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SUMMARY

The ability of gastrocnemius muscle homogenates to catalyze the oxidation of
succinate, glutamate + malate, pyruvate + malate, palmitoyl-coenzyme A,
decanoylcarnitine and palmitoylcarnitine in the presence of ADP decreased by
approximately 32% in sedentary male Sprague-Dawley rats between the ages of 9
and 25 months. Following 21 weeks of treadmill training (running), such homo-
genates from 25-month-old animals catalyzed oxidations 55% more rapidly than
those from 25-month-old sedentary rats, and 17% faster than those from 9-month-
old sedentary rats. Total and peptide-bound flavin of gastrocnemius muscles also
declined between 9 and 25 months of age and were elevated in the 25-month-old
endurance trained rats to levels greater than both 9- and 25-month-old sedentary
animals. The yield of protein in the mitochondrial fraction from the quadriceps
femoris muscle decreased between 9 and 25 months and was restored to the
9-month level by endurance training. The kinetic characteristics of the isolated
mitochondria were not influenced by age or exercise. These data indicate that
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2-year-old rats retain the capacity to increase skeletal muscle oxidative capacity
and mitochondrial population density in response to endurance training.

INTRODUCTION

It is generally acknowledged that the physical performance capacity of animals,
including humans, decreases during the middle and later years of life. This is
accompanied by, and is a reflection of, a decline with age of the maximum oxygen
consumption of the intact animal [1]. Aging is also accompanied by a gradual
diminution of energy yielding reactions and related metabolic functions in several
organs, including skeletal muscle [2]. While a number of workers have noted
decreased activities of several enzymes involved in energy metabolism with aging,
it has been suggested [3], “that the decrease in maximal oxygen uptake and
muscular strength in aging humans probably can not be explained in terms of a
deteriorating skeletal muscle energy metabolism.” It is our contention that such
deterioration is a major factor contributing to the decrease in aerobic capacity in
the elderly.

Although it is clear that many of the changes which occur in skeletal muscle of
young animals in response to a program of endurance training involve the
supporting connective tissue proteins [4] and enzymes of oxidative pathways of
energy metabolism [5], very little information is available presently on the
response of energy releasing and conserving pathways to endurance exercise in
the aged animal. Some information has appeared which indicates that exercise
applied selectively and at appropriate periods of the life span can affect longevity
in the laboratory rat [6,7). However, as Shock has pointed out [8], “Although
there is ample evidence that age influences exercise performance, data are not
available at present to determine the effect of exercise on ageing—or rate of
ageing.”

So as to clarify the controversy regarding the potential of exercise to restore
the metabolic capabilities of skeletal muscle in the aged, we have determined the
concentrations of flavin in, and the overall rates of oxidation of substrates for fatty
acid and amino acid oxidations, the citric acid cycle, and electron transport chain
activities catalyzed by gastrocnemius muscle from 9- and 25-month-old sedentary
rats and 25-month-old endurance trained and weight controlled rats. Muscle
homogenates, instead of mitochondria, were used to study reaction rates and
component concentrations since we were interested in studying the capacity of
the whole muscle to change with age and adapt to exercise. In addition, isolated
mitochondria were also assayed since we [9,10] and others [11,12] have reported
that although more mitochondria may be isolated from muscle of endurance
trained than sedentary animals, the kinetic characteristics of the two preparations
do not differ except for enzymes of the beta-oxidation of fatty acids, the activities
of which are diminished in mitochondria of aged rats {13].
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METHODS

Animal care and training

Retired breeder Sprague-Dawley rats, designated Crl: COBSRICD®(SD), were
obtained from Charles River Breeding Laboratories, Portage, MI, at 810 n:onths
of age and housed singly in the Animal Care Facility of the Division of Biological
Sciences in a room segregated from other species and maintained on a 12-h
light-dark cycle. Except for the weight control group described below, all animals
received Purina Laboratory Rat Chow and water ad libitum. In our colony of 120
rats, 102 survived to 25 months of age. Four groups of animals, selected from our
aging colony, were used: (1) 9-month-old sedentary (Sed-9), (2) 24-26-month-old
sedentary (Sed-25), (3) 24-26-month-old endurance trained (Tr-25), and (4) 24-26-
month-old food restricted weight controls (Wt-25). Since it was our intent to study
the interaction of age and exercise, animals which showed pathology or un-
explained weight loss were excluded from participation in these experiments.

The exercise training protocol was similar to that described previously [14]. A
group of 21-month-old rats was introduced into a protocol consisting of running 5
days per week for 21 weeks in a ten-channel, motor driven treadmill. During the
entire training period the rats ran at an incline angle of 8° and the ambient
temperature of the training room was maintained at 19°C. The rats were run for
10 min at 11 m/min during the first week after which, on each succeeding session
for the next 2 weeks, the duration and speed were increased to 12 min at
25 m/min. The duration and speed were increased over the next 6 weeks until the
rats were running for 27min at 25m/min. Because some of the elderly rats
appeared to have difficulty maintaining a rate of 25 m/min over the entire exercise
period, the time was decreased to 25 min for the next 4 weeks. The final 6 weeks
of training consisted of 30 min per day at 25 m/min.

Since, in our experience, the body weight of elderly endurance trained rats of
this strain is lower than in sedentary animals of the same age, an additional
control group was prepared in which the body weights of the nontrained animals
were maintained at the same weights as the trained individuals. This was ac-
complished by monitoring and regulating the food intake of the weight control
sedentary group.

Preparation of homogenates

Animals were anaesthetized with sodium pentobarbital (40 mg/kg, i.p.),
decapitated and exsanguinated. The lower hind leg muscles were removed, freed
of the plantaris and soleus muscle and the gastrocnemius and the quadriceps
femoris muscle group cooled in ice-cold homogenizing medium (50 mM TES*,
100 mM KCl, 0.5 mM MgSO,, 1 mM EDTA, 5mM K.PO,) at pH 7.5 [15]. The
tissue was maintained at 0—4°C during all subsequent manipulations until used for

* N -tris(hydroxymethyl)methyi-2-aminoethanesulifonic acid.
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assay. After wet weights were recorded, the gastrocnemius muscles were rinsed
several times with cold homogenizing medium, minced, and maccerated for 90 sec
in homogenizing medium (7ml/g wet weight) with a Willem’s Ultra-Turrax
homogenizer (model BEW, Janke and Kunkel AB) set at half speed. The
suspension was then homogenized in a motor-driven Potter-Elvehjem PTFE—glass
homogenizer (medium fit) for 8-10 strokes and filtered through two layers of
cheese cloth. Filtered particulate matter was examined and rehomogenized, if
necessary, to ensure total extraction. In order to lower the concentration of
endogenous substrates, homogenates were centrifuged at 73 X 10* g/min. The
resulting pellet was suspended to the original volume with homogenizing medium
and sedimented again with the same force. The final pellet was suspended in
homogenizing medium at a protein concentration of 25 mg/ml and used for assay
of rates of oxidation.

Preparation of mitochondria

Mitochondria were isolated from the quadriceps femoris muscle group ac-
cording to the procedure of Makinen and Lee [16] except that the muscle was
homogenized for 30 sec with a Willem’s Polytron, model BEW, rotating at a speed
of 14 500 rpm while unloaded as described by Beyer and MacDonald {17].

Electron microscopy

Several individual mitochondrial preparations were examined for purity and
integrity with the electron microscope according to Kuner and Beyer [18]. Upon
completion of kinetic measurements with the oxygen electrode, the mitochondrial
suspension was removed from the reaction cuvette and 100 ul centrifuged at
approximately 10800 g for 30sec in a Coleman model 6-8111 microcentrifuge
which accelerates to its maximum speed within 2sec. The supernatant fraction
was removed and quickly replaced with fixative (2% osmium tetroxide in 0.15M
sucrose—25 mM Tris—=HCI, pH 7.5). The period between sampling and fixation was
approximately 40 sec. The mitochondrial sample was maintained in the fixative for
1h at 0°C, removed and dehydrated in increasing concentrations of ethanol, and
embedded in a soft epoxy-resin mixture consisting of 4 parts Epon 812 (Shell), 10
parts dodecenylsuccinic anhydride, and 0.32 parts 2,4,6-tri(dimethylamino-
methyl)phenol (DMP-30). The blocks were sectioned with glass knives on a
Porter-Blum ultramicrotome, sections picked up on 300-mesh, uncoated copper
grids (Fullman), and stained in 4% uranyl acetate in 40% ethanol for 40 min at
room temperature. Electron micrographs were obtained on DuPont Cronar Ortho
A Litho COA7 film with an RCA-EMU 4 electron microscope operating at
S0kV.

Assays
The protein concentration of homogenates was determined by a biuret pro-
cedure [19] modified by developing the blue copper-peptide bond complex in
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30 sec at 100°C. In more recent experiments the procedure of Beyer [20] has been
used in order to avoid turbidity, due to fatty tissues in aged rats, in the biuret
assay. Crystalline bovine serum albumin, used as standard, was prepared and
standardized according to Kaziro et al. [21]. Mitochondrial protein was assayed
with either the procedure of Lowry et al. [22] or that of Watters [19].

Rates of substrate oxidations catalyzed by homogenates were determined
essentially as described previously [23] with Clark type electrodes and the circuit
described by Estabrook [24]. Experimental and control preparations were assayed
simultaneously by employing two all-glass cuvettes thermostated at 37°C in series
and recording signals from the two electrodes on a Varian 161A dual channel
recorder. The final volume of the cuvette contents was 1.8 ml: 1.6 ml of incubation
medium (0.13 M KCl, 20 mM K.PO,, pH 7.2) and 0.2 ml of homogenate to yield a
final protein concentration of 2.78 mg/ml. Substrates and their final concentrations
were: glutamate (11.1 mM), succinate (11.1 mM), pyruvate-malate (11.1 mM-
1.1 mM), palmitoyl-coenzyme A (11.1 uM), palmitoylcarnitine-malate-albumin
(66.7 uM-1.1 mM-88.9 uM) and decanoylcarnitine-albumin (0.22 M-88.9 uM).
The concentration of oxygen was assumed to be 0.199 mM at 37°C [25]. Reactions
were started by the addition of substrate to the cuvette. The rate was recorded
and 250 nmol of ADP were added in 10 u1 to obtain the rate of state 3 oxidation.
Addition of cofactors such as cytochrome ¢ and NAD* did not enhance the
ADP-stimulated rate of respiration and were not used generally in the measure-
ment of oxygen consumption.

Oxidations catalyzed by mitochondrial enzymes were assayed at 25°C as
described above for homogenates in a medium 0.15M in sucrose, 0.025M in
TrissHCl, and 6 mM in inorganic orthophosphate, pH 7.5. States 3 and 4
respiration, the respiratory control ratio (RCR) and the ADP/O ratio were
calculated as described by Chance and Williams [26]. ADP was added to the
reaction as 10 1 of a 42.2 mM solution and was assayed enzymatically [27]. The
concentration of oxygen at 25°C was assumed to be 0.237 mM [25].

Skeletal muscle flavin was assayed according to the method of Rao et al. [28]
using whole homogenates of gastrocnemius muscle.

Statistical evaluation

Inferences with regard to the significance of differences between any two
groups of data were made using Student’s small sample analysis for the calculation
of t values and a two-tailed comparison of p.

RESULTS

Body weight

The group of rats participating in the exercise program lost 10% of their body
weight during the first 7 weeks of the program (p <0.001, n = 36) after which
their weights remained relatively stable (Fig. 1). At the end of the 21 weeks of
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Fig. 1. Body weights of sedentary (%), exercised (W), and food-restricted (@) rats. The food
restriction and exercise programs were started when the rats were 21 months of age and continued for
21 weeks. Vertical lines represent the standard error of the mean for Sed-25 and Tr-25 groups.

exercise the rats in the trained group weighed 16.1% less than the age-matched
controls (p <0.001, n = 32) (Fig. 1). The continued weight gain of this strain of
Sprague-Dawley rat [Crl: COBS®RICD®(SD)] over the life span has been docu-
mented previously [29,12].

Rates of homogenate catalyzed oxidations

Table 1 contains mean values of the rates of oxidation catalyzed by gastroc-
nemius muscle homogenates from four groups of rats oxidizing six substrates in
the presence of ADP. The rates of oxidation catalyzed by homogenates from the
25-month-old endurance trained rats (Tr-25) were significantly greater than those
from age-sedentary controls (Sed-25) and age-weight matched controls (Wt-25)
with all substrates tested and greater than those from 9-month-old sedentary rats
(Sed-9) with palmitoylcarnitine and pyruvate~malate as substrates. A trend toward
a loss of oxidative capacity in the gastrocnemius muscle between 9 and 25 months
in sedentary animals is apparent although statistical significance (p <0.05) was
observed only with succinate as substrate. When Sed-9 was compared to the
Wt-25 group, however, the loss of oxidative capacity was statistically significant
with all substrates except palmitoylcarnitine.
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Fig. 2. Flavin levels of gastrocnemius muscles from 25-month-old sedentary (Sed-25), food restricted
(Wt-25), endurance trained (Tr-25) and 9-month-old sedentary (Sed-9) rats. Open columns: total flavin,
Stippled columns: peptide-bound flavin. Range markers indicate S.E.M. For total flavin the difference
between Sed-9 and Sed-25 groups is significant (p <0.01); between Sed-25 and Tr-25 significant
(p <0.001); between Tr-25 and Wt-25 significant (p <0.05). For peptide-bound flavin the difference
between Sed-9 and Sed-25 is significant (p <0.001); between Sed-25 and Wt-25 significant (p <0.05);
between Tr-25 and Sed-25 significant (p < 0.001); between Tr-25 and Sed-9 significant (p < 0.001).

Flavin levels

Figure 2 contains data on the concentration of total and peptide-bound flavins
from gastrocnemius muscles of the same groups of rats for which oxidative data
were obtained and reported in Table 1. Total flavin decreased between 9 and 25
months of age in gastrocnemius muscles (Sed-9 vs. Sed 25, p <0.02) while 21
weeks of endurance training increased total flavin when compared to age-matched
sedentary animals (p <0.001) and age-matched weight controls (p < 0.05) to levels
not significantly different than those of 9-month-old sedentary animals. Peptide-
bound, trypsin-released flavin, the prosthetic group of succinate dehydrogenase
{30}, followed a similar pattern except for the difference between the Sed-25 and
Wt-25 groups which was significant (p <0.05) for peptide-bound flavin.

Mitochondrial yield and oxidations

The yield of mitochondria from the quadriceps femoris muscle declined 35%
between 9 and 25 months (Sed-9 to Sed-25) and increased 100% in the endurance
trained rat compared to their weight matched controls (Tr-25 vs. Wt-25) (Table
II). Dietary restriction in the 25-month-old sedentary rat (Wt-25) resulted in a
greater loss of mitochondrial protein compared to sedentary animals of the same
age allowed food ad libitum (Wt-25 vs. Sed-25, p <0.05). This is consistent with
the generally lower rates of oxidation catalyzed by tissues and peptide-bound
flavin from the food-restricted group (Table I and Fig. 2).

Analysis of the kinetic properties of the mitochondria isolated from
quadriceps femoris muscles of all four groups strongly indicates that such
mitochondria are indistinguishable between the groups (Table II) despite
reasonably low values for the standard error of the means. The data in Table II
also indicate that mitochondria isolated from each of the four groups yield kinetic
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values in the range of those previously published [31] for skeletal muscle mito-
chondria oxidizing pyruvate-malate under phosphorylating (+ ADP, state 3),
uncoupled (+F;CCP*), and ADP-limited (state 4) states and in the presence of
oligomycin (an inhibitor of oxidative phosphorylation). In addition, the derived
values for the respiratory control ratios and the efficiency of oxidative phos-
phorylation (ADP/O) are within normal limits for skeletal muscle mitochondria
[32] for all four groups of animals. Figure 3 consists of an electron micrograph of
mitochondria isolated from the quadriceps femoris of one of the 25-month-old
sedentary animals and demonstrates structural integrity and a low degree of

Fig. 3. Electron micrograph of isolated rat quadriceps femoris muscle mitochondria in the orthodox
configuration. Scale indicator = 1 xm; magnification x 160 000.

*p-Trifluoromethoxycarbonylcyanidephenylhydrazone.
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TABLE H1I

GASTROCNEMIUS MUSCLE WEIGHTS AND PROTEIN YIELDS WITH AGE AND EXER-
CISE*

Experimental Gastrocnemius Total protein Percentage
group weights (g) (mg) protein
Sed-9 (n = 8) 4.842 +0.058° 689.9 + 29,2 14.2+04T
Sed-25(n=17) 4.162+0.321 794.2+399 19.1x0.47
Wt.25(n=7) 3.246 + 0.083¢ 669.1 +18.3° 20.7+0.57
Tr-25 (n = 8) 4.927 +0.232/ 795.5+33.3 16.2 = 0.37

*Values are means = S.E.M.

®Significantly different from Sed-25 group, p < 0.05.
“Significantly different from Sed-25 group, p <0.001.
9ISignificantly different from Sed-25 group, p <0.02.

0.1 < p > 0.05 vs. Sed-25 group.

'Significantly different from Wt-25, p <0.001.
tSignificantly different from Wt-25 and Sed-9, p <0.001.

nonmitochondrial contamination. Consistent with the similarity between experi-
mental groups with respect to kinetic parameters (Table II), we have noted no
structural differences between mitochondria isolated from the several groups.

Muscle weights and protein yields

During the 16-month period between 9 and 25 months, the wet weight of the
gastrocnemius muscle decreased significantly (—14%) (Table III). During the same
period the total protein content of the muscles increased 15% and the protein
proportion of the wet weight of the muscle increased 35% in the sedentary
animals (Table II). Food restriction resulted in a significant lowering of both the
wet weight and protein content of the gastrocnemius muscles of the sedentary
elderly rat with no significant difference in the protein percentage. The wet weight
of the muscle tended to increase with training with respect to the 25-month-old
sedentary group (p <0.1 and >0.05) and significantly when compared to the
weight control group (p <0.001), reaching a level equivalent to that of the
9-month-old sedentary rat. The total protein of the muscle of the 25-month-old
trained animals was equivalent to that of the sedentary group of the same age but
significantly greater than both the Wt-25 and the Sed-9 groups (p <0.001). The
percentage of protein in the muscle was lower in the trained group than in both
the weight restricted group (p <0.001) and the elderly sedentary group (p <
0.001).

DISCUSSION

Since the original report of an increase in the oxidative capacity of skeletal
muscle accompanying adaptation to prolonged endurance exercise [33], a good
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deal of biochemical information has appeared implicating mitochondrial oxidative
metabolism in the responses to exercise and the loss of such activities and
capacities during disuse atrophy [5]. Sufficient data now exist to support the
conclusion that the elevated respiratory capacity of skeletal muscle in response to
endurance exercise is due to an increase in the tissue density and size of
mitochondria [34] rather than to an alteration of the kinetic characteristics of the
mitochondrial regulatory mechanism [9,10,11] (see also Table II this paper). A
response of the adenine nucleotide translocase to endurance exercise has been
noted [35], however.

A rather large body of evidence exists showing a general decline in the
oxidative metabolism of skeletal muscle tissue with age (see refs. 2 and 36 for
reviews). Some evidence also exists indicating that the oxidative capacity of
skeletal muscle may be increased in the elderly animal in response to endurance
training [9,10,12,37,38]. What is not clear, however, is whether the loss of
oxidative capacity with age is a reflection of (1) a decrease in the mitochondrial
population density of the tissue, (2) a decrease in the content of respiratory
enzymes of individual mitochondria with little or no change in population density,
(3) an increase in the number of respiratory enzyme molecules containing errors
in their primary structure sufficient to render them ineffective, or (4) an increase
in the fragility of the mitochondria resulting in fracture during homogenization
and loss during isolation. The data presented herein bear on these, and other,
questions.

Between the ages of 9 and 25 months, the wet weight of the gastrocnemius
muscle of the rats in this study declined 14%, a decline not apparent in the
endurance trained group (Table III). The 25-month-old rats whose weights had
been reduced by food restriction had still lighter gastrocnemius muscles. Contrary
to the decrease in the wet weight of the muscle with age, the protein content
increased both in terms of total protein and percentage of wet weight, possibly
reflecting the increase in the content of collagen which occurs in skeletal muscle
with age [39]. Despite the lower wet weight and total protein content of the
muscle from the weight control group compared to the three other groups studied,
the percentage of protein is highest in this group. This, also, may be a reflection of
the accumulation of collagen in the aged muscle which, because of its high degree
of intra- and intermolecular crosslinks, is conserved preferentially during weight
loss resulting from food restriction. Conversely, both the wet weight and total
protein of the muscles of the endurance trained rat were high while the percen-
tage of protein was lower than both the Sed-25 and the Wt-25 groups. This may
reflect a stimulation in the synthesis of contractile proteins and enzymes of
aerobic pathways and a decrease of collagen in response to the increase in
physical activity [4].

The data in Table I on the rates of substrate oxidations by gastrocnemius
muscle homogenates and Fig. 2 on flavin levels of this muscle from the four
groups of animals support the contention that the oxidative capacity of skeletal
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muscle decreases in the elderly. The large increases in the rates of substrate
oxidations and flavin levels in the muscles of the endurance trained elderly
animals demonstrate that, whatever the mechanism regulating such activity in the
aging muscle, it is clearly reversible in the elderly as well as in the younger animal.
It is noteworthy in this era of weight consciousness that, in general, the oxidative
capacity, the wet weight, the total protein content, and the mitochondrial yield of
the gastrocnemius muscle from the food restricted weight controlied group were
the lowest of the four groups studied, demonstrating the importance of the
difference between weight loss via sedentary caloric restriction (disuse atrophy)
and caloric utilization through exercise. These data are of interest in view of the
report [40] that food restriction early in the life of the rat, which leads to
increased longevity, also decreases the fall in skeletal muscle oxygen consumption
in elderly rats. The data reported in Table I show that such is not the case in
elderly rats in which food restriction and accompanying weight loss start late in
life.

It is of interest that, although the yield of mitochondria from muscle decreased
with age and was elevated in the muscle of the elderly rat with exercise, the
kinetic characteristics of the isolated mitochondria from the four groups of
animals did not differ with respect to maximal rates of pyruvate oxidation (state 3
and + uncoupler), the adenylate control of respiration (respiratory control ratio,
+ oligomycin) or the efficiency of ATP synthesis (ADP/O). These observations
are consistent with those reported by Hansford and Castro [13], Farrar et al. [12],
and the original observation of Chen et al. [41]. It should be pointed out,
however, that isolated mitochondria from skeletal muscle of elderly animals do
catalyze beta-oxidation of fatty acids more slowly than mitochondria from
younger animals [41]. Hansford [42] has shown that it is primarily lipid oxidation
which declines in heart mitochondria in the aging rat. It is of interest that the
largest increase in oxidative capacity resulting from endurance training of the
elderly rat was with palmitoylcarnitine; its rate of oxidation in this 25-month-old
rat exceeded that of the muscle preparation from the 9-month-old rat (Table I).

Although the enzymes involved in the oxidation of the substrates used in this
study are localized in the mitochondrion, homogenates, instead of isolated mito-
chondria, were used to assay overall oxidative capacity of the muscle. This
avoided the possibility of excluding a fraction of the mitochondria of the tissue in
our assays due to loss during isolation, observed for liver [43] and heart [44] in
elderly animals. In addition, the overall pathway from substrate to oxygen, instead
of individual enzymic steps, has been used to assay oxidative capacity so as to
obviate the possibility of inadvertently bypassing the rate limiting step(s) of the
pathway of interest.

One goal of those studying aging is to identify means of shifting the aging curve
from a general decline to a more rectilinear shape. In this context, at least in the
laboratory rat and the human, many of the changes observed to accompany age
are similar to those accompanying disuse atrophy [45]. The data reported herein
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and elsewhere suggest that a regular exercise program is able to reverse some of
the age-related functional declines even if initiated late in the life of otherwise
sedentary individuals. This is not to suggest, however, that an age does not exist
beyond which the cell is genetically limited in its biochemical response to exercise
since some evidence exists [46,47] for a “‘threshold age” [6], at least in rndents.
Richardson and Cheung [48] have suggested that a general decline with age in
gene expression, translation and transcription, resulting in a decrease in protein
turnover, may lead to an age-related decrease in the response of the aged animal
to stimuli and thus a lowering of induced enzyme synthesis. The results reported
herein suggest that, at least up to the age of 21 months, rats of this Sprague-
Dawley strain do respond to exercise by, most likely, synthesizing more functional
mitochondrial assemblies in skeletal muscle. An alternative mechanism, account-
ing for changes in oxidative rates with ageing and exercise, should be considered
which involves modifications in lipid composition and structural order, factors
which regulate inner mitochondrial membrane fluidity. An increase in the state of
order, and thus rigidity, of the hydrophobic phase of the inner mitochondrial
membrane could limit the lateral movement and interaction of components of the
electron transport chain. Since Vorbeck et al. [49] have reported just such changes
in the lipid composition and ordered state of liver mitochondria from aged rats,
this level of control deserves serious consideration as a contributing factor to
mechanisms underlying the rate observations reported above.
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