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Summary: The influence of different kinds of dietary fat(8%) and of endogenous lipid
peroxidation with regard to cytochrome c¢ oxidase activity and cytochrome a+a,
concentrations in mitochondria from rat liver has been investigated. It was possible to
confirm that the dietary fat induced higher phospholipid degradation in mitochondrial
membranes; moreover an endogenous oxidative stress induced by adriamycin was able to
increase the peroxidative effects. We have found that the peroxidative effects could
sometimes induce an apparent enhancement of cytochrome oxidase activity due to a
significant increase of cytochrome a-+a, content. This finding lets us suppose that both
changes in the lipid environment and some peroxidation damage could occur in the
membrane as a consequence of the fat assumed. Furthermore we should suggest that an
induction of the synthesis of cytochrome a+a; might be related to an enhanced production
of peroxides at membrane level. o 1991 academic press, Inc.

Cytochrome oxidase is the terminal enzyme of the mitochondrial respiratory chain
and it is a vital component of cellular energy transduction, responsible for virtually all
oxygen consumption in mammals (1). It is composed of 13 subunits; 3 of these are
transcribed and translated within mitochondria, and the remaining subunits are transcribed
in the nucleus, traslated in the cytoplasm, and imported into mitochondria prior to assembly
(2,3). Cytochrome c oxidase is highly dependent of cardiolipin for maximal activity (4).
Yamaoka et al. (5) have observed that the fatty acid composition of rat mitochondrial
cardiolipin and cytochrome c oxidase activity were drastically changed when the dietary
lipids were modified. Furthermore, the O, consumption of rat mitochondria decreases as the

quantity of 18:2(n-6)/18:2(n-6) cardiolipin species decreases (5).
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On the other hand, fatty acids in animal tissues reflect the fatty acids in the animal’s
diet, suggesting that dietary lipids affect biomembrane functions (6,7). The effect is most
pronounced when the diet is high in a dietary fat consisting primarily of polyunsaturated fatty
acids (8). The administration of diets particularly rich in linoleic and oleic acids also induces
a clear enhancement of linoleic and oleic content in the phospholipids of microsomes (9,10)
and mitochondria respectively (3). Also polyunsaturated side chains of membrane lipids are
especially susceptible to free radicals initiated oxidation, which can be generated either by
metabolism of xenobiotics or by normal aerobic cellular metabolism (11,12).

We have previously shown that in mitochondrial membranes of rat liver, the dietary
fats differently influenced the mitochondrial levels of Coenzymes Q, and Q,, and the rate of
endogenous lipid peroxidation (13). Furthermore, an oxidative stress induced by adriamycin
produced a sharp decrease in mitochondrial CoQs level in rats fed with polyunsaturated but
no changes in rats fed with monounsaturated fats (13). Therefore, it is interesting to examine
if different fatty acid contributions in the diet, with the same degree of unsaturation but
distinct diene/monoene ratios (olive oil and corn oil) and of unsaponifiable material content
(virgin olive oil and refined olive oil) and a subsequent peroxidative induction of membrane
phospholipids, could affect cytochrome oxidase activity and cytochrome a+a; content in

mitochondria of rat liver that have been fed for 16 weeks with controlled diets.

MATERIALS AND METHODS

All chemicals used were purchased from Sigma Chemical Co. Ltd., St Louis, MO
63178, U.S.A. and all solvents were pure reagents of Merck and Carlo Erba.

Male Wistar rats weighing 50-55 g were randomly assigned to six groups each
containing 12 animals. During 16 weeks each group was fed a basal diet containing 8% fat
(Dottori Piccioni, Brescia, Italy), but in each of two groups the diet contained different fats:
"virgin" olive oil (groups VO and VO+A), "refined" olive oil (RO and RO+A) and corn
oil (CO and CO+A). In addition to fats, diets contained 58.3% starch+sucrose, 27.1%
vitamin free-casein, 2.2% cellulose, 3.7% mineral mix, 0.1% vitamin, 0.4% DL-methionine
and 0.2% choline chloride (14). Adriamycin (ADR) (a kind gift from Farmitalia, Milano,
Italy) at a dose 20 mg/kg/day was administered intraperitoneally to the animals of VO+A,
RO+A and CO+A groups during the last four days of the treatment period. The
intraperitoneal administration was always performed at 9 a.m. The fatty acid composition of
the three diets is shown in Table 1.

Diets were stored at 4°C, and rats were fed fresh food daily. Food and water were
provided ad libitum. A 12 h dark/12 h light cycle was maintained in the room, and the room
temperature was 22 + 1 °C. After consuming the experimental diet for 16 weeks, the
animals of each group were decapitated and the livers were rapidly removed. The animals
were sacrificed at 9 a.m. in order to avoid any circadian influence.

Rat liver mitochondria were isolated by the method of Fleischer et al. (15). The
cytochrome content was evaluated by the differential spectra (dithionite reduced minus
ferricyanide oxidized in the presence of 1% deoxycholate) in a Jasco (Uvidec-610) double-
beam spectrophotometer according to Vanneste (16) and Nicholls (17). Cytochrome oxidase
activity was assayed using reduced cytochrome c (reduced by dithionite and purified on a
Sephadex G-25 column (18,19) as substrate by monitoring the absorbance decrease of
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TABLE 1

Fatty acid composition (%) of experimental diets

Virgin olive oil Olive oil Corn oil

16:0 8.92 11.32 12.6
16:1(n-7) 1.06 1.28 0.2
18:0 1.97 2.17 1.9
18:1(n-9) 78.73 75.82 24.1
18:2(n-6) 8.36 9.17 60.1
18:3(n-3) 0.96 0.34 1.0
Saturated 10.89 13.49 14.6
Unsaturated 89.11 86.61 85.4
Monoene 79.79 77.10 24.3
Diene 9.32 9.51 60.1
Diene/monoene 0.10 0.12 2.4

Fatty acids are designed by the number of carbons
followed by the number of double bonds. The
positions of the first double bond relative to the
methyl (n) end of the molecule is also indicated.

cytochrome c upon oxidation at 417-409 nm; the extinction coefficient used for cytochrome
¢ was 40.7 mM'.cm™ (19). Peroxidation of mitochondrial and microsomal phospholipids was
monitored measuring malondialdehyde (MDA) by the thiobarbituric acid assay (20). The
protein concentration of all samples was determined with the method of Lowry et al. (21)
with bovine serum albumin as standard.

RESULTS
The measurement of MDA, one of the end-products of lipid peroxidation, confirmed
that the dietary fat induced higher phospholipid degradation in mitochondrial membranes of
CO and RO groups (Table 2). Furthermore, when during the last four days of experimental
treatment a daily intraperitoneal dose of ADR [an anthracycline antibiotic that enhances lipid

TABLE 2
Effect of dietary fat and endogenous 1lipid
peroxidation (induced by adriamycin) on
Malondialdehyde (MDA) content in rat liver
mitochondria
MDA

GROUP nmol/mg
Virgin olive oil 2.75 £ 0.13¢
Virgin olive oil+ADR 3.61 ¢+ 0.32°
Corn o©il 3.64 t 0.33°
Corn oil+ADR 4.69 + 0.31°
Refined olive oil 3.98 + 0.12°
Refined olive 0il+ADR 4.92 £ 0.27°

Values are means + SEM, n=8. Means within a column
not followed by the same superscript letter are
significantly different at p < 0.05 or less, by a
least significant difference analysis.
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FIGURE 1. Effect of dietary fat and endogenous lipid peroxidation (induced
by adriamycin) on cytochrome ¢ oxidase activity (A), cytochrome a+a, content
(B) and cytochrome ¢ oxidase”s turnover number (C) in rat liver mitochondria.
Values are means * SEM, n=8. Means of values not followed by the same letter
are significantly different at p < 0.05 or less, by a least significant
difference analysis.

peroxidation both in microsomes (22) and mitochondria (23) and inactivates respiratory chain
enzymes (24,25)] was administered, a statistically significant increase of MDA mitochondrial
content in all studied groups was found. However the MDA amount reached in VO+A group
is lower than that produced by the fat-diet alone in CO and RO groups.

Figure 1A illustrates the mitochondrial cytochrome a+a; content. The experimental
groups VO and CO display the same cytochrome a+a; content (0.069 + 0.009 and 0.085
+ 0.011 nmol/mg respectively) and only in RO group it was found to increase significantly
(0.130 £+ 0.011 nmol/mg, p < 0.05). Adriamycin induced a statistically significant increase
of cytochrome a+a; in the VO+A and RO+A groups (0.137 + 0.018 and 0.157 + 0.007
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nmol/mg respectively), but not in the CO+A group, with respect to the same experimental
groups that were not treated with ADR.

The specific activities of mitochondrial cytochrome ¢ oxidase are represented in the
Fig. 1B. As it is shown, ingestion for 16 weeks of a diet with 8% virgin olive oil, refined
olive oil and corn oil as sole fat source, induced higher statistically significant specific
activity in the groups CO (1.62 + 0.08 pmol/min. mg) and RO (1.76 + 0.13 pmol/min,
mg) with regard to VO group (0.54 + 0.07 umol/min. mg). The intraperitoneal
administration of adriamycin induced a statistically signifieant increase of cytochrome ¢
oxidase specific activity in VO+A (1.88 + 0.15 umol/min. mg), with regard to the same
experimental group that was not treated with ADR. On the contrary, in CO+A (1.61 + 0.09
pmol/min. mg) and RO+A (1.96 + 0.12 umol/min. mg), the ADR did not induce
significant changes.

The reaction velocities of the oxidase as defined by their turnover numbers (Fig. 1C)
was completely different in each experimental group, with the highest value in CO group
(367.3 + 51.4 s and the lowest in VO group (132.5 + 9.3 s!). The endogenous stress
induced by adriamycin was able to produce a sharp increase of oxidase’s turnover number
in VO+ADR group (251.1 + 47.6 s, p < 0.01) but not in CO+ADR and RO+ADR
groups with respect to the same experimental groups that were not treated with ADR.

DISCUSSION

The results of these experiments indicate that there was indeed a control on the
cytochrome oxidase activity that was determined by its lipid environment induced by the diet.
In fact in the case of the experimental diets VO and CO, that in our studies induced the same
cytochrome a+a; content, cytochrome oxidase was much more active in the CO group rather
than in the VO one since the former displayed turnover and specific activity values 3 times
higher. Early studies indicated that cytochrome oxidase activity reaches its maximun when
at least 75% of the cardiolipin in the mitochondria is of the 18:2(n-6)/18:2(n-6) species, and
this situation happening in the case of rats fed with corn oil (5). In fact, when this fat is
substituted by sardin oil or hydrogenated corn oil (5), the activity decreases together with the
lowering of this species of cardiolipin. Also Trivedi et al. (26) have demostrated that in a
double fatty acid yeast mutant culture the cytochrome oxidase turnover was two-fold in
mutants grown under continuous supplementation with C16:0 and C18:2 rather than in
mutants grown in presence of C16:0 and C18:1.

We have shown, in previous investigations, that diet with olive oil induced a decrease

of 18:2(n-6)/18:1(n-9) ratio in cell membranes in comparison with corn oil (9) and this could
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be the reason for the higher cytochrome oxidase activity in CO group than in VO group that
we have found.

However the lipid environment altered by dietary fats affects also the cytochrome
a+a, content. The experimental group fed with refined olive oil (RO) displayed a cytochrome
a+a,; content significantly higher (p < 0.01) than in VO and CO groups. Also Trivedi et al
(26) utilizing a double fatty acids yeast culture observed that the expression of heme a+a,
varied fourfold in this mutant strain as a consequence of the lipid growth media
supplementation; mitochondria whose membranes were characterized by their elevated levels
of C18:1 had the highest heme a+a; content, while those membranes which contained the
increased levels of linoleic acid had the lowest (26). In spite of the findings of Trivedi et al.
(26) we have found that with VO and RO diets, containing the same fatty acid profile, a
minimum and a maximum cytochrome a+a; content respectively has been produced. This
finding let us suppose that some other factors, in addition to the lipid environment changed
by the dietary fats, should probably occur. One of these factors might be the peroxidative
degree of the mitochondrial phospholipid produced by each experimental diet. In fact in our
studies, as the dietary fat increased the mitochondrial MDA production [either because it was
more polyunsaturated (CO) or because it contained less unsaponifiable material (RO)] at the
same time it increased also the cytochrome a+a,; content.

When during the last four experimental days, all the groups were treated with a strong
oxidative stress produced by intraperitoneal administration of ADR, cytochrome oxidase
specific activity and turnover values did not change in CO+ADR and RO+ADR groups
while they were significantly enhanced (p<0.001) in VO+ADR group. This strong
enhancement of the specific activity in VO+ADR group was parallel to a concomitant clear
increase of cytochrome a+a; content in VO+ADR group. This finding could be related to
an isoenzymic form much more active but at the same time less influenced by
C18:2n6/C18:2n6 cardiolipin. However it was possible to observe such an enhancement in
cytochrome a+a; content also in RO+ADR group even if there was not significatively
increase in the enzymatic activity.

The recent evidence for isoforms of cytochrome c oxidase has focused attention on
tissue specificity and developmental regulation of the enzyme (3,27). Regulation of
cytochrome ¢ oxidase activity by altering the amount of enzyme present in the cell may be
particularly important in multicellular organisms in which a tissue could have different energy
requirements. This control could be modulated differentially by transcriptional or translational
control of different isoforms in heart or in liver, two tissues with very different metabolic

needs for ATP (28). The suggested cytochrome a+a,; genetic induction in VO+ADR and
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RO+ADR groups agree well with previous data (29) that indicate how during lipid
membrane peroxidation there is also an increased demand of cellular energy.

In the CO+ADR group no enhancement was produced and this could be related to
a damage of mitochondrial DNA. It must be borne in mind that, in mitochondria, a high
lipid/DNA ratio exists allowing the possibility that the extent of covalent modification of
mitochondrial DNA is 40 to 50 times greater than that of nuclear DNA (30). This situation
should be much more clear in CO group mitochondria after ADR administration because, as
we have shown in previous papers (9,10), dietary com oil produced much more amount of
C18:2(n-6) in the subcellular membranes than olive oil. Moreover, it was confirmed in
studies "in vitro", that for each C18:1(n-9) molecule that underwent oxidation, the same had
happened before for 40 molecules of C18:2(n-6) (29).

In this study we have focused our attention on the cytochrome a+a; induction in
VO+ADR and RO+ADR groups. Induction of membrane enzymes has been observed by
several authors especially in case of chemicals and xenobiotics action (31) and a clear
example is the induction of mitochondrial cytochrome P-450 that increases two orders of
magnitude (31,32,33).

Nevertheless, the mechanisms that lead to an enzymatic induction are still not clear
and require much more investigations. We might hypothize that in the same tissue it could
be possible to obtain an induction of different isoenzymatic forms of cytochrome oxidase
during an increase of cell energy demand, as a consequence of the enhancement of membrane
phospholipid peroxidation. It was observed that cytochrome oxidase activity increased
together with the increase of MDA (i.e. mitochondrial lipid peroxidation). However it is well
known that mitochondrial activities were increased when diets were enriched in
polyunsaturated fatty acids; this was explained as a consequence of the lower lifetime of
mitochondrial phospholipid fatty acid because increasing the degree of unsaturation also the
degree of peroxidation increases (29).

Recently it has been reported that oxygen could be a strong inducer of the synthesis
of cytochrome a+a, (34). We should suggest that another mechanism of induction might be

an enhanced production of peroxides at membrane level.
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