabol i sm 
of peroxide by glu ta th ione perox idase / reduc tase induces an oxidative 
shift in redox s tate of mi tochondr ia (Greco and Fiskum, 2010) . 

In the presen t work, w e s h o w e d t h a t tBHP cons iderab ly impai red 
respiratory and phosphory la t ion func t i ons of mi tochondr i a d u e to 

uncoupl ing of phosphory la t ion and respi ra t ion processes and inhibi-
tion of t he OGDH a n d t he complexes of e l ec t ron- t r anspor t chain in 
the p resence of all t he subs t r a t e s used (oxoglutara te , g lu tamate , suc-
cinate) . The suscept ibi l i ty of mi tochondr ia l func t ion to the oxidant 
du r ing c o n s u m p t i o n of d i f fe ren t subs t r a t e s increased in the fol lowing 
o rder : succinate < oxog lu ta ra t e < g lu t ama te . The divalent ions chela-
tor EDTA (0 .5-1 .0 m M ) cons iderab ly p r even t ed oxidat ive impai r -
m e n t of mi tochondr ia l respi ra t ion, and C a 2 ~ ions in t he m e d i u m 
appreciably e n h a n c e d ox idan t - i nduced mi tochondr ia l damage . At 
high concen t ra t ions of 0 . 5 - 2 mM, tBHP oxidized mi tochondr ia l re-
duced g lu t a th ione and induced m e m b r a n e lipid peroxidat ion and 
mixed p r o t e i n - g l u t a t h i o n e disul f ide fo rma t ions (mi tochondr ia l p ro-
tein g lu ta th ionyla t ion) in t he p re sence of EDTA. It should be no ted 
t ha t in t he p re sence of 0.5 m M EDTA and a t high concent ra t ions of 
tBHP (2 mM), abou t 40% of SDH activity w e r e blocked, unaffec t ing 
the respira t ion of m i t o c h o n d r i a c o n s u m i n g succinate but 35% of 
OGDH activity reduc t ion (a t concen t r a t i ons of tBHP, 2 mM) w e r e ac-
compan ied by a cons iderab le inhibi t ion of mi tochondr ia l respi ra t ion 
(by 30%) and a decl ine of t he phosphory l a t i on coeff icient ADP/O to 
zero in t he case of oxog lu ta ra t e as a subs t ra te . At 1 m M tBHP, w e 
observed t h e dec rease of OGDH activity by 15% w i t h o u t a l tera t ions 
in t he mi tochondr ia l respi ra t ion , b u t f u r t h e r 20% activity reduc t ion 
(at 2 m M tBHP) led to 30% dec rease of respi ra t ion (ADP/O decreased 
by 100%), po in t ing to a s t rong d e p e n d e n c e of respira t ion on t he 
OGDH activity l aunched a f te r t he 15% activity threshold . Similarly, 
t he respi ra t ion of oxoglu ta ra te -ox id iz ing mi tochondr i a also s t rongly 
d e p e n d e d on NADH d e h y d r o g e n a s e activity ( complex I) (Drahota e t 
al, 2005) . The OGDH inhibi t ion cor re la ted w i th the d i s tu rbed mi to -
chondria l r edox ba lance ( r educed level of in t rami tochondr ia l GSH 
level and increased level of p ro te in g lu ta th ionyla t ion) . The OGDH ac-
tivity has a l ready been d e m o n s t r a t e d to be modu la t ed th rough enzy-
mat ic g lu ta th ionyla t ion a n d deg lu ta th iony la t ion and this inact ivat ion 
does no t a p p e a r to involve oxygen radicals f o rmed upon me ta l -
catalyzed oxidat ion (Nul ton-Persson e t al., 2003) . Recently it has been 
s h o w n tha t redox- t r iggered mi tochondr ia l protein glutathionylat ion is 
the main even t of cell redox-s ignal ing (Chen e t al., 2007) . One of the 
possible reasons of SDH inactivation migh t be a d is turbance of pro-
tein- l ipid interact ions of t r a n s m e m b r a n e hydrophobic domain of SDH 
and therefore des t roying compac t protein s t ructure as a result of en -
hanced level of m e m b r a n e lipid peroxidat ion. W e observed tha t the re-
spiratory subs t ra tes inhibited oxidat ive processes in mitochondria . At 
the s a m e t ime the addi t ion of respira tory subs t ra tes results in a consid-
erable increase of methyl- radical product ion dur ing mitochondria ex-
posure to tBHP (Kennedy e t al., 1992). 

Endlicher e t al. ( 2009 ) h a v e also s h o w n t h a t tBHP- induced ox ida -
tive d a m a g e of ra t l iver m i t o c h o n d r i a is r e sp i r a to ry s u b s t r a t e -
d e p e n d e n t . tBHP, w h e n i n c u b a t e d w i t h m i t o c h o n d r i a , c o m p l e t e l y 
inhibited oxoglutarate dehydrogenase and induced nonenzymatic oxi-
dation of oxoglutarate to succinate (Fedotcheva et al., 2006). At the 
same t ime the authors showed tha t the s trong oxidant tBHP did not im-
pair mitochondria respiration w h e n g lu tamate and malate were used as 
substrates, because upon tBHP-induced oxidative stress nonenzymat ic 
decarboxylation and t ransaminat ion of oxoglutarate switch tricarboxylic 
acid cycle to the format ion and oxidation of succinate (Fedotcheva et al., 
2006). 

In our e x p e r i m e n t s , e x o g e n o u s C a 2 + a lone in EDTA-free m e d i u m 
(bu t no t in t he p re sence of EDTA) impai red g l u t a m a t e - d e p e n d e n t 
resp i ra t ion of mi tochondr i a in s ta te 3, ne i the r affect ing the coefficient 
ADP/O nor induc ing s ignif icant mi tochondr i a l m e m b r a n e lipid pe rox-
idat ion. It is w e l l - k n o w n tha t C a 2 + ion over load significantly affects 
mi tochondr ia l physiological s ta te (Lemas te rs e t al., 2009) . In t he 
case of rat bra in mi tochondr ia , it w a s s h o w n the Ca2 + - d e p e n d e n t in-
duc t ion of MPT w a s d u e to oxida t ive s tress induced by t he interact ion 
of C a 2 + w i th the mi tochondr ia l m e m b r a n e , leading to product ion of 
hydrogen peroxide and, subsequent ly , oxidation of sulfhydryl groups, 
in particular those of t w o critical cysteines, mos t probably located on 
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Fig. 6. Oxidative processes in isolated rat liver mitochondria dur ing exposure to tBHP and protection by melatonin (1 mM): a) oxidation of reduced glutathione; b) mixed p ro te in -
glutathione disulfide formation; c) format ion of m e m b r a n e lipid peroxidation products (TBARS); d) OGDH and SDH inactivation. Mitochondria were incubated with tBHP for 
30 min and preincubated with melatonin for 20 min (0.15 M KC1, 0.02 M KH2P04 , 0.0005 M EDTA, pH 7.4, 25 °C). 

adenine nucleotide translocase, and also oxidat ion of pyridine nucleo-
tides, resulting in transition pore open ing and consequen t bioenergetic 
collapse (Battaglia et al„ 2010). Typically t he effect of m a n y chemicals 
and oxidants that p romote MPT is to decrease t he threshold a m o u n t 
of C a 2 + n e e d e d to cause MPT pore open ing (Lemasters e t al„ 2009; 
Bernardi et al„ 2006). 

In our exper iments in vitro, w e d e m o n s t r a t e d tha t mela tonin in-
hibited peroxidative d a m a g e of mi tochondr ia , p revent ing GSH oxida-
tion, m e m b r a n e lipid peroxidat ion, p ro te in glutathionylat ion and SDH 
inactivation. As w a s shown, mic romoia r concent ra t ions of mela tonin 
inhibited tBHP-induced peroxidat ion of cardiolipin, associated wi th an 
increased sensitivity of mi tochondr ia to C a 2 + - i n d u c e d MPT and wi th 
the release of cy tochrome c f rom the mi tochondr ia (Petrosillo et al., 
2009). 

In our work, Ca2 + ions highly p o t e n t i a t e i m p a i r m e n t of mi tochon-
drial respirat ion dur ing tBHP-induced oxida t ive stress. W e suggest 
tha t C a 2 + efflux f rom d a m a g e d m i t o c h o n d r i a in to t h e mi tochondr ia l 
suspension (or into the cell) du r ing oxida t ive s t ress significantly 
influenced on the course of oxidat ive i m p a i r m e n t s of t he rest of mi to -
chondria . The synergist ic effect of C a 2 + ions and t h e ox idan t a l lows to 
suggest tha t C a 2 + is a m e d i a t o r of m i t o c h o n d r i a oxidat ive injury. W e 
in te rpre t our data to indicate t h a t C a 2 + ions p r o m o t e tBHP-induced 
mitochondria l d a m a g e d u e to t he k n o w n C a 2 ' - d e p e n d e n t even t s : 
uncoupling, collapse of t he m e m b r a n e potent ia l , mi tochondr ia 

swel l ing (Lapidus and Sokolove, 1994) ra the r t han d u e to mi tochon-
drial GSH or m e m b r a n e lipid oxida t ion . 

Conclusions 

tBHP considerably impaired t h e respiratory and phosphoryla t ion 
funct ions of mi tochondr ia and this effect d e p e n d e d on the respiratory 
subs t ra te used. The p resence of EDTA preven ted oxidative impa i rmen t 
of m i t o c h o n d r i a l r e sp i r a t ion , a n d C a 2 + ions in t he m e d i u m e n h a n c e d 
cons ide rab ly o x i d a n t - i n d u c e d m i t o c h o n d r i a l d a m a g e . C a 2 + a lone 
( 4 - 3 0 jliM) in t he EDTA-free m e d i u m impaired the mitochondrial respi-
ratory pa ramete r s : t he oxygen consumpt ion rate V3 and ACR but unaf-
fected t he coefficient ADP/O. The p re sen t s tudy provides evidence tha t 
tBHP induced uncoupl ing of the oxidat ion and phosphoryla t ion pro-
cesses and decreased t he efficiency of the phosphoryla t ion reaction, 
and led to a direct oxidat ive modif icat ion of enzymatic complexes 
of the respiratory chain and mitochondria l matr ix as a result of the fol-
lowing events : oxidat ion of mitochondria l reduced glutathione, protein 
glutathionylat ion, enhanced accumula t ion of products of m e m b r a n o u s 
lipid peroxidat ion, and C a 2 + ion overload. In our exper iments in vitro, 
w e demons t r a t ed tha t mela ton in inhibited the peroxidative damage 
of mitochondria , p revent ing mitochondria l redox-balance changes and 
succinate dehydrogenase inactivation. 

+ mel 

# 



1116 I.B. Zavoclnik et al. / Life Sciences 92 (2013) 1110-1117 1116 

0.85 , p < 0 . 0 0 0 1 

0,3 

0 2 0 4 0 6 0 

OGDH, nmol NAD+ / min / mg protein 

r2 = 0.72, p< 0.0005 
ç 

0 1 
Q . 
O) 
E 

ö E 
c 

CO 
CĆ 
< 
CÛ 

0,2 

0,1 

0 20 40 60 

SDH, nmol DCPI / min / mg protein 
Fig. 7. Relationships between mitochondrial GSH level and OGDH activity (a) and 
between accumulation of mitochondrial m e m b r a n e lipid peroxidation products and 
SDH activity (b). 

Conflict of interest s tatement 

The authors declare that there is no conflict of interest. 

References 

Baranov SV, Stavrovskaya IG, Brown AM, Tyryshkin AM, Kristal BS. Kinetic m o d e l 
for C a 2 + - i n d u c e d pe rmeab i l i t y t r ans i t i on in e n e r g i z e d liver m i t o c h o n d r i a 
d iscr imina tes b e t w e e n inhib i tor m e c h a n i s m s . J Biol Chem 2 0 0 8 ; 2 8 3 { 2 ) : 
6 6 5 - 7 6 . 

Battaglia V, Grancara S, Satriano J. Saccoccio S, Agostinelli E, Toninello A. Agmatine pre-
vents the C a ( 2 + ) - d e p e n d e n t induction of permeabi l i ty transi t ion in rat brain mito-
chondria. Amino Acids 2 0 1 0 ; 3 8 ( 2 ) : 4 3 l - 7 . 

Belikova NA, Tyurina YY, Borisenko G, Tyurin V, Samhan Arias AK, Yanamala N, et al. 
Heterolytic reduction of fatty acid hydroperoxides by cytochrome c/cardiolipin 
complexes: antioxidant function in mitochondria . J Am Chem Soc 2009:131(32) : 
11288-9. 

Bellomo G, Jewell SA, Thor H, Orrenius S. Regulation of intracellular calcium compart -
mentation: studies with isolated hepatocytes and t-butyl hydroperoxide. Proc Natl 
Acad Sci U S A 1982;79(22) :6842-6 . 

Bellomo G, Martino A. Richelmi P. Moore GA, Jewell SA, Orrenius S. Pyridine-nucleotide 
oxidation, Ca 2 + cycling and m e m b r a n e damage dur ing ter t -butyl hydroperoxide 
metabolism by rat-liver mitochondria. Eur J Biochem 1 9 8 4 ; 1 4 0 ( l ) : l - 6 . 

Bernardi P, Krauskopf A, Basso E, Petronilli V, Blachly-Dyson E. Di Lisj F, et al. The mi-
tochondrial permeability transition f rom in vitro artifact to disease target. FEBS j 
2006:273:2077-99. 

Byrne AM, Lemasters D, Nieminen AL Contribution of increased mitochondrial free 
Ca 2 + to the mitochondrial permeabil i ty transit ion induced by tert-butyl hydroper-
oxide in rat hepatocytes. Hepatology 1999:29(5) :1523-31 . 

Cervinkovä Z, Rauchovä H, Kriväkovä P, Drahota Z. Inhibition of palmityl carnitine oxida-
tion in rat liver mitochondria by tert-butyl hydroperoxide. Physiol Res 2008,57(1): 
133-6. 

Chen Y-R, Chen C-L, Pfeiffer DR. Zweier JL. Mitochondrial complex II in the 
post-ischemic heart . Oxidative injury and the role of protein S-glutathionylation. 
J Biol Chem 2007 :282 :32640-54 . 

Cheshchevik V. Dremza IK, Lapshina EA, Zabrodskaya SV, Kujawa j. Zavodnik IB. Correc-
tions by melatonin of liver mitochondrial disorders under diabetes and acute in-
toxication in rats. Cell Biochem Funct 2011:29:481 - 8 . 

Cheshchevik V, Lapshina EA, Dremza IK, Zabrodskaya SV, Reiter RJ. Prokopchik NI, et al. 
Rat liver mitochondrial damage under acute or chronic carbon tetrachloride-
induced intoxication: protect ion by melatonin and cranberry flavonoids. Toxicol 
Appl Pharmacol 2012 ;261 :271-9 . 

Dragicevic N, Delic V, Cao C, Copes N, Lin X, Mamcarz M, et al. Caffeine increases mito-
chondrial funct ion and blocks melatonin signaling to mitochondria in Alzheimer's 
mice and cells. Neuropharmacology 2 0 1 2 ; 6 3 ( 8 ) : l 3 6 8 - 7 9 . 

Drahota Z. Kriväkovä P. Cervinkovä Z, Kmonickovä E, Lotkovä H, Kucera O, et al. 
tert-Butyl hydroperox ide selectively inhibits mi tochondr ia l respiratory-chain 
enzymes in isolated ra t hepa tocytes . Physiol Res 2005 :54(1 ) :67-72 . 

Dremza IK, Lapshina EA, Kujawa J, Zavodnik IB. Oxygen-related processes in red blood 
cells exposed to tert-butyl hydroperoxide. Redox Rep 2006:11:185-92. 

Duchen MR. Mitochondria in heal th and disease: perspectives on a new mitochondrial 
biology. Mol Aspects Med 2004 ;25(4 ) :365-451 . 

Ellman J. Tissue sulfhydryl groups. Arch Biochem Biophys 1959:82:70-7. 
Endlicher R, Kriväkovä P, Rauchovä H, Nüskovä H, Cervinkovä Z Drahota Z. Peroxidative 

damage of mitochondrial respiration is substrate-dependent Physiol Res 2009:58(5): 
685-92. 

Fedotcheva NI. Sokolov AP, Kondrashova MN. Nonezymatic formation of succinate in 
mitochondria under oxidative stress. Free Radic Biol Med 2006:41( l ) :56-64 . 

Gallano A, Tan DX, Reiter RJ. Melatonin as a natural ally against oxidative stress: a 
physicochemical examinat ion. J Pineal Res 2011;51:1-16. 

Greco T. Fiskum G. Brain mitochondria from rats treated with sulforaphane are resistant to 
redox-regulated permeability transition. J Bioenerg Biomembr2010;42(6) :491-7 . 

Jaeschke H, Gores GJ, Cederbaum AI, Hinson JA, Pessayre D, Lemasters JJ. Mechanisms 
of hepatotoxicity. Toxicol Sci 2002 ;65 (2 ) :166-76 . 

Jou MJ, Peng TI. Hsu LF, Jou SB. Reiter RJ. Jang CM, et al. Visualization of melatonin 's 
multiple mitochondrial level of protection against mitochondrial Ca 2 + -med ia t ed 
permeability transition and beyond in rat brain astrocytes. J Pineal Res 2010:48(1): 
20-38. 

Kennedy CH, Chirch DE, Wins ton GW, Pryor WA. tert-Butyl hydroperoxide- induced 
radical product ion in rat liver mitochondria . Free Radic Biol Med 1992:12(5) : 
381-7 . 

Kmonickovä E, Kamenikovä L Hynie S, Farghali H. Cyclosporin A modifies cytoplasmic 
calcium levels in isolated hepatocytes exposed to oxidative stress due to tert-butyl 
hydroperoxide. Physiol Res 2000:49(4) :471-4. 

Kriväkovä P. Läbajovä A, Cervinkovä Z, Drahota Z. Inhibitory effect of t-butyl hydroper-
oxide on mitochondrial oxidative phosphorylat ion in isolated rat hepatocytes. 
Physiol Res 2 0 0 7 ; 5 6 ( l ) : 1 3 7 - 4 0 . 

Kroemer G. Dallaporta B, Resche-Rigon M. The mitochondrial death/life regulator in 
apoptosis and necrosis. Annu Rev Physiol 1998:60:619-42. 

Lapidus RG, Sokolove PM. The mitochondrial permeabil i ty transition. J Biol Chem 
1994:269:18931-6 . 

Lemasters JJ. Nieminen AL Qian T, Trost LC, Elmore SP, Nishimura Y, et al. The mitochon-
drial permeability transition in cell death: a common mechanism in necrosis, apopto-
sis and autophagy. Biochim Biophys Acta 1998;1366(1-2) :177-96. 

Lemasters JJ, Theruvath TP, ZhongZ, Nieminen A-L Mitochondrial calcium and the perme-
ability transition in cell death. Biochim Biophys Acta 2009:1787(11): 1395-401. 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measuremen t with the Folin 
phenol reagent. J Biol Chem 1951;193:265-75 . 

Martin M. Marias M. Escames G. Leon J, Acuiia-Castroviejo D. Melatonin but not vitamins 
C and E maintains glutathione homeostasis in t-butyl hydroperoxide-induced mito-
chondrial oxidative stress. FASEBJ 2000:14:1677-9. 

Nieminen AL Byrne AM, Herman B, Lemasters JJ. Mitochondrial permeability transition 
in hepatocytes induced by t-BuOOH: NAD(P)H and reactive oxygen species. Am 
J Physiol 1997:272(4 Pt 1 ) :C1286-94. 

Nulton-Persson AC, Starke DW, Mieyal JJ, Szweda LI. Reversible inactivation of alpha-
ketoglutarate dehydrogenase in responses to alterations in the mitochondrial gluta-
thione status. Biochemistry 2003;42:4235-42. 

Nulton-Persson AC, Szweda LI. Modulat ion of mitochondrial function by hydrogen 
peroxide. J Biol Chem 2001 :276 :23357-61 . 

Paradies G, Petrosillo G, Paradies V, Reiter RJ, Ruggiero FM. Melatonin, cardiolipin 
and mi tochondr ia l b ioenerget ics in heal th and disease. J Pineal Res 2010 :48(4 ) : 
2 9 7 - 3 1 0 . 

Petrosillo G. Moro N, Ruggiero FM, Paradies G. Melatonin inhibits cardiolipin peroxida-
tion in mitochondria and prevents the mitochondrial permeability transition and 
cytochrome c release. Free Radic Biol Med 2009;47(7) :969-74 . 

Johnson D. Lardy HA. Isolation of liver or kidney mitochondria. Methods Enzymol 
1967;10:94-101. 

Reiter RJ. Melatonin: lowering the high price of free radicals. News Physiol Sci 2000:15: 
246-50. 

Rossi R, Cardaioli E, Scaloni A. Amiconi G, Di Simplicio P. Thiol groups in proteins as 
endogenous reductants to de te rmine g lu ta th ione-pro te in mixed disulphides in 
biological systems. Biochim Biophys Acta 1993;1164:289-98 . 



I.B. Zavodnik et al. / Life Sciences 92 (2013) 1110-1117 1117 

Stocks J, Donnandy TL. The autoxidation of h u m a n red cell lipids induced by hydrogen 
peroxide. BrJ Haematol 1971;20(1) :95-111. 

Tan DX, Manchester IX, Liu X, Rosales-Corral SA, Acuna-Castroviejo D, Reiter RJ. J Pineal 
Res 2013;54:127-38. 

Tan DX, Manchester LC, Reiter RJ, P lummer BF, Limson J, Weint raub ST, et al. Melatonin 
directly scavenges hydrogen peroxide: a potential ly n e w metabolic pathway of 
melatonin biotransformation. Free Radic Biol Med 2000 ;29 :1177-85 . 

Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ. One molecule, many derivatives: 
a never-ending interaction of melatonin with reactive oxygen and nitrogen spe-
cies? J Pineal Res 2007;42 :28-42 . 

Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol 2003;552:335-44. 
Zavodnik IB. Lapshina EA, Cheshchevik VT, Dremza IK, Kujawa J, Zabrodskaya SV, et al. 

Melatonin and succinate reduce rat liver mitochondrial dysfunction in diabetes. 
J Physiol Pharmacol 2011 ;62 :421-7 . 


