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The mechanisms involved in maintaining steady-
state intermediate concentrations and high effective
catalysis in single metabolic pathways and cell com-
partments are of high importance for regulation of cell
metabolism [1, 2]. The dehydrogenase systems in cyto-
sol and mitochondria are known to operate under condi-
tions of steady-state concentration of their metabolites
and coenzymes approaching the thermodynamic equi-
librium. Therefore, [oxidized metabolite]/[reduced meta-
bolite] ratios for each individual dehydrogenase reflect

redox state of nicotinamide nucleotides such as free
NAD+/NADH and NADP+/NADPH [3, 4].

The ratio of free NAD+/NADH in the cytosol of normal
rat liver is nearly 1000 while NADP+/NADPH ratio is about
0.010. Such a five orders� difference indicates that
NAD-system operates as an acceptor of electrons and
protons in the reactions of organic substrate oxidation
while NADP-system functions as a donor of reducing
equivalents in the biosynthetic processes. Strictly speak-
ing, the meaning of the existence of two dehydrogenase
systems utilyzing NAD+ or NADP+ as coenzymes con-
sists in maintaining two opposite processes, namely
generation and utilization of reducing equivalents [5, 6].
Experimental data show that metabolic alterations (star-
vation, fat diet, ethanol loading) as well as hormonal dis-
turbances (diabetes mellitus, insulin or thyroxin treat-
ment) strongly affect free NAD(P)+/NAD(P)H ratio con-
trolling in such a way carbon flow distribution within the
fundamental pathways [3, 7].
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The relationships between the redox state of nicotinamide nucleotides, lipid peroxidation, and antioxidant enzyme activities
in both liver of tumor-bearing rats and C-27 hepatoma tissue have been studied. It was found that tumor tissue exhibited
low content of oxidized forms of nicotinamide nucleotides (NAD+ and NADP+) and lowered ratio of free NAD+/NADH and
NADP+/NADPH in cell cytosol as well as low lipid peroxidation level and inhibition of superoxide dismutase and catalase
activities. Similar but less significant changes occurred in the liver of tumor-bearing rats. The increase in glutathione
peroxidase and glutathione reductase activities in both liver of tumor-bearing rats and C-27 hepatoma tissue suggests that
exactly these enzymes play a leading role in antioxidant defense system in tumor-bearing hosts.
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Èññëåäîâàíà çàâèñèìîñòü ìåæäó îêèñëèòåëüíî-âîññòàíîâèòåëüíûì ñòàòóñîì íèêîòèíàìèäíûõ êîôåðìåíòîâ,
èíòåíñèâíîñòüþ ïðîöåññîâ ïåðåêèñíîãî îêèñëåíèÿ è àêòèâíîñòüþ ôåðìåíòîâ àíòèîêñèäàíòíîé çàùèòû â ïå÷å-
íè êðûñ-îïóõîëåíîñèòåëåé è ãåïàòîìå Ñ-27. Óñòàíîâëåíî, ÷òî äëÿ îïóõîëåâîé òêàíè õàðàêòåðíî íèçêîå ñîäåð-
æàíèå îêèñëåííûõ ôîðì íèêîòèíàìèäíûõ êîôåðìåíòîâ (NAD+ è NADP+), ïîíèæåííîå ñîîòíîøåíèå ñâîáîä-
íûõ NAD+/ NADH è NADP+/NADPH â öèòîçîëå êëåòîê, íèçêàÿ àêòèâíîñòü ïðîöåññîâ ïåðåêèñíîãî îêèñëåíèÿ,
èíãèáèðîâàíèå àêòèâíîñòè ñóïåðîêñèääèñìóòàçû è êàòàëàçû. Àíàëîãè÷íûå, íî ìåíåå âûðàæåííûå èçìåíåíèÿ
îòìå÷åíû â òêàíè ïå÷åíè êðûñ-îïóõîëåíîñèòåëåé. Ïîâûøåíèå àêòèâíîñòè ãëóòàòèîíïåðîêñèäàçû è ãëóòàòèîí-
ðåäóêòàçû â ïå÷åíè êðûñ-îïóõîëåíîñèòåëåé è ãåïàòîìå ñâèäåòåëüñòâóåò î òîì, ÷òî èìåííî ýòè ôåðìåíòû
èãðàþò âåäóùóþ ðîëü â ôåðìåíòíîé ñèñòåìå àíòèîêñèäàíòíîé çàùèòû â óñëîâèÿõ îïóõîëåâîãî ðîñòà.
Êëþ÷åâûå ñëîâà: îêèñëèòåëüíî-âîññòàíîâèòåëüíîå ñîñòîÿíèå NAD(P)-ïàð, íèêîòèíàìèäíûå êîôåðìåíòû,
àêòèâíîñòü ôåðìåíòîâ àíòèîêñèäàíòíîé çàùèòû, ïåðåêèñíîå îêèñëåíèå ëèïèäîâ, îïóõîëü.
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The generation of ROS and hydroperoxides is
known to be of vital importance for cell viability. The
steady-state ROS level in normal tissue is maintained
by the precise control of both enzymatic and non-en-
zymatic antioxidant defense systems [8, 9]. The oxi-
dation/reduction and peroxidation in cytosol and mito-
chondria are known to be closely coupled. Stechio-
metric control in such coupled system is carried out
through the interaction of oxidized and reduced forms
of coenzymes, such as NAD+/NADH, NADP+/NADPH,
GSSG/GSH, oxidized/reduced ascorbate etc. [10, 11].

The aim of the study was to compare redox state of
nicotinamide nucleotides, lipid peroxidation rate, and
antioxidant enzyme activities in of both C-27 hepato-
ma and non-tumor liver tissue of tumor-bearing rats.

MATERIALS AND METHODS
Male rats weighing 100�150 g were used in all exper-

iments. C-27 hepatoma was transplanted by inoculation
of suspension of the transformed cells to hind legs. The
strain was obtained from cell culture collection at Institute
of Experimental Pathology, Oncology and Radiobiology
(Kyiv, Ukraine). Optimal period of tumor development was
15 days. The tissues of both normal liver and hepatoma
removed from ether-anaesthetized and decapitated rats
were frozen in liquid nitrogen. To determine level of me-
tabolites and coenzymes protein-free extracts were pre-
pared with 6% perchloric acid. Concentrations of pyru-
vate, lactate, malate, NAD+ and NADP+ in neutralized
samples were enzymatically assayed according to
H. Bergmeyer [12]. NADH and NADPH were determined
in alkaline extracts. All the enzyme preparations used in
the study were obtained from Sigma (USA).

NAD(P)-couples redox state was calculated as ra-
tios of free NAD+/NADH and NADP+/NADPH in cytosol
on the basis of experimentally obtained concentrations
of oxidized and reduced metabolites taking into account
the equilibrium constants (1.11 · 10-4 M for LDH and
3.44 · 10-2 M for malic enzyme [3, 6].

The content of intermediate products of lipid peroxi-
dation was determined in isopropanol-heptane mix-
ture by the absorption of conjugated diene hydroper-
oxides at 233 nm (e = 28 mM-1cm-1) [13]. The level of
end products of lipid peroxidation was assayed by TBA
method [14]. TBA-RS content was expressed as nmol
per 1 mg of protein. Actual MDA concentrations were
calculated using the following molar extinction coeffi-
cient: e = 1.56 · 105 M-1cm-1.

Antioxidant enzyme activities were detected in su-
pernatant upon centrifugation of homogenates for
20 min at 18,000 g. SOD activity was estimated by the
inhibition of nitro blue tetrazolium reduction in the pres-
ence of NADH and phenazinmetasulfate [15]. GPx ac-
tivity was determined by the rate of GSH oxidation with
t-butyl hydroperoxide and color development during in-
teraction of SH-groups with Ellman�s reagent [16]. GR
activity was measured by the NADPH oxidation asso-
ciated with GSSG reduction as well as catalase activity
was estimated by the H2O2 breakdown [17]. The protein
content was determined by the method of Lowry et al.
[18]. All the values were expressed as the mean ± SE.
To evaluate the significance of the differences among
the mean values we used applied Statistica program
for PC IBM-486.

RESULTS AND DISCUSSION
The content of individual nicotinamide coenzymes

in cell is an important factor determining the intensity
and direction of redox reactions. The growth of C-27
hepatoma in rats was accompanied by decrease in the
content of nicotinamide coenzymes in liver of tumor-
bearing rats, mainly due to NAD+ (Table 1). NADPH
content and the total content of coenzymes also sig-
nificantly declined. The data obtained suggest that con-
siderable part of coenzymes �outflows�� from liver as to
support the growth of proliferating tumor.

The coenzyme contents in hepatoma and liver of
tumor-bearing rats were almost the same. The low level
of oxidized (NAD+ and NADP+) and comparatively high
level of reduced forms (NADH and NADPH) were shown
to be characteristic of hepatoma tissue. Prevalence of
reduced coenzymes over oxidized ones may ensure
the shift of dehydrogenase reaction:

pyruvate + NADH + H+ « lactate + NAD+

towards lactate production which was determined in
tumors in significant amounts, nearly 5 mmol per 1 g of
the fresh tissue (Table 2).

The phosphate potential of adenine nucleotides
(ATP / ADP · Pi ratio) and redox state of nicotinamide
coenzymes (free NAD+/NADH and NADP+/NADPH) in
cytosol and mitochondria are integrative factors in regula-
tion of carbohydrate and energetic metabolism [2, 3, 6].
Using obtained concentrations of oxidized and reduced
metabolites and mean values of equilibrium constants
for LDH and malic enzyme we analyzed the redox state
of nicotinamide nucleotides in cell cytosol of liver of tu-
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mor-bearing rats and C-27 hepatoma tissue. Tumor-
bearing rats exhibited significant increase of lactate and
malate and slight decrease of pyruvate in liver tissue (see
Table 2). Diminishing of calculated ratios of NAD+/NADH
by 36% and NADP+/NADPH by 35% in cytosol displays
a considerable elevation of reducing properties of
NAD(P)-couples as well as initiates a mechanism of glu-
coneogenesis (Table 3). These results are in agreement
with the data on hypoglycemia development in growing
tumors. In this case tumor acts as a �trap�� of glucose,
the glucose deficiency in the liver of tumor-bearing rats
leading to the gluconeogenesis intensification [19]. Re-
gulatory significance of the elevation in the content of
NAD-couples reducing properties in ensuring the re-
versibility of glyceraldehyde-3-phosphate dehydroge-
nase reaction and activation of gluconeogenesis was
demonstrated during limited glucose influx into cells un-
der starvation and diabetes mellitus [3, 5�7].

A special feature of energy metabolism in tumor tis-
sues is their ability to activate glycolysis in aerobic condi-
tions. Abrupt 5-fold increase in lactate content indicates
activation of glycolysis in C-27 hepatoma. Since the in-
crease in pyruvate content was less pronounced (only by
66%, see Table 2), the normal pyruvate to lactate ratio
(1 : 10) shifted to 1 : 28. Accordingly, the ratios of free
NAD+/NADH and NADP+/NADPH have also decreased
(Table 3). The similar alterations of NAD(P)-couples re-
dox state are typical of functional states characterized by
the metabolic acidosis and tissue hypoxia [20].

Investigation of lipid peroxidation showed specificity
in changes of the contents of intermediate and end prod-
ucts in both liver of tumor-bearing rats and C-27 hepato-
ma tissue. Contents of intermediate products, diene con-
jugates, were lowered by 36% in liver of tumor-bearing
rats and more than twice in hepatoma. TBA-RS level
was also declined (by 35% and three-fold respectively)
(Table 4). The data obtained demonstrate very low ac-
tivity of free-radical processes in terminal phase of
hepatoma growth as well as decreasing intensity of lipid
peroxidation in liver of tumor-bearing rats.

It is known that actively proliferating tumor cells are
characterized by low intensity of biochemiluminescence
and low yield of lipid peroxidation products. Similar but

less pronounced changes take place in regenerating and
embryonic liver tissue [21]. Mechanisms of of lipid per-
oxidation inhibition in tumors could be attributed to the
essential changes of physical and chemical character-
istics and composition of biological membranes, such
as decreasing content of unsaturated fatty acid and rel-
ative enrichment in saturated fatty acids with low ability
to spontaneous and induced oxidation. The experimen-
tal results display significant reduction of lipid non-sat-
uration and inhibition of spontaneous and induced lipid
oxidation of microsomal membranes both in tumor and
liver tissue of tumor-bearing animals [22]. Moreover, the
decrease in membrane lipid non-saturation always pre-
ceeds the changes in diene conjugate content. The al-
terations in physical and chemical characteristics of
membranes may cause reduction in the content of cyto-
chroms, enhancement of uncoupling of oxidative phos-
phorylation, decrease in the inducibility of NADPH-spe-
cific microsomal enzymes and, as a result, lower gener-
ation of ROS and low rate of lipid peroxidation [21].

Antioxidant enzyme system encompassing SOD,
catalase, GPx, and GR ensures an effective inhibition of
lipid peroxidation. In C-27 hepatoma six-fold decrease
in the activity of the main antioxidant enzyme (SOD) has
been registered. Catalase activity was less declined (by
34%). The same changes occurred also in liver of tu-
mor-bearing rats (Table 5). The considerable inhibition
of antioxidant enzymes activity, and of Cu, Zn-SOD, and
catalase expression, in particular, was demonstrated in
a number of tumor cell lines as well as in the initiation
and promotion of carcinogenesis [23�25].

In contrast with SOD and catalase, the enzymes of
glutathione system of antioxidant defense show a dif-
ferent biochemical pattern consisting in increasing GPx
and GR activities both in hepatoma tissue and liver of
tumor-bearing rats (see Table 5). The data obtained
correlate with numerous studies of activity of individual
enzymes of antioxidant defense system and their iso-
forms in malignantly transformed and non-tumor tis-
sues of tumor-bearing animals [21, 26].

Glucose level in blood determines intensity of non-
enzymatic glycosylation of proteins resulting in the es-
sential changes of their structural and functional prop-
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erties [27]. It was found that upon experimental hyper-
glycemia the level of non-enzymatic glycosylation of Cu,
Zn-SOD of erythrocytes and lens increased more than
twice with accompanying significant inhibition of its ac-
tivity. The glycosylation is carried out on specific lysine
residues Lys 122 and Lys 128 in active site of enzyme
[28]. Non-enzymatic glycosylation strongly enhances
oxidative modification of enzyme and causes two-stage
protein fragmentation. Site-specific splitting of polypep-
tide chain between the residues of Pro 62 and His 63 is
accompanied by the release of 14.3 kDa fragment fol-
lowed by a random enzyme fragmentation during oxi-
dative modification. It should be also noted that analo-
gous Cu, Zn-SOD oxidative modification takes place
upon exposure of this enzyme to H2O2 [29, 30].

Thus, results of our investigations support the hy-
pothesis about common mechanisms of regulation of
redox and peroxidation processes in liver. The high level
of NAD- and NADP-couples oxidized state in cytosol
of control animals correlates with the intensive peroxi-
dation and formation of lipid peroxidation products. The
active peroxidation under these conditions is balanced
by high activity of antioxidant enzymes. In tissues of
both C-27 hepatoma and liver of tumor-bearing rats
nicotinamide coenzyme level and ratios of free
NAD+/NADH and NADP+/NADPH lowered. At the same
time these tissues showed decreased SOD and cata-
lase activities and inhibition of lipid peroxidation. Under
such circumstances glutathione-dependent enzymes
play the key role in antioxidant defense system since
GPx and GR activities were shown to increase both in
tumor and in liver of tumor-bearing rats.

REFERENCES
1. Srere PA. Complexities of metabolic regulation.

Trends Biochem Sci 1994; 19: 519�20.
2. Kashiwaya Y, Sato K, Tsuchiya N, Thomas S,

Fell DA, Veech RL, Passonneau JV. Control of glucose
utilization in working perfused rat heart. J Biol Chem 1994;
269: 25502�14.

3. Krebs HA. Pyridine nucleotide and rate control.
In: DD Davies, ed. Rate Control of Biological Processes.
Cambridge: University Press, 1973: 241�81.

4. Berry MN. The function of energy-dependent redox
reaction in cell metabolism. FEBS Let 1980; 117: K106�20.

5. Veech RL. Regulation of coenzyme potential by
near equilibrium reaction. In: PA Srere, RW Estabrook,
eds. Microenviromental and Metabolic Compartmentation.
New York: Acad Press, 1978: 17�60.

6. Veliky NN, Parkhometz PK. The enzymatic as-
pects of intracellular distribution of coenzymes and me-
tabolites in liver of rats. Biochem Animals Human 1978; 2:
46�58 (in Russian).

7. Veliky NN, Obrosova IG, Yefimov AS, Babicheva EI,
Sokil OP. Nicotinamide coenzymes in the regulation of cel-
lular metabolism in various types of diabetes. Vopr Med Chim
1992; 38(4): 45�52 (in Russian).

8. Menschikova EB, Zenkov NK. Antioxidants and
inhibitors of radical oxidizing processes. Adv Current Biol
1993; 113: 442�55 (in Russian).

9. Fridovich I. Superoxide anion radical (O
2
�), super-

oxide dismutases and related matters. J Biol Chem 1997;
272: 18515�7.

10. Michiels C, Raes M, Toussait O, Remacle J.
Importance of Se-glutathione peroxidase, catalase and

Cu/Zn-SOD for cell survival against oxidative stress. Free
Radic Biol Med 1994; 17: 235�48.

11.Kenia MV, Lukash AI, Guskov EP. Importance of
low molecular weight antioxidant molecules against oxida-
tive stress. Adv Current Biol 1993; 113: 456�70 (in Russian).

12. Bergmeyer HU. Methods of Enzymatic Analysis.
NY, S-F, Z: Verlag Chemie, Weinheim, 1974. 2300 p.

13. Gavrilov VB, Mishkorudnaja MI. Spectrophoto-
metric assay of the blood plasma lipid hydroperoxides. Lab
Delo 1983; (3): 33�6 (in Russian).

14. Martynyuk VB, Kovalchuk SN, Tymochko MF,
Panasyuk YeN. Biological material antioxidative activity
index. Lab Delo 1991; (3): 19�24 (in Russian).

15. Csovari S, Andyal T, Strenger J. Blood antioxida-
tive parameters and their diagnostic value in elderly pa-
tients. Lab Delo 1991; (10): 9�13 (in Russian).

16. Moin VM. A simple specific method for assays of
red cell glutathione peroxidase activity. Lab Delo 1986;
(12): 724�7 (in Russian).

17. Korolyuk MA, Ivanova LI, Maiorova IG, Toka-
rev VE. A method for measuring catalase activity. Lab
Delo 1988; (1): 16�9 (in Russian).

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

19. Shapot VS. Biochemical Aspects of Tumor Growth.
Moskva: Medicina, 1975. 304 p (in Russian).

20. Lyapkov BC, Tkachuk EN. Tissue hypoxia: clini-
cal and biochemical aspects. Vopr Med Chim 1995; 41(2):
2�8 (in Russian).

21. Sydoryk EP, Bagley EA, Danco MI. Biochemilu-
minescence of cells under tumor process. Kiev: Naukova
dumka, 1989. 220 p (in Russian).

22. Pinzar EI, Palmina NP. Kinetic characteristics of
spontaneous lipid peroxidation in membranes isolated from
normal and tumor cells. Biol Memb 1998; 15: 191�8
(in Russian).

23. Tarakhovsky AM, Glinsky GV, Shlyakhovenko VA.
Superoxide-dismutase activity in tumor and liver tissues of
tumor-bearing animals. Ukr Biochim Z 1980; 52: 628�31
(in Russian).

24. Grigolo B, Lisignoli G, Toneguzzi S, Mazzetti I,
Facchini A. Copper/zink superoxide dismutase expression
by different human osteosarcoma cell lines. Anticancer Res
1998; 18(2A): 1175�80.

25. Sun Y. Free radicals, antioxidant enzymes and car-
cinogenesis. Free Radic Biol Med 1990; 8: 583�99.

26. Boitsova LV, Kulik GI, Korol VI, Chekhun VF.
Comparative evaluation of the state of the thiol system and
activity of glutathione-dependent enzymes in rat tissues with
inoculated Guerin�s carcinoma substrains with different sensi-
tivity to cisplatinum. Exp Oncol 1997; 19: 231�5 (in Russian).

27. Galenok VA, Dikker VE. Glycosylated Proteins.
Novosibirsk: Nauka, 1989. 255 p (in Russian).

28. Takata I, Kawamura N, Myint T. Glycated Cu,
Zn-superoxide dismutase in rat lenses: Evidence for the
presence of fragmentation in vivo. Biochim Biophys Res
Commun 1996; 219: 243�8.

29. Salo DC, Pacifici RE, Lin SW, Giulivi C, Davies KJA.
Superoxide dismutase undergoes proteolysis and fragmenta-
tion following oxidative modification and inactivation. J Biol
Chem 1990; 265: 11919�27.

30. Ookawara T, Kawamura N, Kitagawa Y, Taniguchi N.
Site-specific and random fragmentation of Cu, Zn-superoxide
dismutase by glycation reaction (implication of reactive oxy-
gen species). J Biol Chem 1992; 267: 18505�10.


