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Abbreviations:

 

 MTT—3-[4,5-dimethyl-2-thiaz-
olyl]-2,5-diphenyltetrazolium bromide, LPO—lipid
peroxidation, NCCR-NADH-coenzyme Q-oxidoreduc-
tase, SSCR—syccinate-coenzyme Q-oxidoreductase.

INTRODUCTION

Liver diseases are characterized by one of the high-
est mortalities in the general population. The most
severe of these diseases are hepatitis of various etiolo-
gies and alcoholic liver disease, two pathologies often
complicated by liver cirrhosis. Recently, an increasing
incidence of mixed hepatitises and liver cirrhoses has
been recorded (Bosch et al., 1994; Lieber, 1994; Andre-
eva et al., 1996).

Liver pathologies, especially those associated with
ischemic disturbances, are accompanied by essential
alterations in the functional state of the mitochondrial
respiratory chain (Krähenbühl and Reichen, 1992). The
basis of the respiratory chain is an assembly of electron
carriers inserted in the internal membrane of these
organelles. The carriers are arranged into 4 complexes
and include NADH-coenzyme Q-oxidoreductase, suc-
cinate-coenzyme Q-oxidoreductase, coenzyme Q-cyto-
chrome 

 

c

 

-oxidoreductase, and cytochrome 

 

c 

 

oxidase.
Synthesis of ATP is provided by ATP-synthase local-
ized in the internal mitochondrial membrane in close
proximity to the electron transport chain (Cross, 1994;
Boyer, 1997). Data on the state of the mitochondrial
respiratory complexes during liver pathology are rather
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Abstract

 

—Polarographical determination of oxygen concentration has shown that in rats with experimental
hepatitis induced by combined ethanol and CCl

 

4

 

 administration for 4 weeks, the functioning of the hepatocyte
mitochondrial respiratory chain is impaired. Development of liver pathology was accompanied by adipose dys-
trophy, fibrosis, and an increase of triglycerides and lipid peroxidation products in the liver tissue. The endog-
enous respiration rate in hepatocytes isolated from the pathologically altered liver was 34% higher than in the
control. Cell respiration was not stimulated by the addition of the substrates malate and pyruvate with digito-
nine. An uncoupler of oxidation and phosphorylation, 2,4-dinitrophenol, increased the hepatocyte oxygen con-
sumption rate by 37%, while addition of the inhibitor of the I complex, rotenone, decreased cell respiration in
pathologically altered hepatocytes by 27%. The states 3 (V

 

3

 

) and 4 (V

 

4

 

) of mitochondrial respiration with
malate + glutamate as substrates were found to be higher by 70% and 56%, respectively, as compared with the
control level. When using malate + glutamate or succinate as substrates, V

 

3

 

 and Vd (dinitrophenol respiration)
in the toxic hepatitis hepatocyte mitochondria did not differ from the control, which indicates no uncoupling
occurred of the oxidation and phosphorylation processes. Cytochrome 

 

c

 

 oxidase activity was elevated (+80%)
as compared with the control. Administration of the hypolipidemic agent symvastatin simultaneously with eth-
anol and CCl

 

4

 

 resulted in a reduction of the degree of liver adipose dystrophy, prevented activation of lipid per-
oxidation, and decreased the hepatocyte endogenous respiration rate. Addition of malate + pyruvate, dinitro-
phenol or rotenone produced oxygen consumption changes similar to those in the control. However, in mito-
chondria isolated from the pathologically altered liver, symvastatin induced an uncoupling effect on the
respiratory chain in the presence of the substrates malate + glutamate, but did not change the cytochrome 

 

c

 

 oxi-
dase activity. We suggest that functioning of the NCCR complex in the hepatocyte mitochondria of animals with
experimental toxic hepatitis is impaired, which leads to an intensive superoxide anion production at the level of
this complex. Under these conditions, the defect of the NADH-coenzyme Q-oxidoreductase is compensated by
functioning of other complexes of the respiratory chain (SCCR, coenzyme Q-cytochrome 

 

c

 

-reductase, cyto-
chrome c oxidase, and ATP-synthase activities).
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controversial. Some authors believe that electron trans-
port by the first and second respiratory chain complexes
are disturbed in liver pathology (Krähenbühl et al.,
1989; Nozu et al., 1992), whereas others consider
SCCR to be the least vulnerable complex, which is not
impaired, even in liver cirrhosis (Cederbaum et al.,
1974; Bottnus et al., 1982; Yang et al., 2004). Contro-
versy about the data reported by various authors and the
importance of this problem stimulate the performance
of additional studies of the hepatocyte mitochondrial
respiratory chain during liver pathology.

Most medications used in the therapy of various dis-
eases are hepatotoxic. This is due to the liver’s detoxi-
cational function responsible for metabolism of xenobi-
otics entering the human organism (Sherlock, Dooley,
1999). Many toxins, including CCl

 

4

 

 and alcohol, as
well as medicinal drugs, activate the processes of for-
mation of free radicals and thereby enhance liver lesion
(Britton and Bacon, 1994). Earlier we used a model of
complex CCl

 

4

 

 and ethanol toxic liver damage and dem-
onstrated the use of the hypolipidemic drug symvasta-
tin simultaneously with toxins to decrease the degree of
liver adipose dystrophy and blood cholesterol level
(Okovityi et al., 2004). Symvastatin is an inhibitor of 3-
hydroxy-3-methyl glutaryl coenzyme A reductase; this
is an enzyme participating in cholesterol formation in
liver, which also has an antioxidant action (Lyakishev,
2001). Free radical oxidation is enhanced in pathology
and can be one of the mechanisms of damage of the
hepatocyte mitochondrial respiratory chain. From this
point of view it would be interesting verify the possibil-
ity of correction by this agent, which is characterized
by hypolipidemic antioxidant activities, of lesions of
the hepatocyte mitochondrial electron transport chain
during the development of toxic hepatitis.

The goal of our work was to perform studies in iso-
lated hepatocytes and mitochondria of: (1) the state of
hepatocyte mitochondrial respiratory chain in rats with
experimental toxic hepatitis, and (2) possible correc-
tion by symvastatin of disturbances in the activity of the
hepatocyte mitochondrial electron-transport chain.

MATERIALS AND METHODS

 

Experimental animals and modeling of toxic
hepatitis.

 

 The study was carried out on 36 Wistar male
rats weighing 180–200 g at the beginning of experi-
ment. The animals were kept under standard conditions
of light regime and of food ration. All animals were
divided into 4 groups. The 1st group was the control
(intact rats). Rats of the 2nd and 3rd groups were used
for modeling experimental toxic hepatitis (Strubelt et
al., 1978; Vengerovskii, 2000); for this, 50% CCl

 

4

 

 in
vaseline oil at a dose of 0.2 ml/kg was administered into
the stomach twice a week for one month. These animals
were given 5% ethanol in their drinking water. Rats of
the 3rd group also were administered a water suspen-
sion of symvastatin at a dose of 1 mg/kg intragastri-
cally. The effect of the drug itself (the control for the

drug only) was assayed in the 4th group of animals that
were administered symvastatin by the same scheme as
the rats with liver pathology. Two days after the last
CCl

 

4

 

 administration the animals were sacrificed under
thiopental anesthesia.

 

Isolation of hepatocytes from normal and patho-
logically altered rat liver.

 

 Isolated rat hepatocytes
were obtained by the modified Seglen’s method
(Seglen, 1976). Liver was perfused in situ for 5 min via
the portal vein with a buffer (pH 7.4) containing 8.3 g/l
NaCl, 0.5 g/l KCl, 2.4 g/l HEPES, 2 g/l glucose, and
5.5 ml/l of 1 M NaOH and heated to 37

 

°

 

C. Then liver
was removed, placed into a sterile Petri dish, and
minced into pieces of about 1 mm

 

3

 

. After washing with
Eagle’s medium supplemented with 0.1% glucose, 0.01
M HEPES, 1% fetal calf serum, and 40 

 

µ

 

g/ml gentam-
icin, the pieces were placed into 0.5% collagenase IV
(Sigma, USA) in Eagle’s medium with 0.1 M HEPES
(pH 7.6). After 5 min of incubation in the enzyme solu-
tion at 37

 

°

 

C with constant shaking, supernatant was
collected and the procedure was repeated two more
times while increasing its duration to 20 min and add-
ing fresh enzyme. The pooled hepatocyte suspension
was filtered through a sterile nylon filter and the cells
were washed three times with Eagle’s medium and
were sedimented by centrifugation at 20 g. Viability of
hepatocytes was estimated by staining with trypan blue,
acridine orange, and ethidium bromide as well as using
the MTT test (Mossman, 1983). Hepatocyte viability
varied from 70% to 90% in various experiments. The
number of isolated hepatocytes in the suspension was
determined by counting cells in Goryaev’s chamber.

 

Isolation of mitochondria from hepatocytes.

 

Mitochondria were isolated by the method of differen-
tiated centrifugation (Jonson and Lardy, 1969) with
small modifications. The liver pieces were homoge-
nized with a hand homogenizer at 0

 

°

 

C in medium 1
containing (mM): 250 sucrose (without Ca

 

2+

 

), 3 Tris,
and 0.5 EGTA (pH 7.3). The homogenate was centri-
fuged for 5 min at 700 g and 0

 

°

 

C. The obtained super-
natant was centrifuged for 10 min at 7000 g and 0

 

°

 

C in
medium 2 containing 250 mM sucrose (without Ca

 

2+

 

),
3 mM Tris, at pH 7.3. The obtained mitochondrial pel-
let was washed twice in medium 2 and mitochondria
were sedimented by centrifugation at 7000 g. The pro-
tein concentration was determined the method of Brad-
ford (1976).

 

Determination of hepatocyte dry mass. 

 

The dry
mass of hepatocytes was determined by the method of
interference microscopy (Barer, 1953; Barer and
Joseph, 1954) using an MBIN-4 microscope with
objective 40 

 

×

 

 0.65. The principle of the method consists
of measuring the ray pathway difference introduced by the
studied object. From the pathway difference and the area
of the object, the total content (mass) of dry substances in
the object can be found by the formula:

M
δS

100α
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where 

 

M

 

—mass of the cell (g), 

 

δ

 

—difference of the ray
pathway (cm), 

 

S

 

—area of the cell (cm

 

2

 

), 

 

α

 

—specific
increment of the object refractive index (for glycerol, it
amounts to 0.00095 sm

 

3

 

 g

 

–1

 

), 

 

l

 

1

 

—the first angle of ana-
lyzer (grad), 

 

l

 

2

 

—the second angle of analyzer (grad),

 

λ

 

—the light wavelength (nm).
The cell area 

 

S

 

 was determined in a VideoTest image
analyzer by using the Razmer program. In each prepa-
ration, 100 cells were measured.

 

Preparation of histological sections and smears
of isolated hepatocytes.

 

 Histological sections were
prepared by the standard procedure (Roskin, 1957). Rat
liver pieces were fixed in 10% formalin and embedded
in paraffin blocks, from which 5 

 

µ

 

m thick sections were
cut on a microtome. The sections were stained with
hematoxylin-eosin or Van Gieson picrofuchsin (Pearce,
1962).

Preparations for interferometry were made on stan-
dard object glasses as smears of isolated hepatocytes by
the method described earlier (Kudryavtseva et al.,
1970). For this purpose, the minced liver pieces were
placed for 15 min into a mixture of equal volumes of
0.067 M K,Na-phosphate buffer, pH 8.0, and 5%
sucrose. Then the pieces were transferred to 0.067 M
K,Na-phosphate buffer, pH 7.4, and kept there for
8 min; after that, cell smears from the liver pieces were
prepared and fixed with methanol.

 

Evaluation of the state of mitochondrial respira-
tory chain.

 

 The mitochondrial respiratory chain was
studied by the polarographic method (Chance and Wil-
liams, 1956; Estabrook, 1967). The functional states of
NADH-coenzyme Q-oxidoreductase (I complex),
SCCR and coenzyme Q-cytochrome 

 

c

 

-oxidoreductase
(III complex) were evaluated with special substrates
and inhibitors of these complexes by using the follow-
ing parameters for the work on isolated mitochondria:

• V

 

4

 

 (a high content in the incubation medium of the
following substrates—5 mM glutamate and 5 mM
malate (substrates of the I complex) or 5 mM succinate
(substrate of the II complex) in the absence of ADP;

• V

 

3

 

 (the same conditions as at the V

 

4

 

 determination,
but in the presence of 200 

 

µ

 

M ADP, the factor limiting
the reaction rate being the respiratory chain itself);

• Vd (the same conditions as during the V

 

4

 

 determi-
nation, but in the presence of the 30 

 

µ

 

M 2,4-dinitrophe-
nol, an uncoupler of oxidation and phosphorylation).

As well, the respiratory control representing the
V

 

3

 

/V

 

4

 

 ratio was estimated.
When studying the functional state of the mitochon-

drial respiratory chain complexes in isolated hepato-
cytes, other parameters were used:

• endogenous respiration V

 

0

 

 (the rate of oxygen con-
sumption by cells on endogenous substrates);

• respiration on exogenous substrates (5 mM
glutamate and 5 mM malate or 5 mM succinate with
digitonine);

• respiration upon the action on cells of 1 

 

µ

 

M roten-
one (an inhibitor of the I complex) and 30 

 

µ

 

M 2,4-dini-
trophenol.

 

Determination of cytochrome 

 

c

 

 oxidase.

 

 A mito-
chondrial suspension (1 mg protein/ml) was introduced
into the incubation medium containing 5 mM ascorbic
acid (a donor of electrons), 0.2 mM Na

 

2

 

EDTA, as well
as 10 

 

µ

 

M cytochrome 

 

c

 

 for elimination of the reaction
rate limitation due to its deficit. Then 120 

 

µ

 

M tetrame-
thylparaphenylenediamine (an electron carrier, with
ascorbic acid, to the cytochrome system) was added to
the reaction mixture, with measurement of the oxygen
consumption rate (Estabrook, 1967). Based on the
obtained data, the cytochome 

 

c

 

 oxidase activity was
calculated by the method of Lineweaver-Burk.

 

Determination of LPO parameters. 

 

The intensity
of lipid peroxidation was studied by measuring the con-
centration of diene conjugates and Schiff bases in liver
homogenate (Bidlack and Dyel, 1959; Stalnaya, 1977).

 

Determination of triglyceride level.

 

 The triglycer-
ide level in the rat liver was measured by the method of
Gottfried and Rosenberg (1973).

 

Statistical treatment of the obtained data.

 

 During
statistical treatment of data, the means and the mean
errors were calculated. Statistical significance of the
means was evaluated by using Student’s 

 

t

 

 criterion. The
differences were considered statistically significant at
the confidence probability of 0.95. The calculations
were performed using Statistica 6.0 program.

RESULTS

 

Histological characteristics of the liver in experi-
mental toxic hepatitis.

 

 The combined toxic action of
alcohol and CCl

 

4

 

 leads to the appearance in rat liver of
signs of inflammation, adipose degeneration, and fibro-
sis. The organ’s lobular structure is disturbed. Liver
parenchyma is infiltrated with connective tissue strands
(Fig. 1a). Vascular walls are thickened and fibrosed
(Fig. 2a). In the liver parenchyma, especially near ves-
sels, activated Kupffer’s cells and leucocytic infiltrates
are seen (Fig. 2a). The damaged liver parenchyma is
regenerating, which is confirmed by hepatocyte mitoses
often being present that are practically absent under
normal conditions (Fig. 2b).

In the liver parenchyma of the rats that simulta-
neously with toxic action were given the hypolipidemic
agent symvastatin, the adipose dystrophy was pro-
nounced to a significantly lesser degree; however, sym-
vastatin use did not affect the degree of parenchyma
fibrosis and the activity of inflammatory processes
(Fig. 1b).

 

Morphology of isolated hepatocytes of normal
and pathologically altered liver.

 

 Isolated hepatocytes
of the normal rat liver had a regular rounded shape with
centrally located nucleus, clearly outlined plasma
membrane, and a large amount of cytoplasm. Isolated
hepatocytes of the pathologically altered liver had sig-
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nificantly more diverse sizes; very large cells with large
polyploid nuclei were revealed. The cytoplasm often
contained vacuoles, the plasma membrane had numer-
ous outgrowths. The percent of intact hepatocytes after
their isolation, both from normal and from pathologi-
cally changed liver, varied in different experiments
from 70% to 90%.

 

Determination of triglycerides in pathologically
altered rat liver.

 

 Development of experimental toxic
hepatitis in rats was accompanied by an increase of trig-
lycerides (Fig. 3). Use of symvastatin produced a statis-
tically significant decrease of the triglyceride level
(Fig. 3). The symvastatin administration induced a sta-
tistically significant decrease of the triglyceride level in
liver of rats of the 3rd group as compared with group 2
(

 

p

 

 < 0.02) and in group 4 as compared with group 1 (

 

p

 

 <
0.05).

 

Measurement of the liver cell dry mass.

 

 In the rats
treated with CCl

 

4

 

 and ethanol, significant hepatocyte
hypertrophy developed, which was indicated by an
almost two-fold increase of the mean dry mass of these
cells (Table 1). Under the use of symvastatin, this hepa-
tocyte hypertrophy was practically absent.

 

State of the mitochondrial respiratory chain in
isolated hepatocytes.

 

 Results of measurements of the
oxygen consumption rate by isolated hepatocytes of the
1st (control), 2nd (toxic hepatitis), and 3rd (toxic hepa-
titis + symvastatin) rat groups are presented in Table 2.

 

(‡) (b)

 

Fig. 1.

 

 Histological sections of liver sections in experimental toxic hepatitis.
(a)—hepatitis, (b)—the same under conditions of use of symvastatin. Van Gieson staining. 

 

Black arrows

 

—lipid droplets, 

 

white
arrows

 

—connective tissue bands. Objective 6.3 

 

×

 

 0.12.

 

(‡) (b)

 

Fig. 2.

 

 Histological sections of liver sections in experimental toxic hepatitis.
Hematoxylin-eosin staining. Objective 25 

 

× 0.5 (a), 40 × 0.65 (b). Black arrows—mitoses, white arrows—Kupffer’s cells.

8
7
6
5
4
3
2
1
0

IVIIIIII

Triglycerides, mg/100 mg

Fig. 3. Content of triglycerides (M ± SEM) in the liver of
control rats (I), in rats with toxic hepatitis (II) with the use
of symvastatin in a background of development of pathol-
ogy (III) and without it (IV).
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It was observed that the hepatocyte endogenous respi-
ration rate in the 2nd group was higher by 34% than in
control.

Addition of substrates malate and pyruvate with dig-
itonine did not stimulate cell respiration. The 2,4-Dini-
trophenol increased the hepatocyte respiration by 37%
as compared with the cell endogenous respiration. The
presence of rotenone in the isolated hepatocyte suspen-
sion of the 2nd group animals decreased the oxygen
consumption rate by 27% as compared with respiration
on malate and private. This decrease was twice lower
than in the control group (–59%).

The hepatocyte endogenous respiration rate in rats
of the 3rd group was lower by 30% than in the control
and lower by 48% than the hepatocyte endogenous res-
piration in the 2nd group animals (Table 2).

Unlike the case for the hepatocytes of rats of the 2nd
group, addition of malate and pyruvate with digitonine
to the hepatocyte suspension of the 3rd group animals
increased the cell respiration by 56% relative to endog-
enous respiration. Addition of 2,4-dinitrophenol into
the hepatocyte suspension of the 3rd group increased
respiration by 44%. The relative respiration in this case
practically did not differ from the response to 2,4-dini-
trophenol in animals of the 2nd group. Thus, by the
degree of coupling of oxidation and phosphorylation,
no differences between the hepatocytes of the three rat
groups were revealed.

The hepatocyte respiration rate in the 3rd rat group
in response to addition of rotenone decreased by 45%
as compared with respiration using malate and pyru-
vate. This response was statistically significantly more
pronounced than in the second group, but lower than in
the control group. This could indicate a less pro-

nounced lesion of the respiratory chain first site in the
presence of symvastatin.

State of the respiratory chain of rat liver isolated
mitochondria. The cell respiration (the rate of oxygen
consumption by cell) could depend on such unspecific
factors as membrane permeability, activity of lysos-
omes, etc. To rule out effects of these factors on results
of evaluation of the isolated hepatocyte respiration, we
studied the state of the respiratory chain on isolated
mitochondria.

The respiration intensity of mitochondria isolated
from the livers of rats of the 2nd and 3rd groups using
succinate as a substrate in state 4 (V4) and respiratory
control did not differ from the corresponding control
values (Fig. 4). We revealed no differences between the
V3 and Vd parameters using succinate for liver mito-
chondria of the 2nd and 3rd rat groups, which indicates
the absence of uncoupling of oxidation and phosphory-
lation processes. These data are similar with those
obtained for the oxidation and phosphorylation uncou-
pling in hepatocytes of the 2nd and 3rd group rats. In
the 1st and 4th groups the Vd parameter did not differ
statistically significantly from V3, which indicates the
complete coupling of oxidation and phosphorylation
processes (Fig. 5). The V3 parameter of the 2nd group
mitochondria turned out to be higher by 23% (p < 0.05)
than in the control. In the 3rd and 4th groups, V3 did not
differ from control (Fig. 5). These data indicate that in
experimental hepatitis the functional activity of hepato-
cyte mitochondrial respiratory chain was elevated.

Study of respiration of mitochondria on glutamate
and malate demonstrated and increase of the V4 rate in
the 2nd rat group by 56% (p < 0.01) as compared with
the control (Fig. 6). The mitochondrial V4 of the 3rd
and 4th groups did not differ from the control. The res-
piratory control in all groups was at the control level.
No differences were revealed between the V3 and Vd
parameters on glutamate and malate in the 2nd group,
which indicates the absence of uncoupling of the oxida-
tion and phosphorylation processes (Fig. 7). In the 3rd
and 4th groups of animals treated with symvastatin, dif-
ferences between the mitochondrial V3 and Vd param-
eters amounted to 34% (p < 0.05) and 27% (statistically
non-significantly), respectively. The mitochondrial V3
parameter value of the 2nd rat group exceeded that of

Table 1.  Results of measurement of hepatocyte dry mass

Control Hepatitis Hepatitis +
+ symvastatin

Dry mass, pg 1422 ± 34 2271 ± 160* 1743 ± 170**

Number of rats 5 6 5

Note: * p < 0.01 relative to control, ** p < 0.05 relative to the
group of hepatitis, M ± m.

Table 2.  Rate of oxygen consumption by hepatocytes at addition of the respiratory chain substrates (malate + pyruvate with dig-
itonine), inhibitor (rotenone), and uncoupler (2,4-dinitrophnol)

Oxygen consumption rate,
nmole O2 mln cells–1 min–1 Control Hepatitis Hepatitis + symvastatin

Endogenous respiration V0 14.0 ± 0.8 18.8 ± 3.21* 9.9 ± 0.31*/2**

Malate (1 mM) + pyruvate (5 mM) 19.4 ± 0.9 18.7 ± 5.2 15.5 ± 1.2

2,4-Dinitrophenol (5 µM) 18.5 ± 0.7 25.2 ± 9.1 14.3 ± 1.0

Rotenone (5 µM) 8.0 ± 0.5 13.7 ± 1.1 8.5 ± 0.7

Note: M ± m, * p < 0.05, ** p < 0.02, 1 comparison with control, 2 comparison with hepatitis, n = 5.
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the control group by 70% (p < 0.001). In the 3rd and 4th
groups the V3 parameter did not differ statistically sig-
nificantly from the control (Fig. 7).

Activity of cytochrome c oxidase. Measurements
of the cytochrome c activity have shown this activity in
rats with experimental hepatitis to be by 80% higher
(p < 0.01) as compared with the control (Fig. 8). In rats
of the 3rd group, the cytochrome c activity was the
same as in experimental hepatitis. Administration of
symvastatin to control animals did not lead to any
changes of the cytochrome c activity.

Activity of LPO processes in rat liver. The study
of LPO showed that the content of Schiff bases and
diene conjugates in liver homogenates from rats with
experimental hepatitis exceeded that in the control by

145% (p < 0.05) and 153% (p < 0.05), respectively
(Table 3). Administration of symvastatin simulta-
neously with toxins prevented activation of the rat liver
LPO processes. Administration of symvastatin to con-
trol animals led to a statistically significant decrease of
the LPO parameters (Table 3).

DISCUSSION

The performed study revealed a disorder in the
activity of the NCCR site (the 1st complex) of the hepa-
tocyte mitochondrial respiratory chain in rats with toxic
hepatitis. This is indicated by the fact that respiration
intensity of isolated hepatocytes did not change on
addition to the incubation medium of substrates malate

18
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2

0
Control Hepatitis Hepatitis + Control +

V4, nmole O2/(mg protein × min)

symvastatin symvastatin

Fig. 4. Rates of oxygen consumption (M ± SEM) by hepa-
tocyte mitochondria in state 4 with succinate as substrate.
Here and in Figs. 5–8: I—control rats; II—rats with toxic
hepatitis; III—the same with the use of symvastatin in a
background of the development of pathology (III) and with-
out it (IV).
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Fig. 5. Rates of oxygen consumption (M ± SEM) by hepa-
tocyte mitochondria in state 3 (V3) and in the presence of
dinitrophenol (Vd) with succinate as the substrate.
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Fig. 6. Rates of oxygen consumption (M ± SEM) by hepa-
tocyte mitochondria in state 4 with malate and glutamate as
substrates.
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Fig. 7. Rates of oxygen consumption (M ± SEM) by hepa-
tocyte mitochondria in state 3 (V3) and in the presence of
dinitrophenol (Vd) with malate and glutamate as substrates.



CELL AND TISSUE BIOLOGY      Vol. 1      No. 2      2007

STATE OF LIVER MITOCHONDRIAL RESPIRATORY CHAIN IN RATS 175

and pyruvate (Table 1). As well, addition of rotenone,
an inhibitor of the respiratory chain 1st complex, pro-
duced only a slight decrease of isolated hepatocyte res-
piration (Table 1). Disturbances of the activity of the
respiratory chain 1st complex of hepatocyte mitochon-
dria in pathology, specifically in liver cirrhosis, have
been reported in several works (Jikko et al., 1984;
Krähenbühl et al., 1992, 2000; Yang et al., 2004). The
cause of the NCCR damage is suggested to be an
increase of the free radical level (Yang et al., 2004).

It is known that CCl4 and ethanol are powerful acti-
vators of the LPO process (Slater, 1966; McCay et al.,
1980; Chiarpotto et al., 1981). Our data from the mea-
surement of the concentrations of diene conjugates and
Schiff bases confirm an increase of the LPO level in the
liver tissue in toxic hepatitis. LPO products have a high
reactive activity and are able to interact both with pro-
teins and with lipids by initiating free-radical oxidation
of cell membranes, including the internal mitochon-
drial membrane that contains respiratory chain com-
plexes (Krähenbühl and Reichen, 1992). However,
what the reflection of the damage of the mitochondrial
respiratory chain is and how this chain is functioning in
liver pathology, remains unclear.

We established the endogenous respiration rate of
isolated hepatocytes in rats with toxic hepatitis was
34% higher than in the control. However, the elevated
oxygen consumption was not necessarily due to oxida-
tive phosphorylation processes, as oxygen can be con-
sumed in processes that are not associated with cyto-
chrome c oxidase activity. Results of the study of cou-
pling of oxidation and phosphorylation both on isolated
hepatocytes and on isolated mitochondria indicate the
absence of uncoupling of these processes. This might
possibly be due to the fact that in the first respiratory
chain site the electron transfer occurs to oxygen, rather
than to iron-sulfur centers of NADH-coenzyme Q-oxi-
doreductase. The mitochondrial respiratory chain, spe-
cifically NADH-coenzyme Q-oxidoreductase and
coenzyme Q-cytochrome c-oxidoreductase, are able
perform the one-electron reduction of oxygen to super-
oxide anion (Skulachev, 2001). However, in the hepato-
cytes of normal liver, the intensity of this process is
negligible and it does not noticeably affect the respira-
tory chain activity, as an antioxidant protection system
exists in the mitochondria themselves (Agol, 1996). It
could be suggested that disturbances of the respiratory
chain complex I activity in hepatocyte mitochondria of
rats with toxic hepatitis are due to a disorder of electron
transport by this complex, which leads to formation of
a large amount of superoxide anion. This could explain
the increase of oxygen consumption by mitochondria
of the pathologically altered hepatocytes. Cytochrome
c in turn could oxidize the formed superoxide anion.
Then the reduced cytochrome c may transfer electrons
to cytochrome c oxidase (Skulachev, 2001). The
increase of the cytochrome c oxidase activity, which we
revealed in the hepatocyte mitochondria of rats with
toxic hepatitis, agrees well with the above suggestion.

The data on the measurement of hepatocyte respira-
tory control in rats with toxic hepatitis also indicated
that an increase of cytochrome c activity is the mecha-
nism compensating disturbances of the activity of the
respiratory chain I complex, which allowed mitochon-
dria to cope with the energy-forming function under
conditions of oxygen “leakage” for formation of super-
oxide anion.

Study of isolated mitochondrial respiration on suc-
cinate showed that neither V4 nor respiratory control of
mitochondria in animals with toxic hepatitis differed
from the corresponding control values. No differences
were also revealed between the V3 and Vd parameters.
These data indicate that the state of the respiratory
chain II complex (succinate-coenzyme Q-oxidoreduc-
tase) in liver pathology does not differ from the norm.
The V3 parameter, both on malate and on succinate, in
hepatocyte mitochondria of rats with toxic hepatitis
was higher than that in control animals. We are not
aware of the reason for such an increase. This might be
due to increased functional activity of ATP-synthase
and/or to elevated superoxide anion production. To
confirm this suggestion, a study of ATP synthesis and of
superoxide anion seems to be necessary.

Our study of the development of toxic liver lesions
in the presence of symvastatin showed that this sub-
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Fig. 8. Changes of cytochrome c oxidase activity (M ±
SEM) in the liver of rats with toxic hepatitis and with the
use of symvastatin. 

Table 3.  Content of Schiff bases and diene conjugates in rat
liver

Schiff bases, 
relat. units

Diene conju-
gates, µmoles/l

Control 172 ± 22 12.5 ± 1.8

Hepatitis 421 ± 491** 31.6 ± 2.11***

Hepatitis + symvastatin 102 ± 151*/2*** 18.6 ± 2.72**

Control + symvastatin 99 ± 71* 4.5 ± 0.81**

*** p < 0.001, ** p < 0.01, * p < 0.05, 1 comparison with control,
2 comparison with hepatitis, n = 6.
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stance prevents development of liver adipose dystro-
phy, as well as leading to a decrease in the level of LPO.
This is indicated by the data of histological study and of
evaluation of the levels of triglycerides, diene conju-
gates, and Schiff bases. As well, symvastatin decreased
the rate of hepatocyte endogenous respiration in rats
with toxic hepatitis. However, in isolated mitochondria,
the V4 parameter with malate and glutamate did not dif-
fer statistically significantly from the control. This
might possibly be due to the ability of the symvastatin
antioxidant properties to reduce the degree of the free
radical oxidation-associated damage. Data on the V3
and Vd parameters indicate that symvastatin uncoupled
the respiratory chain (Fig. 7). However, this effect was
revealed when measuring these parameters only in the
first complex substrates, which suggests that symvasta-
tin somehow affects functioning of the respiratory
chain I complex.

The obtained data allow us to propose the hypothe-
sis that in toxic hepatitis the activity of the respiratory
chain I complex is disturbed due to leakage of electrons
to oxygen and formation of the superoxide anion. As to
the revealed changes in the activities of other respira-
tory chain complexes, they seem to be compensations
in order to maintain mitochondrial energy production.
In spite of the pronounced hypolipidemic and antioxi-
dant action of symvastatin, it induced the uncoupling
effect on the processes of oxidation and phosphoryla-
tion in cell respiration, which led to an additional load
on the respiratory chain.

REFERENCES

Agol, V.I., The Genetically Programmed Cell Death, Soros-
ovs. Obrazov. Zh., 1996, vol. 6, pp. 20–24.

Andreeva, R.M., Samsonov, V.A., Fedorova, L.A., and
Nekachalov, V.V., Clinicomorphological Characteristics of
Liver Cancer, Vopr. Onkol., 1996, vol. 42, pp. 91–92.

Barer, R., Determination of Dry Mass, Thickness, Solid and
Water Concentration in Living Cells, Nature, 1953, vol. 172,
pp. 1097–1098.

Barer, R., and Joseph, S., Refractometry of Living Cells. 1.
Basic Principles, Quart. J. Microscop. Sci., 1954, vol. 95,
pp. 399–423.

Bidlack, W.R. and Dyel, A.L., Damage of Microsomal Mem-
brane by Lipid Peroxidation, Lipids, 1959, vol. 8, pp. 177–
182.

Bosch, J., Bruix, J., Mas, A., Navasa, M., and Rodes, J., Roll-
ing Review: the Treatment of Major Complications of Cir-
rhosis, Aliment. Pharmacol. Ther., 1994, vol. 8, pp. 639–657.

Bottnus, R., Spach, P., Filus, S., and Cunningham, C., Effect
of Chronic Ethanol Consumption on Energy-linked Pro-
cesses Associated with Oxidative Phosphorylation: Proton
Translocation and ATP-Pi Exchange, Biochem. Biophys. Res.
Commun., 1982, vol. 105, pp. 1368–1373.

Boyer. P.D., The ATP Synthase—a Splendid Molecular
Machine, Annu. Rev. Biochem., 1997, vol. 66, pp. 717–750.

Bradford, M.M., Rapid and Sensitive Method for the Quan-
titation Quantity of Protein Utilizing the Principle of Protein
Dye Binding, Analyt. Biochem., 1976, vol. 72, pp. 248–254.
Britton, R.S. and Bacon, B.R., Role of Free Radicals in Liver
Diseases and Hepatic Fibrosis, Hepatogastroenterol., 1994,
vol. 41, pp. 343–348.
Cederbaum, A., Lieber, C., and Rubin, E., Effects of Chronic
Ethanol Treatment on Mitochondrial Functions Damage to
Coupling Site I, Arch. Biochem. Biophys., 1974, vol. 165,
pp. 560–569.
Chance, B. and Williams, G., The Respiratory Chain and
Oxidative Phosphorylation, Adv. Enzymol., 1956, vol. 17,
pp. 65–134.
Chiarpotto, E., Olivero, J., and Albano, E., Studies on Lipid
Peroxidation Using Whole Liver Cells, Experientia, 1981,
vol. 37, pp. 396–397.
Cross, R.L., Our Primary Source of ATP, Nature, 1994,
vol. 370, pp. 594–595.
Estabrook, R.W., Mitochondrial Respiratory Control and the
Polarographic Measurement of ADP:O Ratios, Methods
Enzymol., 1967, vol. 10, pp. 41–47.
Gottfried, S.P. and Rosenberg, B., Improved Manual Spec-
trophotometric Procedure for Determination of Triglycer-
ides, Clin. Chem., 1973, vol. 19, pp. 1077–1078.
Jikko, A., Taki, Y., and Nakamura, N., Adenylate Energy
Charge and Cytochrome a (+a3) in the Cirrhotic Rat Liver,
J. Surg. Res., 1984, vol. 37, pp. 361–368.
Jonson, D. and Lardy, H., Isolation of Liver or Kidney Mito-
chondria, Methods in Enzymology, N.-Y.: Acad. Press, 1969,
vol. 10, pp. 94–96.
Krähenbühl, L., Ledermann, M., Lang, C., and Krähen-
bühl, S., Relationship between Hepatic Mitochondrial Func-
tion in vivo and in vitro in Rats with Carbon Tetrachloride-
induced Liver Cirrhosis, Hepatology, 2000, vol. 33, pp. 216–
223.
Krähenbühl, S. and Reichen, J., Adaptation of Mitochondrial
Metabolism in Liver Cirrhosis: Different Strategies to Main-
tain a Vital Function, Scand. J. Gasroenterol., 1992, vol. 27,
pp. 90– 96.
Krähenbühl, S., Stucki, J., and Reichen, J., Mitochondrial
Function in Carbon Tetrachloride-induced Cirrhosis in the
Rat: Qualitative and Quantitative Defects, Biochem. Phar-
macol., 1989, vol. 38, pp. 1583–1588.
Krähenbühl, S., Stucki, J., and Reichen, J., Reduced Activity
of the Electron Transport Chain in Liver Mitochondria Iso-
lated from Rats with Secondary Biliary Cirrhosis, Hepatol-
ogy, 1992, vol. 15, pp. 1160–1166.
Kudryavtseva, M.V., Kudryavtsev, B.N., and Rozanov, Yu.M.,
Determination of Glycogen Amount in Rat Liver Cells with
Use of the Fluorescent Dye Auramine, Tsitologiya, 1970,
vol. 12, pp. 1060–1067.
Lieber, C.S., Hepatic and Metabolic Effect of Ethanol:
Pathogenesis and Prevention, Ann. Med., 1994, vol. 26,
pp. 325–330.
Lyakishev, A.A., Therapy with Statins: the Point of View of
a Clinical Pharmacologist, Russ. Medits. Zh., 2001, vol. 9,
pp. 48–50.
McCay, P.B., Nogishi, T., and Lai, E.K., Relationship
between the Loss of a Specific Microsomal Cytochrome
P-450 and the Formation of CCl3 from CCl4, Fed. Proc.,
1980, vol. 39, pp. 612–615.



CELL AND TISSUE BIOLOGY      Vol. 1      No. 2      2007

STATE OF LIVER MITOCHONDRIAL RESPIRATORY CHAIN IN RATS 177

Mossman, T., Rapid Colorimetric Assay for Cellular Growth
and Survive: Application to Proliferation Cytotoxity Assays,
J. Immunol. Meth., 1983, vol. 65, pp. 55–63.
Nozu, F., Takeyama, N., and Tanaka, T., Changes of Hepatic
Fatty Acid Metabolism Produced by Chronic Thioacetamide
Administration in Rats, Hepatology, 1992, vol. 15, pp. 1099–
1106.
Okovityi, S.V., Yaroslavtsev, M.Yu., Sakuta, G.A., Lit-
anyuk, A.P., Shulenin, S.N., and Kudryavtsev, B.N., Pecu-
liarities of the Symvastatin in Rat Experimental Hepatopa-
thy, Gepatologiia, 2004, vol. 5, pp. 4–7.
Pearce, A.G.E., Gistokhimiya. Teoreticheskaya i prikladnaya
(Histochemistry. Theoretical and Applied), Moscow: Izdat.
Inostr. Liter., 1962.
Roskin, G.I., Mikroskopicheskaya tekhnika (Microscopy
Technique), Moscow: Sovetskaya Nauka, 1957.
Seglen, P., Preparation of Isolated Rat Liver Cells, Meth. Cell
Biol., 1976, vol. 13, pp. 29–83.
Sherlock, Sh. and Dooley J., Zabolevaniya pecheni i zhelch-
nykh putei. Prakticheskoe rukovodstvo (Diseases of Liver
and Biliary Tract. Practical Handbook), Moscow: Geotar,
1999.

Skulachev, V.P., Phenomenon of Programmed Death. Mito-
chondria, Cells, and Organs: Role of Reactive Oxygen Spe-
cies, Sorovsk. Obrazovat. Zh, 2001, vol. 7, pp. 4–10.
Slater, T.F., Necrogenic Action of CCl4 in the Rat: Speculate
Mechanism Based on Activation, Nature, 1966, vol. 209,
pp. 36–40.
Stalnaya, I.D., Method of Determination of Diene Conjuga-
tions of Unsaturated Fatty Acids, Sovremennye metody v
biologii (Current Methods in Biology), Moscow: Meditsina,
1977.
Strubelt, O., Obermier, F., and Siegers, C.P., Increased Car-
bon Tetrachloride Hepatotoxicity after Low-level Ethanol
Consumption, Toxicology, 1978, vol. 10, pp. 261–270.
Vengerovskii, A.I., Methodical Instructions on Study of the
Hepatoprotective Activity of Pharmacological Agents, Ruko-
vodstvo po eksperimentalnomu (doklinicheskomu) izucheniyu
novykh farmakologicheskikh veshchestv (Handbook of
Experimental (Preclinical) Study of New Pharmacological
Substances), Moscow: Remedium, 2000, pp. 228–231.
Yang, S., Tan, T.M.C., Wee, A., and Leow, C.K., Mitochon-
drial Respiratory Function and Antioxidant Capacity in Nor-
mal and Cirrhotic Livers Following Partial Hepatectomy,
Cell. Mol. Life Sci., 2004, vol. 61, pp. 220–229.


