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Ageing-Related Tissue-Specific Alterations in Mitochondrial
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by Dietary Fat Type in the Rat
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This study investigated the way in which feeding rats with two fat sources (olive or sunflower oils)
affected electron-transport components and function of mitotic (liver) and postmitotic (heart and
skeletal muscle) tissues during ageing. Rats adapted the mitochondrial-membrane-lipid profile to
dietary fat throughout the study, suggesting that the benefits to eat either of the two fats might be
maintained lifelong. Liver was more resistant to dietary changes and ageing than heart and skeletal
muscle, which showed higher levels of coenzyme Q, cytochimiened cytochroma + az with ageing

and lower cytochrome oxidase and complex IV turnover. Dietary fat differentially modulated the
response of tissues during ageing, with sunflower oil leading to the highest levels of coenzyme Q and
cytochromes anda + az. Since high levels of cytochrontehave been related to increased age, it
could be hypothesized that olive oil could lead to less aged mitochondria.

KEY WORDS: Ageing; olive oil; sunflower oil; cytochrome oxidase; cytochromes; coenzyme Q; liver, heart,
and skeletal muscle.

INTRODUCTION ative capacity, such as heart, skeletal muscle, or brain
(Kwong and Sohal, 2000; Ojaingt al, 1999), and may
Ageing is usually defined as the progressive loss of be related to alterations in mitochondrial DNA, which
function accompanied by decreasing fertility and increas- has been proposed to be much more sensitive to al-
ing mortality with advancing age (Kirkwood and Austad, terations, such as mutations, deletions, rearrangements,
2000). Ageing in humans is manifest not only by the etc., than is nuclear DNA (Miquel, 1991; Ojairat al,
stereotypical changes in phenotype but also by a large 1999).
increase in the onset of many diseases (Guarente and Itis well known that the dietary fat source deeply in-
Kenyon, 2000). Over 300 theories of ageing have been fluences several biochemical parameters in mitochondrial
proposed to explain the events that lead to the death of membranes (Mataigt al., 1998; Quilest al, 1999). The
an organism (Medvedev, 1990). Mitochondria may play importance of fatty acids resides in the fact that mitochon-
a key role in causing ageing and may be one of the drial membrane adapts its lipid composition to dietary fat
most adversely affected organelles during this process(Charnocletal, 1992; Quile®tal, 1999; Yamaokat al,,
(Kwong and Sohal, 2000), and mitochondrial-respiratory- 1988), and adaptations of electron-transport system in re-
chain failure has been implicated as a factor during ageing lation to the dietary fat type have been widely reported
(Miquel et al., 1980; Wallace, 1992). This phenomenon (Battinoet al,, 2002; Huertast al,, 1991a,b; Quilest al,,
seems to be more relevant in tissues lacking regener-2001).
The present study was designed to assess the way
T _ _ __ in which the electron-transport components and func-
DepartmentofPhysmIogy,Instlltute QfNutrltlon and Food Techn_ology, tion of mitotic (liver) and postmitotic (heart and skele-
University of Granada, C/Raom’y Cajal 4, 18071 Granada, Spain.

2 To whom correspondence should be addressed: e-mail: jlquiles@goliat. tl mus_d?) tissues are aﬁec_ted by fe.eding rats through-
ugr.es. out their life span with two different dietary fat sources.
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These fats (two of the most frequently used fat sources in used in this experiment, and the animals were handled

Europe) were different in their lipid profile: olive oil, rich  according to the guidelines for care and use of laboratory

mainly in the monounsaturated oleic acid, and sunflower animals of the Spanish Society for Laboratory Animal

oil, rich primarily in the polyunsaturated linoleic acid. Sciences.

Results from this study might contribute to a better un-

derstanding of the ageing process with respect to the mi-

tochondrion and might help clarify whether the intake of Sample Analysis

a specific fat source determines how organisms undergo

ageing. Before decapitation, the rats were weighed. Liver,
heart, and skeletal muschesstus lateraliswere removed,
weighed, and their mitochondria isolated according to

MATERIALS AND METHODS Fleischeetal.(1979). The concentration of mitochondrial
proteinin liver, heart, and skeletal muscle was assayed ac-
Experimental Protocol cording to Lowryet al. (1951) using bovine serum albu-

min as a standard. For the analysis of the mitochondrial-
A total of 120 male Wistar ratRattus norvegicys lipid profile by gas—liquid chromatography, the fatty-acid
initially weighting 80-90 g (supplied by the laboratory methyl esters of mitochondrial membranes were formed
Animal Service of the University of Granada) were di- according to Lepage and Roy (1986). Gas chromatog-
vided into groups of 10 per cage and maintained on a raphy was performed as previously described in detail
12-h-light/12-h-darkness cycle, with free access to food (Quiles et al, 2001). The concentration of mitochon-
and water. The study lasted 24 months, the normal life- drial cytochromeb anda + a; was evaluated by differ-
span of a rat being around 30 months. During the first ential spectra in a16-Perkin EImer double-beam spec-
week, the rats were fed a nonpurified diet (Diet A.03 sup- trophotometer, according to Vanneste (1966) and Nicholls
plied by Panlab S.L., Barcelona, Spain). The rats were (1976). Cytochromeoxidase (CCO) activity was assayed
randomly assigned into two experimental groups and fed at 25 C using cytochrome reduced by sodium dithionite
for 24 months on a semisynthetic and isoenergetic diet (Degli Espostiet al, 1982), monitoring the absorbance
composed of (in g/100 g of diet) 26.7 casein, 13.53 starch, decrease of cytochrongeupon oxidation at 417—409 nm
45.29 sucrose, 1.0 vitamin mixture, 3.68 mineral mixture, every 10 s for 2 min using an extinction coefficient for
1.84 cellulose, 0.09 choline, 0.30 methionine, and 8.0 fat. cytochromec of 40.7 mMt.cm~! (Battinoet al,, 1986).
Experimental diets differed in fat source (Table I): olive Mitochondrial coenzyme Q (CoQ) isomers (Coenzyme
oil and sunflower oil. Qg and Coenzyme €, which are present in the rat in an
At 6 and 24 months after the start of the experi- approximate ratio of 10:1) were extracted and determined

ment, 20 rats per group were decapitated, at the sameby reversed-phase HPLC, as previously described (Quiles
time of day in all cases (between 8:00 and 9:00) to etal, 2001).
avoid any circadian fluctuations. The Ethical Commit- All chemical products and solvents, of the highest
tee of the Spanish Interministerial Commission of Sci- quality available, were acquired from Sigma (St. Louis,
ence and Technology approved the different protocols MO) and Merck (Darmstadt, Germany). The homologues

of CoQ were courtesy of Eisai Co. (Tokyo, Japan). Virgin

olive oil and sunflower oil were kindly provided by Coosur

, o _ _ S. A. (Jaen, Spain).
Table I. Fatty-Acid Composition of the Experimental Diets

Fatty-acid composition Virgin olive 0il(%)  Sunflower o0il(%) L .

Statistical Analysis
16:0 8.92 12.6
16:10-7) 1.06 02 The results represent the mean and the standard error
18:0 1.97 1.9 : . : .
181 (-9) 78.73 oa1 of 20 animals. Except for the lipid profile (expressed in
18:201-6) 8.36 60.1 terms of percentage), results are expressed per gram of wet
18:3 (1-3) 0.96 1 tissue. Significant interaction terms were evaluated by a
Total saturated 10.89 14.6 Student’d test. Results were considered significarR at
I"Ea: “”Sat“ratetd e 87%172 8254'2 0.05. Data were analysed using the SPSS/PC statistical
Total polyunsaturated i o1l software package (SPSS for Windows, 9.0.1, 1999, SPSS

Inc., Chicago, IL).
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RESULTS

The present study investigates mitotic (liver) and 45 4 A)
postmitotic (heart and skeletal muscle) rat tissues for *
any possible effect on electron-transport components and %* T
function in relation to the dietary fat source. These di- I 1

etary fats, olive oil and sunflower oil, differ markedly in
their lipid profile [olive oil is rich in monounsaturated fatty
acids (MUFA) and sunflower oil in polyunsaturated fatty
acids (PUFA)]. Results from the present research could
help us to determine whether the dietary intervention may
help to modulate the ageing process with respect to the
mitochondria.

Liver monounsaturated fatty acids (%)

Food Intake, Rat Weight, and Mitochondrial-Lipid
Profile 25} B)
*1

Dietary intake did not vary significantly among the
groups during the experiment (data not shown). Body
weight was similar for both diets for the different time in-

|..__

tervals (olive oil vs. sunflower oil, for 6 months: 535t5 15 1

12.6 vs. 543.1+ 12.2, and for 24 months: 597.%

18.7 vs. 544.2 19.7). To test whether the rats were prop- 10 4

erly adapted to dietary fat, we analysed the lipid profile of 11_-

mitochondrial membranes, Figure 1 shows the proportion
of MUFA in mitochondrial membranes of liver (Fig. 1(A)),

Heart monounsaturated fatty acids (%)

HH %

heart (Fig. 1(B)), and skeletal muscle (Fig. 1(C)). For the %
three tissues studied, and for both age periods, the animals 0 ,ff 2

fed on olive oil had the highest MUFA level. The oppo-

site was found for PUFA (data not showed). Age only 40 7 C)

affected MUFA proportion in heart, with a decrease in the
proportion of these fatty acids for both dietary groups at
24 months.

—— %

HH %

Concentrations of Coenzyme Q and Cytochromé

Figure 2 shows the levels of coenzyme Q (CoQ).
In liver (Fig. 2(A)), CoQ levels for the group fed olive /
oil compared with sunflower-oil group were higher at //{;
6-month age and lower at 24 months. Age affected only //
the sunflower-oil group, with an increase at 24 months. In 0 f///
heart (Fig. 2(B)), for both age periods, olive led to lower Olive  Sunflower Olive  Sunflower
levels of CoQ than did sunflower oil. An increase with
time was found for the olive-oil group. In skeletal muscle
(Fig. 2(C)), olive-oil group showed lower levels of CoQ Fig. 1. Effects of dietary fat type ar_1d.ageing on the proportion of
than did the sunflower-oil group in both age groups. With monounsaturated fatty acids (MUFA) in liver (A), heart (B), and skeletal

muscle (C) of rats. Results are meaBEM of 20 animals. Statistical sig-

respect to age, there was an enhancement at 24 months fofficances*olive-oil group vs. sunflower-oil group for 6 or 24 months:
both dietary groups. 16 months vs. 24 months for olive-oil group or sunflower-oil group. Note

Concerning cytochrome(Fig. 3) inliver (Fig. 3(A)), that y-axis has a different scale, depending on the tissue.
the olive-oil group showed higher values at 6 months and

10 A

Muscle monounsaturated fatty acids (%)

6 months 24 months
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Fig. 2. Effects of dietary fat and ageing on coenzyme Q levels in liver Fig. 3. Effects of dietary fat and ageing on cytochromkevels in liver

(A), heart (B), and skeletal muscle (C) of rats. Results are resaM (A) heart (B), and skeletal muscle (C) of rats. Results are me2HM of

of 20 animals. Statistical significancéslive-oil group vs. sunflower-oil 20 animals. Statistical significanceslive-oil group vs. sunflower-oil
group for 6 or 24 months;6 months vs. 24 months for olive-oil group  group for 6 or 24 months;;6 months vs. 24 months for olive-oil group
or sunflower-oil group. Note that y-axis has a different scale, depending or sunflower-oil group. Note that y-axis has different scale, depending
on the tissue. on the tissue.
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lower levels at 24 months, compared with sunflower-oil
group. Age affected only the sunflower-oil group, with
a sharp increase at 24 months. For heart (Fig. 3(B)),
no differences were found between dietary treatments
at 6 months of age, and higher levels were found
in the sunflower-oil group at 24 months. For skele-
tal muscle (Fig. 3(C)), both groups were similar at
6 months and the olive-oil group differed from the sun-
flower group at 24 months (with lower values). Aging
led to higher cytochromé values in both groups at
24 months.

Complex IV Concentration, Activity, and Turnover

Cytochromea + ag concentration is shown in Fig. 4.
For liver (Fig. 4(A)), dietary treatment showed an ef-
fect only at 24 months, with higher levels found in the
sunflower-oil group. Age affected only the sunflower-
oil group, with higher values at 24 months. In heart
(Fig. 4(B)), no differences between diets were found for
the two age categories. Age affected both dietary groups,
lowering cytochroma + a3 levels at 24 months. In skele-
tal muscle (Fig. 4(C)), there were no differences between
dietary treatments. Ageing was reflected in higher values
at 24 months in both groups.

CCO activity is shown in Fig. 5. In liver (Fig. 5(A)),
differences between diets were found at 24 months (higher
activity for sunflower oil). No age effect was found for the
olive-oil group, but CCO activity increased at 24 months
in the sunflower-oil group. In heart (Fig. 5(B)), no differ-

ences between diets were detected. Ageing led to a de-

crease in both groups. For skeletal muscles (Fig. 5(C)),
diet showed an effect only at 6 months, with higher ac-
tivity for the sunflower-oil group. Ageing reduced CCO
activity in sunflower-oil group.

Complex IV turnover is shown in Fig. 6. For
liver (Fig. 6(A)), no differences were found concern-
ing diet or age. In heart (Fig. 6(C)), a higher turnover
was found for both age periods in the sunflower-oil
group. Ageing led to a sharp decline in turnover in
both dietary groups. In skeletal muscle (Fig. 6(C)), diet
triggered difference only at 24 months, with higher
levels for the sunflower-oil group. Age diminished
turnover in both dietary groups, showing lower values at
24 months.

DISCUSSION

The present experiment was designed to study mi-
tochondrial composition and function in various tissues
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Fig. 4. Effects of dietary fat and ageing on cytochroraet az
levels in liver (A) heart (B), and skeletal muscle (C) of rats. Results are
mean+SEM of 20 animals. Statistical significancéslive-oil group
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olive-oil group or sunflower-oil group. Note that y-axis has a different
scale, depending on the tissue.
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Fig. 5. Effects of dietary fat and ageing on cytochrommeoxidase Fig. 6. Effects of dietary fat and ageing on complex IV turnover in liver
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scale, depending on the tissue. on the tissue.
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of rat depending on ageing and the intake of different being the most sensitive. Liver was the most resistant to
dietary-fat sources. The first fact to demonstrate is that age. Variations in tissue response to age have been at-
feeding rats with sunflower or olive oils leads to mitochon- tributed to more than a single factor (Kwong and Sohal,
drial membranes of liver, heart, and skeletal muscle with a 2000). Thus, it has been noted that oxidative phosphoryla-
different fatty-acid profile, as shown in Fig. 1. Fatty-acid- tion ratios differ in rat liver, heart, and brain mitochondria
profile adaptation to olive oil or sunflower oil has been (Cairnset al,, 1998). Moreover, there are different tissue-

previously reported (Battinet al., 2002; Quileset al,, specific isozyme forms for complex 1, II, and IV (Capaldi
2001) but no studies are available that monitor the adap- et al,, 1988).
tation to these diets during ageing in different tissues in With regard to the particular age-related effects on

the rat, using a large sample size (20 animals per group).the different components of the mitochondrial-electron
In the present study, such adaptation followed throughout chain studied here, it should be mentioned that in heart and
all the time periods studied, and aged rats still had dif- skeletal muscle CoQ, cytochrom,cytochromea + ag
ferent mitochondrial membrane lipid profiles. This find- (in skeletal muscle but notin heart) increased overall while
ing implies that the benefits (if any) after eating either of CCO and complex IV turnover underwent a general de-
the two fat types might be maintained through the whole crease. One of the objectives of this study was to evaluate
life. the role of dietary fat in relation to possible changes in
Ageing modulated the adaptation to dietary fat in a mitochondrial composition and function during ageing.
different way, depending on the tissue. Liver and skeletal The results show that dietary fat differentially modulated
muscle were quite resistant to change its mitochondrial the response of tissues during the ageing process. Thus,
membranes while heart decreased its MUFA. In paral- although liver slightly reduced the content of CoQ and cy-
lel, PUFA and saturated fatty acids (SFA) were differen- tochromeb in the olive-oil group, the opposite occurred
tially modulated in heart and muscle (data not shown). Itis in the sunflower-oil group, which also showed higher lev-
quite difficult to ascertain whether these relative variations els of cytochromea + ag, CCO and a greater complex
in the fatty-acid fractions have any specific role in mi- 1V turnover. These findings confirm the role of dietary fat
tochondrial function through changes in fluidity, prepar- as a modulator of the structure and function of electron-
ing mitochondria for the best work condition of mem- chain components. Similarly, higher levels of CoQ and cy-
brane proteins, improving membrane transport, etc. (Feller tochromeb in heart and skeletal muscle of the sunflower-
et al, 2002; Lutzet al, 1999), or whether this is just oil group were found at 24 months. Some authors have
a consequence of ageing that could change the capacitysuggested that higher levels of cytochromenight be
to incorporate specific fatty acids with age or could al- good indicators of ageing (Kipling, 2001). In the present
ter membrane fatty-acid metabolism (Kunedmal., 1999; study, the highest levels of cytochrorhevere found at
Toth and Tchernof, 2000). Whatever the reason for the 24 monthsin rats fed on sunflower oil (for rats fed olive oil,
changes described, the first finding of the study concernsonly skeletal muscle showed a greater cytochrdmen-
the different response to ageing of the three tissues stud-centration, but to a lower extent than for the sunflower-oil
ied. Liver was almost unaffected by ageing, but postmi- group). Thus, from this viewpoint, we could hypothesize
totic heart and skeletal muscle underwent the greatestthat olive oil leads to less aged and less damaged mito-
changes. chondrial membrances. In this sense, it is noteworthy that
Several studies have investigated the effect of ageing the lipid-peroxidation degree found in these membranes
onthe electron-transport system in various tissues (Cooper(data not shown) directly correlated with this hypothesis,
et al, 1992; Gabbiteet al, 1997; Miquelet al, 1995; finding that the olive-oil diet led to lower peroxides levels
Sastreet al, 1997); however, few have included more in aged rats.
than one tissue. It is widely believed that ageing changes In conclusion, dietary fat and ageing differentially
are relatively more prevalent and severe in the postmitotic affect the composition and function of rat mitochondria,
cells. The results of the present study indicate variations depending on the tissue type. The most important ef-
in the pattern of age-associated changes in the contentfects of age were found in the postmitotic tissues, heart
of electron-chain components and the function of one of and skeletal muscle, with an overall increase in CoQ and
these components according to tissue. Overall, postmitotic cytochromeb together with a decrease in the activity and
tissues, and skeletal muscle in particular, seem to be theturnover of complex IV. Dietary fat can determine the mi-
most drastically affected by age, as previously reported tochondrial fatty-acid composition throughout the life of
(Kwong and Sohal, 2000). On the other hand, heart was the rat, representing a potential way to modulate effects
affected by age, depending on the parameter, with CCO of ageing in mitochondria through diet.
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