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Cytochrome c
as an amplifier of ROS release in mitochondria

The influence of exogenous cytochrome c on reactive oxygen species (ROS) formation and its depen-
dence on mitochondrial permeability transition pore (MPTP) opening is studied in rat liver mito-
chondria. Fluorescent probe dichlorofluorescein (DCF) was used. It was shown that MPTP activa-
tion by increasing concentrations of Ca2+ in the medium results in the increase in mitochondrial
ROS production and oxygen consumption, but the decrease in matrix calcium retention, dependent
on the amount of added Ca2+. Cytochrome c in the incubation medium does not much influence ROS
formation when MPTP opening is blocked by cyclosporine A. However, in the presence of cyto-
chrome c MPTP opening is accompanied by dramatic increase in ROS production. Steep rise in DCF
fluorescence because of matrix ROS formation is sensitive to MPTP opening and is not resulted from
the direct interaction between the probe and cytochrome c outside the mitochondria. To explain
obtained data the hypothesis is put forward that MPTP could serve for ROS exchange between the
matrix and the medium where heme iron of cytochrome c would act as a catalytic center to  enhance
ROS production. We suppose that apart of its conventional function, cytochrome c which is not
involved in electron transport, could serve in such way as the amplifier of ROS production which in
turn would provide a background for the development of apoptosis due to MPTP opening.
Key words: mitochondria, Ca2+, mitochondrial permeability transition pore, ROS, cytochrome c.

INTRODUCTION

At the beginning of 90th it was well estab-
lished that not only NO and its derivatives,
but also free-radical and other highly reac-
tive oxygen derivatives (reactive oxygen spe-
cies, ROS) are active participants in cellular
signal transduction [19]. However, mitochon-
dria, the potent source of ROS, received rela-
tively little attention, and their role in cellular
ROS signaling for long time have been under-
estimated. In the late 90th convincing evidenc-
es were obtained that mitochondria could be-
have as excitable organelles which convey and
exchange Ca2+ and other signals [12].

Ca2+-signalling between the mitochondria
and other cellular structures such as plasma
membrane and sarcoplasmic reticulum (SR)
is now well established fact in cell biology.
Effectiveness in the transduction of Ca2+-sig-

nals is provided by the Ca2+-transporting sys-
tem of mitochondria, as well as intracellular
localization of the organelles � near the
plasma membrane, near SR and near the core.
Signal transduction is facilitated also by the
existence of the contact sites between mito-
chondria and the neighboring structures [16].

There is increasing amount of evidence
that not only Ca2+ but also ROS signals could
propagate between the cells [20]. Well known
is the phenomenon of ROS-induced ROS-
release [22] which is tightly connected to the
opening of mitochondrial permeability transi-
tion pore (MPTP) and spreading of ROS be-
tween mitochondrial populations. It is tempt-
ing to speculate a possibility of ROS (as well
as Ca2+-) signaling between mitochondria, SR,
plasma membrane, and the core, as the fore-
ground for the induction of cellular apoptosis.
The mechanisms of ROS signaling in the cell
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are not well understood, in spite of their in-
tensive study over last decades.

Impaired Ca2+-signalling, the opening of
mitochondrial pore accompanied by the uncou-
pling and the decreased effectiveness of ATP
synthesis, massive release of ROS and the
release of cytochrome c from the intermem-
brane space into cytosol are often considered
as the first step in the induction of cellular
apoptosis [17]. Although cytochrome c is in-
dispensable participant in the electron trans-
fer between the complexes of respiratory
chain, its role in regulation of the level of ROS
generated as by-products in the course of
oxygen reduction have not been fully eluci-
dated. It is well known that positively charged
cytochrome c is retained by weak electro-
static forces on the outer surface of the inner
membrane and is at equilibrium with unbound
protein in the bulk solution of intermembrane
space [10]. Normally, cytochrome c serves
for electron transport between III and IV
complexes of respiratory chain. After the
rupture of the outer membrane due to MPTP
opening, cytochrome c would release from the
intermembrane space into cytosol and adsor-
bed protein would dissociate from the surface
due to the decrease of its concentration in the
bulk solution. The loss of cytochrome c, in turn,
would lead to the inhibition of respiration which
could be reversed by the addition of exogenous
cytochrome c [13]. However, it is known that
gating of electron flow between the complexes
of respiratory chain upon the loss of cyto-
chrome c makes the conditions highly favor-
able for ROS production by mitochondria be-
cause the transition of the sites of ROS pro-
duction �upstream� of the inhibition of elect-
ron flow to more reduced state favors one-
electron reduction of oxygen with consequent
increase in ROS formation [18].

In its normal function cytochrome c could
exhibit antioxidant properties as an acceptor
of electrons [14]. The role of cytochrome c
outside the mitochondria in regulation of the
redox reactions in the cell, however, is contro-

versial. In the literature, there is plenty of evi-
dence for prooxidant as well as antioxidant
action of cytochrome c [6,7,14]. Dramatic in-
crease in ROS production, not dependent on
MPTP opening, after the loss of cytochrome
c in mitochondria was shown by many authors
[7,21]. Release of cytochrome c from mito-
chondria could be provoked by different stimu-
li, such as calcium and potassium uptake [8,9],
translocation of proapoptotic protein Bax to
mitochondrial outer membrane [21] and many
others.

MPTP is often considered as the way of a
massive ROS release from mitochondria [22].
After MPTP opening the release of ROS from
the matrix takes place together with the
release of cytochrome c from the intermem-
brane space. The role of cytochrome c in mi-
tochondrial ROS production under conditions
of MPTP opening, however, received relative-
ly little attention in the literature. The aim of
our work was to estimate the influence of
exogenous cytochrome c, which does not take
part in the electron transfer in the respiratory
chain, on ROS formation in mitochondria and
its dependence on the permeability transition
pore opening.

MATERIALS AND METHODS

Adult Wistar rats with average body weight
200 g were used. Rat liver was homogenized
in a medium (1): 250 mM sucrose in 20 mM
Tris-HCl buffer (pH 7,4), 1 mM EDTA and
centrifuged at 700g x 8 min (4°C). Mitochon-
dria were sedimented by centrifugation of
supernatant at 11000g x 15 min (4°C), sus-
pended in a small volume of medium (1) with-
out EDTA and stored on ice until use. The
experiments were carried out at 37°C in stan-
dard incubation medium: 120 mM KCl, 1 mM
KH

2
PO

4
, 4 mM of sodium glutamate, 20 mM

Tris-HCl buffer (pH 7.4). Cytochrome c was
added at 1 µM.

The data on ROS formation were obtained
from dichlorofluorescein (DCF) fluorescence.

Cytochrome c as an amplifier of ROS release in mitochondria
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Non-fluorescent probe, (2�,7�-dihydrodichlo-
rofluorescein diacetate, DCFHDA) at 200 µM
was added to stock mitochondrial suspensions
and loaded for 20 min at 37°C. Then stock
suspension was placed on ice, and the aliquots
were sampled in 1cm cuvette of spectrofluo-
rimeter. The probe was excited at 504 nm,
and the emission registered at 525 nm [23].
Ca2+-uptake was studied spectrophotometri-
cal ly  with arsenazo-III  by convent ional
double-wavelength technique at 654/690 nm
as described earlier [1]. Mitochondrial swell-
ing was studied based on light absorbance at
525 nm [1,2]. Oxygen consumption was stud-
ied polarographically, according to conven-
tional protocol, in 1 ml of standard incubation
medium in a closed cell with a platinum elec-
trode at 26°C.

Cytochrome c was inactivated by heating at
90C. Inactivation was proven polarographically
by the inability of inactivated protein to restore
respiration inhibited by cytochrome c loss.

All reagents were from Sigma. The data
represent mean ± S.D. Paired Students t-test
was used for estimation of significance;
minimum significance level was P<0.05.

RESULTS AND DISCUSSION

Membrane permeable compound DCFHDA is
widely used as a probe on ROS formation in
cells and organelles [23]. In mitochondria it
is readily deacetylated to form membrane-im-
permeable non-fluorescent derivative, H

2
DCF

which is then further oxidized to highly fluo-
rescent dichlorofluorescein (DCF) by mito-
chondrial ROS. To be ascertained that all flu-
orescent signal detected in the course of Ca2+-
uptake comes from inside the mitochondria the
experiment was carried out in parallel in mi-
tochondria preloaded with DCFHDA and in
the course of DCFHDA loading together with
Ca2+-uptake.

The time dependence of ROS formation
in mitochondria induced by Ca2+-uptake is
shown on fig.1. In mitochondria preloaded with
the probe DCF fluorescence rises immediately
after the beginning of Ca2+-uptake. The time
dependence of the change in DCF fluores-
cence due to ROS formation is close to that
of Ca2+-uptake (fig. 1A, 1,2). On the contrary,
under conditions of DCFHDA loading together
with Ca2+-uptake, the fluorescence rises only

Fig. 1. The time dependence of Ca2+-uptake (A, 1) and DCF fluorescence (A, 2-3) in mitochondria in cases of closed (B,
1) and open (B, 2) state of mitochondrial pore. Mitochondria were preloaded with the probe (A, 2; B, I) or loaded
simultaneously with Ca2+-uptake (A, 3; B, II). In case B, fluorescence was determined after 1 min incubation of mitochon-
dria. Incubation medium: 120 mM KCl, 1 mM KH

2
PO

4
, 4 mM of sodium glutamate, 20 mM Tris-HCl, 30 µM Ca2+ buffer

(pH 7.4). Cyclosporine A was added at 1 µM (A; B, 1). In case of DCFHDA loading in the course of Ca2+-uptake, 20 µM
of the probe was added into incubation medium. M±m, n=4; circles represent M±m (A); * P<0.05 relative to control (B,
I, 1). On the abscissa: time, min (A); on the ordinate: percent change of parameters (A); % change in fluorescence (B)
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after prolonged lag-phase (fig. 1A, 3). Ac-
cording to the data, over time of DCFHDA
loading DCF concentration in mitochondria is
too low to give a detectable signal (fig. 1A,
3), in spite of the observation that most part
of ROS production takes place in the course
of Ca2+-uptake (fig. 1A, 1,2) and ROS for-
mation in mitochondria due to Ca2+-uptake is
completed long before the rise in fluorescence
signal in case of probe loading together with
added Ca2+ (fig. 1A, 2,3). Thus, the rate of
fluorescence increase is limited by the rate
of DCFHDA loading, and reflects kinetics of
the probe loading in mitochondria. The data
obtained show that in spite of high concent-
ration of DCFDA in the medium, all fluores-
cence registered in the course of Ca2+ accu-
mulation is due to DCF formation within mi-
tochondria (fig. 1A, 1,2; 1B, I). The probe
outside the mitochondria does not give any
detectable signal, at least within the timefra-
mes of the experiment (fig. 1A, 3; 1B, II).
This observation remains valid, independent
of the open/closed state of the mitochondrial
pore (fig. 1B, I-II, 1,2) or the presence of
cytochrome c in the incubation medium. Thus
DCFHDA under conditions of the experiment
is a reliable probe on ROS formation in the
matrix, inside the mitochondria, and supposed
oxidation of this probe by cytochrome c out-
side the mitochondria [6] would not give de-
tectable signal interfering with mitochondrial
ROS production.

The time dependences of the change in
mitochondrial matrix volume and ROS produc-
tion, as well as matrix Ca2+-retention, and the
differences in the rates of oxygen consumption
and ROS production, dependent on the open/
closed state of MPTP at different amounts of
added calcium, are shown on fig. 2. As show
the data, MPTP opening (in the absence of
cyclosporine A) leads to the matrix swelling
(fig. 2A, 2), the increase in ROS production
(fig. 2B, 1), decrease in Ca2+-uptake and Ca2+-
retention capacity (fig. 2C, 2,3) as well as the
increase in the rate differences of oxygen

consumption and ROS production in metabolic
state 2, dependent on the presence or the ab-
sence of cyclosporine A (fig. 2D). According
to data, MPTP activation by the increasing
amounts of added calcium results in the increase
in MPTP contribution to oxygen consumption
and ROS production (fig. 2D), in spite of the
diminishing in Ca2+-retention capacity and the
amount of matrix Ca2+ (fig. 2C, 2,3).

When pore opening is blocked by cyclospo-
rine A, all added Ca2+ is taken up by mito-
chondria (fig. 2C, 1). In the absence of the
MPTP blocker, Ca2+ which is initially seques-
tered by mitochondria, is then released through
mitochondrial pore (fig. 2 C, 2,3) and MPTP
opening results in the decrease of Ca2+ con-
tent in mitochondria. The greater is the amount
of Ca2+ taken up by mitochondria, the faster
is its release and the less Ca2+ remains in the
matrix due to MPTP activation. With the in-
crease in the amount of added Ca2+ in the
medium, progressive decrease in matrix of
Ca2+ content is observed (fig. 2C, 2,3). Howe-
ver, in spite of the less matrix calcium, MPTP
activation is accompanied by the increase in
mitochondrial ROS production (fig. 2 B,D, 1)
and oxygen consumption rate (fig. 2D, 2).

To explain such reverse dependence be-
tween the Ca2+-uptake and matrix Ca2+ con-
tent, on the one hand, and matrix Ca2+ and
ROS formation, on the other, high proton
conductance of the mitochondrial pore should
be taken into consideration which facilitates
Ca2+-release and would account for the in-
crease in oxygen consumption rate in rat liver
mitochondria (fig. 2D, 2). The background for
observed increase in respiration rate is the
increase in proton conductance due to MPTP
opening which, as we have shown earlier [1],
leads to the activation of cyclosporine A-sen-
sitive Ca2+/H+-exchange and the increase in
the rate of Ca2+-cycling. Main components of
Ca2+-cycling under MPTP opening are poten-
tial-dependent Ca2+-uptake through the Ca2+-
uniporter, accompanied by oxygen consump-
tion in a stoichiometric proportion, and cyclo-

Cytochrome c as an amplifier of ROS release in mitochondria
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spor ine  A-sens i t ive  re lease  o f  Ca 2+,  in
exchange for cyclosporine A-sensitive proton
influx into matrix space [1]. After the efflux
of Ca2+ from the matrix under steady-state
conditions Ca2+-uptake is continually equili-
brated with Ca2+-efflux in the course of Ca2+-

cycling, which could be reversed by the addi-
tion of cyclosporine A [2]. Acceleration of the
transmembrane exchange of Ca2+ results in
the increase in the respiration rate and elec-
tron transport, consistent with the increase in
ROS production in mitochondria (fig. 2B,D, 1).

Fig. 2. The influence of MPTP opening in mitochondria on mitochondrial volume (A, 2), DCF fluorescence (B, 1) and
Ca2+-uptake (C, 2,3). Incubation medium: 120 mM KCl, 1 mM KH

2
PO

4
, 4 mM of sodium glutamate, 20 mM Tris-HCl

buffer (pH 7.4). Cyclosporine A was added at 1µM (A, 1; B, 2; C, 1). Relative fluorescence, F
rel

, is the differences
between fluorescence at different times and initial fluorescence values at zero time. Ca2+-uptake in mitochondria was
determined in the presence of cyclosporine A (C, 1) or in the absence of cyclosporine A after 1 and 3 min incubation (C,
2,3). MPTP contribution to the rates of ROS production and respiration, ∆J, was estimated as the rate differences in the
absence and the presence of cyclosporine A, in % of maximum values (D, 1,2). CaCl

2
 was added into incubation medium

at 30 µM (A,B) or at concentrations shown on the abscissa (C,D). M±m, n=6, P<0.05 relative to control: Ca2+-uptake in
the presence of cyclosporine A (C,1) and zero rate differences in the presence of cyclosporine A (D).
On the abscissa: time, s (A,B), amount of added Ca2+ in nmol/mg protein (C,D). On the ordinate: relative absorbance
change at 520 nm (A); relative fluorescence, in arbitrary units (B); Ca2+-uptake, in nmol/mg protein (C); rate differences,
∆J, in % of maximum (D)
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It  is  well  known that charge transfer
across mitochondrial membrane is in a sto-
ichiometric proportion with the electron trans-
port and oxygen consumption in the respiratory
chain [3]. Then, the increase in the rate of
transmembrane Ca2+-exchange due to MPTP
opening would result in the increase in the
rates of one- as well as two-electron reduction
of oxygen. Thus, the rate of ROS production
would be proportional to the rate of oxygen
consumption, and the increase in the rate of
Ca2+-cycling would result in the increase in
ROS production, both sensitive to cyclosporine
A, in spite of the decrease in matrix Ca2+-
content in mitochondria. The data obtained
show the increase in ROS production with the
increase in Ca2+-uptake either in presence or
in the absence of cyclosporine A (fig. 2B).
Under MPTP opening ROS production in rat
liver mitochondria is higher than in the case
of  MPTP blockage ( f ig .  2B,  1) .  I t  wel l
correlates with the increase in electron trans-
port due to the acceleration of Ca2+-cycling
with MPTP opening and suggests a direct pro-
portionality between the rate of ROS forma-
tion and the rate of electron flow under ex-
perimental conditions.

Increase in ROS production induced by
Ca2+-, as well as K+-uptake, was observed by
many authors [5,8] but has not received a sat-
isfactory explanation. A decrease in ROS for-
mation would rather be expected under con-
ditions of acceleration of Ca2+- (and proton)
cycling after MPTP opening which is close to
the phenomenon of so-called �mild uncou-
pling� of respiratory chain [4]. As it was
shown in the literature, the increase in ROS
release often correlates either with high pro-
ton potential [15] or with the inhibition of elec-
tron flow [18,21] and, in both cases, with
more reduced state of the sites responsible
for taking up the electrons from free radicals.

As a plausible explanation of the rise in
ROS production after Ca2+-uptake and MPTP
opening which was observed independently by
many authors [5], we assume that amount of
ROS released from mitochondria would be not

only under control of the redox-state of the
sites and species that accept and donate elec-
trons [18], but possibly, under kinetic control
dependent on the equilibrium between the
rates of ROS formation and scavenging. It
means that under certain conditions the rate
of ROS formation should be much faster than
that of ROS removal. Thus, observed increase
in ROS release after MPTP opening would
be a direct result of the increase in the rate
of electron transport in the respiratory chain
due to activation of Ca2+-cycling under MPTP
opening. Increase in electron transport rate,
in turn, would limit the rate of ROS produc-
tion due to the increase in the rate of electron
transfer in the respiratory chain. Consequen-
tly, linear increase in time of oxidized fluo-
rescent product, DCF, is observed, in accord
with constant rate of ROS formation in the
course of substrate oxidation and oxygen
reduction (fig. 3A).

However, relative to moderate increase in
ROS release due to MPTP opening alone (fig.
3B, 1), dramatic increase in ROS production
in the presence of exogenous cytochrome c
in the incubation medium is observed (fig. 3B,
2). The data obtained first 10 min from the
beginning of Ca2+-uptake show, with a reli-
able approximation, a linear in time increase
in DCF formation both in the absence and the
presence of cytochrome c (fig. 3A, 1,2), and
the transition to steep exponential time depen-
dence of ROS production in case of MPTP
opening in the presence of cytochrome c (fig.
3B, 2). In this last case the rate of ROS for-
mation in mitochondria with cytochrome c
added into incubation medium far exceeds that
of mitochondria without addition of cyto-
chrome c (fig. 3C, bars 2,4).

It is known from the literature [6] that
DCFDA in alkaline medium could undergo
deacetylation with following direct oxidation
by cytochrome c to DCF. Sharp increase in
ROS production which is observed in the pres-
ence of cytochrome c in the incubation me-
dium only under MPTP opening, however,
could not be explained by a direct oxidation

Cytochrome c as an amplifier of ROS release in mitochondria
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of the probe by cytochrome c, because both
of them are separated by the mitochondrial
membrane which serves as a barrier to pre-
vent the direct contact of cytochrome c with
the probe inside the mitochondria. Moreover,
it should be taken into account that presence
of cytochrome c in the medium in case of
MPTP blockage does not result in such steep
rise of DCF fluorescence (fig. 3A, 2) which
would also suggest another mechanism of DCF
formation than direct oxidation of the probe
by cytochrome c.

There is sufficient amount of evidence [14]
that cytochrome c could behave as an effec-
tive antioxidant taking up one electron from
superoxide and thus scavenging superoxide-
anion. It should be pointed out, however, that

not only superoxide but large amounts of hy-
droperoxide and other ROS are released from
mitochondria [21], and these ROS products
also would interact with cytochrome c. An
interaction of released ROS with cytochrome
c by a mechanism of Fenton reaction type
would result not only in novel ROS formation
but possibly in the amplification of ROS pro-
ducts.

Both forms of a heme protein cytochrome
c, that is oxidized (ferricytochrome) and re-
duced (ferrocytochrome), could interact with
ROS in the reactions of Fenton or Haber-
Weiss-type [11]:

.O
2

- + Fe3+ → O
2
 + Fe2+                    (1)

Fe2+ + H
2
O

2
 → .OH + OH- + Fe3+       (2)

2.Î
2

- + 2Í+ → Í
2
Î

2
 + Î

2
                 (3)

Fig. 3. The influence of MPTP opening on the time depen-
dence of ROS formation in rat liver mitochondria (A,B),
relative change in DCF fluorescence (1C) and the rate of
fluorescence increase (2 C) . Incubation medium: 120 mM
KCl, 1 mM KH

2
PO

4
, 4 mM of sodium glutamate, 20 mM

Tris-HCl, 30 µM Ca2+ buffer (pH 7.4). Cyclosporine A
was added at 1µM (A; C, bars I, III); cytochrome c was
added at 1µM (A, B, 2; C, bars III, IV); relative change in
DCF fluorescence (C, filled bars) and the rate of fluores-
cence increase (C, open bars) were determined at 10 min
incubation. Correlation coefficients (R2) for linear approxi-
mation are: 0.9920 (A, 1), 0.9998 (A, 2), 0.9997 (B, 1) and
for exponential approximation 0.9947 (B, 2). The data are
mean ± S.D., n=4, * P<0.05 relative to control (1, C).
On the abscissa: time, min (A,B). On the ordinate: relative
fluorescence, in arbitrary units (A,B); percent of change,
relative to control (C)
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Ferricytochrome could accept one electron
from superoxide (1) and thus behave itself as
a scavenger of superoxide and an effective
antioxidant [14]. But on the other hand, re-
duced form of cytochrome c,  ferrocyto-
chrome, could react with hydoperoxide (2)
which in large quantities is released from mi-
tochondria [21]. Cytochrome c which is re-
duced in the reaction with superoxide (1)
could then interact with hydroperoxide (2)
resulting in the formation of highly toxic hy-
droxyl-radical.  In the course of this last
reaction heme iron of cytochrome c would
undergo transition to more oxidized form
which, in turn, could again take up electrons
from superoxide, after which ferrocytochrome
could once again interact with hydroperoxide.
It is worth mentioning that a large quantity of
hydroperoxide, the main source of hydroxyl-
radical, is supplied by superoxide itself which
would be readily disproportionated in the
relatively (to the matrix) acidic milieu of the
intermembrane space (3). Thus, in such in-
teractions with ROS which in large quantities
are released from mitochondria, cytochrome
c would behave as a catalyst which itself un-
dergoes repeated transitions from oxidized to
reduced form, being both a scavenger of su-
peroxide and a potent generator of ROS. It
should be expected that total amount of ROS
released in the course of such Fe-cycling
would depend on a complex equilibrium be-
tween redox states of the heme iron of cyto-
chrome c, the quantity of individual free radi-
cals, and the rate of their release from mito-
chondrial matrix. Most probably, that pro-
posed catalytic Fe-cycling mechanism would
result not only in novel ROS formation but
possibly in the amplification of ROS products.

To explain observed rise in matrix ROS
formation induced by cytochrome c outside
the matrix space, we propose that mitochon-
drial pore would facilitate ROS exchange be-
tween the matrix and the medium. ROS gen-
erated in the matrix would be at first released
through the pore into intermembrane space
where ROS metabolism could be manifold

activated by Fe-complex of cytochrome c
which would act as a catalyst in the amplifi-
cation of ROS production by Fenton-type
reactions. In turn, even transient increase in
ROS concentration would lead to their flow
back into matrix space through the same mi-
tochondrial pore which is in its open state and
would increase the level of ROS inside the
mitochondr ia .  I t  wor th  ment ioning tha t
catalase added to incubation medium was not
able to prevent the rise in ROS production,
thus, free-radical reactions, resulting in ROS
production are localized to the matrix and in-
termembrane space, but not to the bulk solu-
t ion.  Thus,  we suppose that  apart  of  i ts
conventional function, cytochrome c could
serve in such a way as an amplifier of ROS
production in mitochondria which would pro-
vide a background for the development of
apoptosis induced by MPTP opening.

CONCLUSIONS:

1. Exogenous cytochrome c could serve as
an amplifier of ROS production in mitochon-
drial matrix in a way sensitive to MPTP open-
ing.

2. Such amplification of ROS production
takes place only under conditions of ROS
release from mitochondria through mitochon-
drial pore to interact with cytochrome c out-
side the matrix space.

3. Heme iron complex of cytochrome c
would act as a catalyst in amplification of ROS
production by Fenton-type reactions.

4. Increase in the ROS concentration out-
side the matrix, even transient, would result
in their flow back to the matrix, increase in
probe oxidation and DCF fluorescence inside
the mitochondria.

5. MPTP opening is necessary for ROS
exchange between the mitochondrial matrix
and the heme iron of cytochrome c. If MPTP
is closed, cytochrome c would not significantly
increase ROS production in mitochondria.
Thus, exogenous cytochrome c might serve
as potent amplifier of ROS signaling between

Cytochrome c as an amplifier of ROS release in mitochondria
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mitochondria in several pathological states
accompanied by MPTP opening.
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Â.À. Áóðûé, È.Í. Ìàíüêîâñêàÿ, Â.Ô. Ñàãà÷

ÖÈÒÎÕÐÎÌ Ñ ÊÀÊ ÓÑÈËÈÒÅËÜ
ÃÅÍÅÐÀÖÈÈ ÀÊÒÈÂÍÛÕ ÔÎÐÌ
ÊÈÑËÎÐÎÄÀ Â ÌÈÒÎÕÎÍÄÐÈßÕ

Èçó÷åíî âëèÿíèå ýêçîãåííîãî öèòîõðîìà c íà îáðàçîâàíèå
àêòèâíûõ ôîðì êèñëîðîäà (ÀÔÊ) ïîä äåéñòâèåì Ñà2+ â
ìèòîõîíäðèÿõ ïå÷åíè êðûñ â óñëîâèÿõ îòêðûâàíèÿ è
áëîêèðîâàíèÿ ìèòîõîíäðèàëüíîé ïîðû (MÏ). Î ãåíåðàöèè
ÀÔÊ ñóäèëè ïî èçìåíåíèþ ôëóîðåñöåíöèè äèõëîðî-
ôëóîðåñöåèíà (ÄÕÔ). Ïîêàçàíî, ÷òî àêòèâàöèÿ ÌÏ
ïðèâîäèò ê ïîâûøåíèþ ïîòðåáëåíèÿ êèñëîðîäà è
ïðîäóêöèè ÀÔÊ, íåñìîòðÿ íà ñíèæåíèå ñîäåðæàíèÿ Ñà2+ â
ìàòðèêñå ñ ïîâûøåíèåì êîíöåíòðàöèè êàòèîíîâ â ñðåäå
èíêóáàöèè. Â ïðèñóòñòâèè öèòîõðîìà c â èíêóáàöèîííîé
ñðåäå ïðîèñõîäèò ïðîãðåññèðóþùåå âîçðàñòàíèå êîëè-
÷åñòâà ÀÔÊ, ÷óâñòâèòåëüíîå ê îòêðûâàíèþ ïîðû.
Ïîêàçàíî, ÷òî íàáëþäàåìîå ðåçêîå íàðàñòàíèå ôëóîðåñ-
öåíöèè ÄÕÔ ñîîòâåòñòâóåò ãåíåðàöèè ÀÔÊ â ìàòðèêñå è
íå âûçâàíî íåïîñðåäñòâåííûì âçàèìîäåéñòâèåì öèòîõðîìà
c ñ çîíäîì. Â óñëîâèÿõ ïîäàâëåíèÿ ÌÏ ïðèñóòñòâèå
öèòîõðîìà ñ â èíêóáàöèîííîé ñðåäå íå âëèÿåò ñóùåñò-
âåííûì îáðàçîì íà ñîäåðæàíèè ÀÔÊ â ìèòîõîíäðèÿõ.
Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò, ÷òî íàáëþ-
äàåìîå âëèÿíèå ýêçîãåííîãî öèòîõðîìà ñ íà ïðîäóêöèþ
ÀÔÊ îáóñëîâëåíî îòêðûâàíèåì ÌÏ. Ïðåäïîëàãàåòñÿ, ÷òî
â óñëîâèÿõ îòêðûâàíèÿ ïîðû öèòîõðîì c èãðàeò ðîëü
êàòàëèçàòîðà â ðåàêöèÿõ ïðåâðàùåíèÿ ÀÔÊ, âûñâîáîæ-
äàþùèõñÿ èç ìèòîõîíäðèàëüíîãî ìàòðèêñà, ïðè÷åì îáìåí
ñâîáîäíîðàäèêàëüíûõ ïðîäóêòîâ ìåæäó ìàòðèêñîì è
ñðåäîé îñóùåñòâëÿåòñÿ ÷åðåç ïîðó, íàõîäÿùóþñÿ â
îòêðûòîì ñîñòîÿíèè. Ïîäîáíûé ìåõàíèçì àìïëèôèêàöèè
ïðîäóêòîâ ïðåâðàùåíèÿ êèñëîðîäà ñ ó÷àñòèåì ãåìîâîãî
æåëåçà öèòîõðîìà c è îáðàçîâàíèåì òîêñè÷íûõ ñâîáîäíî-
ðàäèêàëüíûõ ïðîèçâîäíûõ ìîæåò ñîçäàâàòü áëàãîïðèÿò-
íûå ïðåäïîñûëêè èíäóêöèè êëåòî÷íîãî àïîïòîçà è ðàçâèòèÿ
îêèñëèòåëüíîãî ñòðåññà âñëåäñòâèå èçáûòî÷íîé ãåíåðàöèè
ÀÔÊ.
Êëþ÷åâûå ñëîâà: ìèòîõîíäðèè, Ñà2+, ìèòîõîíäðèàëüíàÿ
ïîðà, àêòèâíûå ôîðìû êèñëîðîäà, öèòîõðîì ñ.
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ÖÈÒÎÕÐÎÌ Ñ ÏÎÑÈËÞª ÃÅÍÅÐÀÖ²Þ
ÀÊÒÈÂÍÈÕ ÔÎÐÌ ÊÈÑÍÞ
Ó Ì²ÒÎÕÎÍÄÐ²ßÕ

Äîñë³äæåíî âïëèâ åêçîãåííîãî öèòîõðîìó ñ íà óòâîðåííÿ
àêòèâíèõ ôîðì êèñíþ (ÀÔÊ) ï³ä ä³ºþ Ca2+ ó ì³òîõîíäð³ÿõ
ïå÷³íêè ùóð³â çà óìîâ â³äêðèòòÿ òà áëîêóâàííÿ ì³òîõîíä-

ð³àëüíî¿ ïîðè (ÌÏ). Óòâîðåííÿ ÀÔÊ ðåºñòðóâàëè çà
çì³íîþ ôëóîðåñöåíö³¿ äèõëîðîôëóîðåñöå¿íó (ÄÕÔ).
Ïîêàçàíî, ùî àêòèâàö³ÿ ÌÏ ïðèçâîäèòü äî ï³äâèùåííÿ
ñïîæèâàííÿ êèñíþ òà ïðîäóêö³¿ ÀÔÊ, ïîïðè çíèæåííÿ
âì³ñòó Ñà2+ ó ì³òîõîíäð³ÿõ ³ç çá³ëüøåííÿì êîíöåíòðàö³¿
êàò³îí³â ó ñåðåäîâèù³ ³íêóáàö³¿. Çà íàÿâíîñò³ åêçîãåííîãî
öèòîõðîìó c â ³íêóáàö³éíîìó ñåðåäîâèù³ â³äáóâàºòüñÿ
ñòð³ìêå ï³äâèùåííÿ ïðîäóêö³¿ ÀÔÊ, ÿêà º ÷óòëèâîþ äî
â³äêðèòòÿ ïîðè. Çà óìîâ áëîêóâàííÿ îñòàííüî¿ öèòîõðîì c
ñóòòºâî íå âïëèâàº íà óòâîðåííÿ ÀÔÊ. Ïîêàçàíî, ùî
ôëóîðåñöåíòíèé ñèãíàë â³äïîâ³äàº ãåíåðàö³¿ ÀÔÊ ó
ì³òîõîíäð³àëüíîìó ìàòðèêñ³, ³ çðîñòàííÿ ôëóîðåñöåíö³¿
ÄÕÔ íå çóìîâëåíå áåçïîñåðåäíüîþ âçàºìîä³ºþ çîíäó ç
öèòîõðîìîì c. Îäåðæàí³ ðåçóëüòàòè ñâ³ä÷àòü, ùî âïëèâ
åêçîãåííîãî öèòîõðîìó c íà ïðîäóêö³þ ÀÔÊ ó ì³òîõîíäð³ÿõ
ñïðè÷èíåíèé â³äêðèòòÿì ÌÏ. Çàïðîïîíîâàíî ìåõàí³çì,
çã³äíî ç ÿêèì öèòîõðîì ñ ìîæå â³ä³ãðàâàòè ðîëü êàòà-
ë³çàòîðà ó ðåàêö³ÿõ ïåðåòâîðåíü ÀÔÊ, ùî âèâ³ëüíþþòüñÿ
ç ì³òîõîíäð³é, ïðè÷îìó îáì³í â³ëüíîðàäèêàëüíèõ
ïðîäóêò³â ì³æ ìàòðèêñîì ³ ñåðåäîâèùåì â³äáóâàºòüñÿ çà
ïîñåðåäíèöòâîì ïîðè, ÿêà çíàõîäèòüñÿ ó â³äêðèòîìó ñòàí³.
Ïîä³áíèé ìåõàí³çì àìïë³ô³êàö³¿ ïðîäóêò³â ïåðåòâîðåííÿ
êèñíþ çà ó÷àñò³ ãåìîâîãî çàë³çà öèòîõðîìó c ç óòâîðåííÿì
òîêñè÷íèõ â³ëüíîðàäèêàëüíèõ ïîõ³äíèõ ìîæå ñòâîðþâàòè
ñïðèÿòëèâ³ ïåðåäóìîâè äëÿ ïîäàëüøî¿ ³íäóêö³¿ êë³òèííîãî
àïîïòîçó ³ ðîçâèòêó îêñèäàòèâíîãî ñòðåñó âíàñë³äîê
íàäëèøêîâî¿ ïðîäóêö³¿ ÀÔÊ.
Êëþ÷îâ³ ñëîâà: ì³òîõîíäð³¿, Ca2+, ì³òîõîíäð³àëüíà ïîðà,
àêòèâí³ ôîðìè êèñíþ, öèòîõðîì c.
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