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Abstract 
The effect of aging and treatment with acetyl-L-camitine on the activity of cytochrome oxidase and adenine nucleotide translocase in rat heart 

mitochondria was studied. It was found that the activity of both these mitochondrial protein systems was reduced (by around 30%) in aged animals. 
Treatment of aged rats with acetyl-L-carnitine almost completely reversed this effect. Changes in the mitochondrial cardiolipin content appear to 
be responsible for these effects of acetyl-L-carnitine. 

Key words; Cytochrome oxidase; ADP translocase; Aging; Acetyl-L-carnitine; Rat heart mitochondria 

1. Introduction 

Aging is associated with a decline in cardiac functional 
competence. The molecular basis of this biological phe- 
nomenon is still not well understood. The well recog- 
nized age-dependent decrement in heart performance 
may be related to age linked changes in the mitochon- 
drial membranes lipids which influence the activity of 
diverse membrane bound enzymes and proteins (for re- 
view see [l]). 

Acetyl-L-carnitine is a natural biomolecule which acts 
by stimulating energy metabolism [2-4] although its mo- 
lecular mechanism of action is still not well known. How- 
ever many different effects of acute treatment of aged 
rats with this compound have been reported [5-71. 

We have recently reported that heart mitochondrial 
cardiolipin content is decreased with aging and that 
treatment of aged rats with acetyl-L-carnitine restores the 
normal level of this phospholipid in the inner mitochon- 
drial membrane [8]. These changes in the cardiolipin 
content have been implicated in altered rates of the mito- 
chondrial phosphate transport in aging. Cardiolipin is 
also required for optimal activity of cytochrome oxidase 
and adenine nucleotide translocase in mitochondria 
[9-131. 

This study examined the effect of aging and acetyl-L- 
carnitine treatment on the activity of cytochrome oxidase 
and adenine nucleotide translocase in rat heart mito- 
chondria. 

*Corresponding author. Dipartimento di Biochimica e Biologia 
Molecolare, Universita degli Studi di Bari, via E. Orabona 4, 

70126 Bari, Italy. 

Abbreviations: AC. Carn., Acetyl-L-camitine; CAT, carboxyatracty- 

loside; TMPD, N,N,N’N-tetramethyl-p-phenylenediamine. 

2. Materials and methods 

Male Fisher rats of 5 months (young) and 28 months (aged) were 
used for these studies. In each experiment, two rats of 5 months and 
two rats of 28 months were injected intraperitoneally with 300 mg/kg 
b.wt. of acetyl-L-camitine [5] and killed three hours after. 

Rat heart mitochondria were prepared by differential centrifugation 
of rat homogenates as described previously [14]. 

Mitochondrial cytochrome oxidase activity was measured polarogra- 
phically, essentially as described in [15]. 

The ADP transport in mitochondria was measured by the stop inhib- 
itor method, using carboxyatractyloside (CAT) essentially as described 
in [16]. 

The content of ADP translocator was determined by titrating the rate 
of ADP transport with increasing concentrations of CAT [17-l 81. 

Protein concentration was measured by the usual biuret method 
using serum albumine as standard. 

3. Results 

The kinetic parameters of the cytochrome oxidase in 
heart mitochondria from young, young plus acetyl-L- 
carnitine, aged and aged plus acetyl-L-carnitine treated 
rats are reported in Table 1. While there was practically 
no change in the K, values of cytochrome c for its oxi- 
dase among these four types of mitochondria, the maxi- 
mal activity of this enzymatic system was markedly re- 
duced (around 30%) in mitochondria from aged rats. 
Treatment of aged rats with acetyl-L-carnitine restored 
the activity of the cytochrome oxidase to the level of 
young rats. This compound had practically no effect on 
the activity of cytochrome oxidase in mitochondria iso- 
lated from young rats. 

The activity of cytochrome oxidase is known to be 
dependent on the phospholipid composition of the mito- 
chondrial membranes. To examine the possible role of 
changes in bulk membrane lipids in affecting oxidase 
function, the temperature dependence of the oxidase ac- 
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Fig. I. Temperature dependence of cytochrome c oxidase in heart 
mitochondria from young, aged and aged + acetyl-L-carnitine treated 
rats. The activity of cytochrome oxidase in mitochondria was deter- 
mined at various temperatures, essentially as described in the legend to 
Table I. Cytochrome c was added at concentration of 20 ,uM. Oxygen 
concentration of the medium at each temperature was calibrated by 
recording the stoichiometric oxidation of a limiting amount of spectro- 
photometrically standardized NADH in separate experiments. The ex- 
periment shown is representative of four experiments which gave simi- 
lar results. 

tivity in mitochondria isolated from young, aged and 
aged + acetyl+-carnitine treated rats was examined. The 
Arrhenius plots of a typical experiment of cytochrome 
oxidase activity in mitochondria from these three types 
of mitochondria are reported in Fig. 1. Mitochondrial 
preparation from young rats exhibited a biphasic plot of 
log respiration rate versus reciprocal temperature, with 
change in the slope at 29.0 4 3.1”C. With heart mito- 
chondria preparation from aged rats, the Arrhenius plot 
for cytochrome oxidase activity was also biphasic, but 
the position of the breakpoint was shifted to a higher 
temperature 32.2 + 3.4”C. This difference in temperature 
dependence of cytochrome oxidase activity in mitochon- 
dria from young and aged rats indicates that the lipid 
microenvironment of the active enzyme molecules in 
these two types of mitochondrial membranes is not the 
same. Treatment of aged rats with acetyl+carnitine re- 
stored the altered Arrhenius plot profile for mitochon- 
drial cytochrome c oxidase to that observed in mitochon- 
dria from young rats. 

It has been shown that the activity of the ADP translo- 
case is decreased in heart mitochondria from aged rats 
[19-201. This decreased activity was ascribed to an al- 
tered membrane lipid environment of this carrier pro- 
tein. The effect of treatment of aged rats with acetyl+ 
carnitine on the activity of the ADP carrier in heart 

mitochondria was studied. The results reported in Table 
2 show that the activity of the ADP translocase, meas- 
ured as rate of ADP uptake by mitochondria, was re- 
duced (by more than 30%) with aging. Pretreatment of 
aged rats with acetyl-r_-carnitine restored the activity of 
this carrier system to the level of young rats. Acetyl-r_- 
carnitine treatment had no effect on the ADP carrier 
activity in mitochondria from young animals. 

In addition, the results reported in Table 2 show that 
the content of ADP carrier, obtained from the minimal 
concentration of CAT required to completely inhibit the 
translocase, was practically the same in heart mitochon- 
dria isolated from young, aged and aged + acetyl-L-car- 
nitine treated rats. This indicates that the capability of 
acetyl-L-carnitine to bring back the reduced mitochon- 
drial ADP carrier activity of aged rats to the level of 
young rats is not due to an increase in ADP carrier 
molecules. 

4. Discussion 

The results presented herein indicate that the activity 
of both cytochrome oxidase and adenine nucleotide 
translocase is reduced in heart mitochondria from aged 
rats. Treatment of aged rats with acetyl-r_-camitine al- 
most completely restores the reduced activity of these 
two protein systems to the level of young control rats. 

The activity of both cytochrome oxidase and adenine 
nucleotide translocase has been shown to be dependent 
upon the presence of cardiolipin, a phosphohpid local- 

Table 1 
Kinetic parameters of the cytochrome oxidase in heart mitochondria 
from young, young + acetyl-L-carnitine, aged and aged + acetyl-r-car- 
nitine treated rats 

Animals Cytochrome oxidase 

V 

CM) (nmaom O/min/mg 
Decrement 

prot.) 

Young 10.5 f 0.7 3,220 f 350 
Young + AC. Carn. IO.9 f 0.8 3,280 + 340 
Aged 11.3 +_ 0.8 2,280 +_ 290* -29% 
Aged + AC. Carn. 11.1 f0.8 3,190 f 340 

Cytochrome oxidase activity in mitochondria was measured polarogra- 
phically with an oxygen electrode at 25°C in a medium containing 100 
mM KCI, 20 mM Na-HEPES and 5 mM MgCI, (final pH 7.4). For Km 

determinations 10 mM ascorbate, 0.05 mg Triton X-100, I mM TMPD, 
varying concentrations of cytochrome c (I-IOOpM), and 0.1-0.15 mg 
of mitochondrial protein were present in a final volume of 1 ml. Horse- 
heart cytochrome c (type IV, Sigma, St. Louis, MO) was used for all 
experiments. Rates of oxygen uptake were corrected for autooxidation 
measured in the absence of mitochondria. Kinetic parameters were 
determined graphically from Lineweaver-Burk double-reciprocal plots. 
Each value represents the mean + S.E. obtained for four separate ex- 
periments with two rats of each group. 
*P < 0.01 vs. young rats. 
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Table 2 
Rate of ADP transport and content of ADP carrier in heart mitochon- 
dria from young, young + acetyl-L-carnitine, aged and aged + acetyl-r- 
camitine treated rats 

Animals ADP transport 
(nmol/min/mg 
protein) 

Content of ADP 
carrier 
(nmol/mg protein) 

Young 18.8 f 1.4 1.12 + 0.12 
Young + AC. Carn. 19.4 f 1.7 1.10 f 0.14 
Aged 13.0 f 1.3* 1.08 f 0.15 
Aged + AC. Carn. 18.6 + 1.5 1.10 f 0.14 

the enzyme protein involved in the cardiolipin biosynthe- 
sis, as recently suggested for the effect of thyroxine on 
the activity of this enzyme in rat liver mitochondria [21]. 

Cytochrome oxidase and ADP carrier play a central 
role in the regulation of heart energy metabolism. The 
observed effect of acetyl-r.-carnitine on the activity of 
these two protein systems as well as on that of phosphate 
translocator [8], may explain, at least in part, the stimu- 
latory effect of this compound on cellular energy metab- 
olism in aged animals. 

The rate of [14C]ADP transport was measured at 0°C with a medium 
made of 120 mM KCl, 10 mM Tris-HCl, 1 mM EDTA (final pH 7.2; 
final volume 1 ml). Mitochondria (1 mg of protein) were preincubated 
in the reaction medium for 2 min prior to addition of radiolabelled ADP 
(100 PM). The incubation lasted for 10 s and stopped by 20 PM CAT. 
ADP transport was considered as difference of uninhibited and CAT- 
treated samples. The content of ADP translocator was determined by 
titrating the rate of ADP transport with increasing concentrations of 
CAT. Experimental conditions are similar to those described above 
with concentrations of CAT going from 0.1 to 2 ,uM. The content of 
the active adenine nucleotide translocator was determined by the min- 
imal amount of CAT sufficient to completely inhibit the ADP trans- 
port. Since the binding of CAT to the translocase is essentially stoi- 
chiometric, the minimal concentration of this inhibitor required to 
completely inhibit the translocase, can be taken as quantitative expres- 
sion of the translocase content. Each value represents the mean + SE. 
obtained for four separate experiments with two rats of each group. 
*P < 0.01 vs. young. 

ized at the level of the inner membrane of mitochondria 
where it is biosynthesized [9-131. In a previous paper we 
have shown that the cardiolipin content is reduced by 
more than 30% in mitochondria from aged rats as com- 
pared to young rats [S]. This reduced level of cardiolipin 
is brought back to the level of young rats by treatment 
of aged rats with acetyl-L-carnitine. These changes in 
cardiolipin content are associated with parallel changes 
in the activity of both cytochrome oxidase and ADP 
translocase (present results). Thus, the most obvius ex- 
planation of the effect of acetyl+-carnitine on the activ- 
ity of both cytochrome oxidase and ADP translocase in 
mitochondria from aged rats is the restoration of the 
normal level of cardiolipin which is required for optimal 
activity of these two protein systems in mitochondria. 

The molecular mechanism remains to be ascertained 
by which acetyl-L-carnitine restores the normal level of 
cardiolipin in cardiac mitochondrial membrane from 
aged rats. One possibility is that acetyl-L-carnitine may 
affect the activity of mitochondrial cardiolipin synthase, 
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