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Abstract
To investigate the mitochondrial decay and oxidative damage resulting from aging, the activities/
kinetics of the mitochondrial complexes were examined in the brains of young and old rats as well
as in old rats fed R-α-lipoic acid plus acetyl-L-carnitine (LA/ALC). The brain mitochondria of old
rats, compared with young rats, had significantly decreased endogenous antioxidants and superoxide
dismutase activity; more oxidative damage to lipids and proteins; and decreased activities of complex
I, IV and V. Complex I showed a decrease in binding affinity (increase in Km) for substrates. Feeding
LA/ALC to old rats partially restored age-associated mitochondrial dysfunction to the levels of the
young rats. These results indicate that oxidative mitochondrial decay plays an important role in brain
aging and that a combination of nutrients targeting mitochondria, such as LA/ALC, could ameliorate
mitochondrial decay through preventing mitochondrial oxidative damage.
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Introduction
Increasing evidence demonstrates that aging is closely associated with mitochondrial
degeneration [1]. Mitochondria are the primary energy generating organelles in the cell. The
final step of electron transport energy generating process involves adding four electrons to
oxygen to form water. Approximately 1–2% of the oxygen accepts a single electron to form
reactive oxidant by-products. These oxidants attack mitochondrial membrane proteins, lipids
and nucleic acids, resulting in lower efficiency in electron transfer. In turn, the damaged
electron respiratory chain increases the production of oxidants, leading to a cycle of increasing
oxidant production and mitochondrial damage with age [2].

The oxidative modification of proteins is implicated in the etiology or progression of a number
of the degenerative diseases of aging [3]. One consequence of protein oxidation is the
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deformation of enzymes causing loss of binding affinity (increased Km) for coenzymes and
substrates with age [4]. Oxidative damage of enzymes contributes to the mitochondrial
degeneration of aging [5]. Mitochondrial complex I, III, and IV lose activity and function (a
significant increase in Km and decrease in Vmax) with aging, which is accompanied by an
increase in oxidants [6]. In old rats (vs. young rats), mitochondrial membrane potential,
cardiolipin level, respiratory control ratio and cellular O2 uptake are lower; oxidants/O2, neuron
RNA/DNA oxidation, and mutagenic aldehydes from lipid peroxidation are higher [7,8].

Mitochondrial cofactors may improve mitochondrial function. α-Lipoic acid (LA) is a disulfide
compound that is found naturally in mitochondria as a coenzyme for pyruvate dehydrogenase
and α-ketoglutarate dehydrogenase [9]. LA in its reduced form is a powerful antioxidant [9].
LA is a potent inducer of about 200 phase 2 antioxidant enzymes, thus raising cellular
antioxidant defenses [10]. Acetyl-L-carnitine (ALC) is an acetyl derivative of L-carnitine,
which facilitates the entry and exit of fatty acids from the mitochondria. ALC fed high doses
improves mitochondrial function in old rats [11]. Feeding old rats a combination of LA and
ALC restored mitochondrial integrity, function; lowers oxidant production, neuronal RNA/
DNA oxidation, and mutagenic aldehydes and improves rat ambulatory activity and cognition
[8,11]. Using electron microscopy to observe the ultrastructural changes, we have
demonstrated that feeding LA and ALC ameliorated age-associated mitochondrial
ultrastructural decay [12]. More recently, it was further shown that the combination of LA and
ALC reduced cognitive dysfunction and maintained cognition in aged beagle dogs [13]. A
meta-analysis of 21 double blind clinical trials of ALC in the treatment of mild cognitive
impairment and mild Alzheimer’s disease showed significant, but modest, efficacy of ALC
[14]. A meta-analysis of four clinical trials of LA for treatment of neuropathic deficits in
diabetes showed modest efficacy [15]. A recent trial of LA/ALC in human hypertension
showed efficacy [16].

Our previous study suggested that the substrate binding affinity and the activity of acetyl-L-
carnitine transferase in the brains of old rats was decreased and that impaired mitochondrial
function was possibly caused by increased oxidative damage and could be ameliorated by
dietary supplementation with LA and ALC [8]. This work suggested that changes in the kinetics
of key enzymes in the mitochondria are important biomarkers to evaluate mitochondrial
dysfunction in brain aging [4,17] and that mitochondrial nutrients may target mitochondria to
repair enzyme dysfunction [18].

The effects of LA/ALC on the brain mitochondrial electron respiratory chain, especially, the
complex activities/kinetics, complex expression, and mitochondrial oxidative stress, have not
been well studied. In the present study, we examined the effects of feeding the combination of
ALC and LA to old rats on the activity/kinetics and expression of mitochondrial complexes
(complex I: NADH: ubiquinone oxidoreductase; complex II: Succinate-ubiquinol
oxidoreductase, complex III: ubiquinol-cytochrome c oxidoreductase; complex IV:
cytochrome c oxidase; and complex V: ATP synthase), and mitochondrial oxidative stress
biomarkers with biochemical assays in the brain of young and old rats.

Materials and Methods
Materials

ALC (hydrochloride salt) was purchased from Biosint USA, Inc. (Larchmont, NY), and R-α-
lipoic acid (tris salt) was a gift from Dr. K. Wessel, Viatris, Germany. All other chemicals/kits
were reagent grade or the highest quality available from Sigma or otherwise as specified. The
antibodies for complex II (succinate-ubiquinone oxidoreductase 70-kDa subunit), III
(ubiquinol-cytochrome c oxidoreductase core II 50-kDa), IV (ubiquinol-cytochrome c oxidase
48-kDa), and V (ATP synthase, beta subunit, 56 kDa) were all mouse monoclonal antibodies
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and purchased from Molecular Probes (Molecular Probes, Eugene, OR); rabbit polyclonal
complex I antibody (NADH ubiquinol oxidoreductase 39-kDa subunit), was a gift from Dr. R.
Betarbet (Emory University, GA).

Animals and Diet
Fischer 344 male rats were obtained from the National Institute on Aging and divided into 3
groups: young control (Young, 7 rats), Old control (Old, 13 rats), Old treated (LA/ALC, 10
rats). The young and old rats were 4.7 and 22 months old at the start of the experiment, and
were acclimatized at the Northwest Animal Facilities on the University of California at
Berkeley campus for at least 2 weeks before treatment. Control animals were fed AIN93 M
diet from Dyets (Bethlehem, PA) and MilliQ water (pH 5.2). The rats in the experimental
groups were fed a combination 0.2% (wt/vol) ALC in MilliQ water (pH was adjusted to 5.2
with 1 N NaOH), 0.1% (wt/wt) LA in AIN93 M diet for 4.5 months. The food consumption
was determined by weighing the diet and measuring the volume of water weekly; the average
daily consumption was then calculated. The weight gain during the course of the experiment
was also measured. We did not find any significant differences in diet, water consumption, or
weight gain between the un-supplemented old rats and the old supplemented rats, consistent
with previous report [7]. During the period of feeding, 10 old rats (6 in Old control, 4 in Old
treated) were euthanized due to poor health. Therefore, 20 rats (7 Young control; 7 Old control,
and 6 Old treated) were terminated and used in this study.

Assays for Activities of Mitochondrial Complex I, II, III, IV and V
Brain mitochondria (P2 pellet) was prepared by Paula’s method [19]. The yield of mitochondria
were 1.25 ± 0.11, 1.27 ± 0.15, 1.30 ± 0.13 mg/100 mg brain tissue for Young, Old and Old +
LA/ALC group, respectively. Complex I, II, III, IV, and V were determined as described
[20–22]. Briefly, Complex I activity was assayed by monitoring the decrease of NADH at 340
nm. Final concentration of mitochondria protein was 30 μg/ml. Reaction was started by adding
200 μmol/1 NADH and scanned at 340 nm for 3 min. Rotenone (3 μmol/1) was added into the
reaction system as blank control. Complex II was assayed with mitochondria (final
concentration 30 μg/ml) and the reaction was started with 10 mmol/1 succinate and scanned
at 600 nm for 2 min. Complex III activity was measured in the mixture containing 250 mmol/
1 sucrose, 1 mmol/1 EDTA, 50 mmol/1 KPi, pH value adjusted to 6.5 to reduce auto-oxidation
of reduced CoQ1, 2 mmol/1 KCN, 50 μmol/1 cytochrome C, 0.1% BSA, and the reaction was
initiated by 20 μg/ml brain mitochondria and 50 μmol/1 reduced CoQ1, recording the increase
of absorption at 550 nm for 2 min. Complex IV was measured by monitoring the decrease of
reduced cytochrome C at 550 nm. Complex V (ATP synthase) was assayed in an assay mixture
consisting of 50 mM Hepes, pH 8.0, 5 mM MgSO4, 0.35 mM NADH, 250 mM sucrose, 2.5
mM phosphoenolpyruvate, 50 μg pyruvate kinase, 50 μg lactate dehydrogenase, 2 μg anti-
mycin A, 40 μM rotenone, 2 mM potassium cyanide, 15 μg of brain mitochondrial protein in
the absence or presence of 3 μg oligomycin. The reaction was initiated by the addition of 2.5
mM ATP and ATP synthase activity was determined as the oligomycin-sensitive activity.

Enzyme kinetics of Mitochondrial Complex I and IV
The complex I assay medium contain 250 mmol/1 sucrose, 1 mmol/1 EDTA, 50 mmol/1 Tris-
Cl, pH 7.4, 30 μg/ml mitochondria, 10 μmol/1 CoQ1, 3 mg/ml BSA, 50 μmol/1 NADH, 2
mmol/1 KCN and 2 μmol/1 antimycin, reaction started by mitochondria, and scanning 3 min
at the 340 nm [20]. The kinetics were determined over a range of CoQ1 2 to 40 μmol/1 with a
constant concentration of 50 μmol/1 NADH, or over a range of NADH 10 to 200 μmol/1 with
a constant concentration of 10 μmol/1 CoQ1. The results were plotted with the double-
reciprocal plot of reciprocal rate 1/V against reciprocal substrate concentration 1/S. Results
were also calculated by the direct linear plot with the equation of Km = VmS/V–S. On complex
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I kinetic assay, the medium contain 10 μg/ml mitochondria, the assay was determined over a
range of 2 to 40 μmol/1 reduced cytochrome C.

Western Blot of Mitochondrial Complex I, II, III, IV andV
Brain mitochondrial protein (10 μg) was resolved by 10% SDS-PAGE, transferred to PDF
membrane, and blocked with 5% non-fat milk. The PDF membranes were incubated with
primary monoclonal antibodies complex I, II, III, IV, V (1:1000, Molecular Probes) overnight
at 4°C. Membranes were washed and incubated with anti-mouse or anti-rabbit (1:8000) IgG
labeled with horseradish peroxidase (Vector Laboratories) for 1 h and visualized using an
enhanced chemiluminescence Western blotting detection system (GE healthcare, UK). As the
mitochondria protein loading control, polyacrylamide resolving gels (10%, w/v) loaded same
amount of samples were stained with Coomassie Brilliant Blue R250.

Measurement of Reduced Glutathione (GSH) in Rat Brain Mitochondria
5,5′-Dithiobis-2-nitrobenzoic acid (DTNB) reacts with reduced glutathione to form a yellow
product. The optical density, measured at 412 nm, is directly proportional to the glutathione
concentration in the sample with GSH Detection Kit (Bioassay Systems, CA).

Assays for Superoxide Dismutase and Catalase in Rat Brain Mitochondria
Superoxide dismutase (SOD; E.G.: 1.15.1.1) activity was assayed using the SOD Detection
Kit (Sigma, St. Louis, MO). The kit utilizes Dojindo’s highly water-soluble tetrazolium salt,
WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt) that produces a water-soluble formazan dye upon reduction with a
superoxide anion. The rate of the reduction with superoxide anion are linearly related to the
xanthine oxidase (XO) activity, and is inhibited by SOD, therefore, the inhibition activity of
SOD or SOD-like materials can be determined colorimetrically.

Catalase assay was performed utilizing a kit (Biochem, San Carlos, CA).

Measurement of Lipid Peroxidation in Rat Brain Mitochondria
Malonaldehyde (MDA) was used as the index of lipid peroxidation and detected with the MDA
Detection Kit (Oxis International, Inc., Foster City, CA).

Detection of Protein Carbonyls in Rat Brain Mitochondria
Protein carbonyls in brain mitochondria were assayed with the Oxyblot protein oxidation
detection kit (Cell Biolabs, Inc., San Diego, CA). The carbonyl groups in the protein side chains
were derivatized to 2,4-dinitrophenylhydrazone (DNP-hydrazone), then separated by
polyacrylamide gel electrophoresis followed by Western blotting. Proteins which have
undergone oxidative modification will be identified by appearing as a band in the lane
containing the derivatized sample [3]; Another polyacrylamide resolving gels loading the same
amount of samples was electrophoresed and stained with Coomassie Brilliant Blue R250 as
the loading control (Fig. 5a).

Statistical Analyses
Data of biochemical assays shown are the mean ± SEM. Statistical comparisons were
performed using one way ANOVA and Tukey post-hoc comparison, and P < 0.05 was
considered statistically different. SPSS for Windows was used for the analyses.
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Results
Effect of LA/ALC on Age-Associated Dysfunction of Brain Mitochondria Complexes

Compared with young rats, activities of complex I, IV and V were significantly decreased about
30% (P = 0.001), 20% (P = 0.041) and 15% (P = 0.011) in the old rat brain, respectively (Fig.
1). LA/ALC treatment significantly restored the complex I activity (P = 0.05).

Binding of Complex I to CoQ and NADH decreased with age and this decrease was not reversed
by feeding LA/ALC (Fig. 2a–c). To detect changes in kinetics of complex I and IV due to aging
and LA/ALC supplementation, we calculated the Vm and the Km of both complexes. The
apparent Km of complex I for either CoQ1 or NADH substrate was significantly higher (weaker
binding) in old rats than in young ones (Fig. 2a, b): Km for CoQ1 exhibits a 73% increase from
1.94 to 3.36 μmol/1 (P = 0.039, Fig. 2c), and for NADH, a 20% increase from 10.13 to 12.04
μmol/1 (P = 0.044, Fig. 2c). Supplementation with LA/ALC increased the Vm of complex I of
old rats to the level of young rats but did not affect the Km (Fig. 2d). For the kinetics of complex
IV in old rats, compared with young rats, the Km showed no significant difference in either old
rats or old treated (Fig. 3a, b). The Vm in old rats decreased significantly, compared with young
rats (P = 0.041) and was almost restored by the supplementation of LA/ALC (no significant
difference between Young and Old + LA/ALC, and Old vs. Old + LA/ALC, P = 0.08) (Fig.
3c).

Effect of LA/ALC on Mitochondrial Oxidative Damage
Mitochondrial MDA—MDA level, an index of lipid peroxidation, exhibited a twofold
increase in old rats as compared to that of young rats in the brain mitochondria (P = 0.021),
and was significantly decreased by the LA/ALC supplementation to old animals (P = 0.044)
(Fig. 4).

Mitochondrial Protein Carbonyl—Protein carbonyl, an index of protein oxidation,
increased significantly in the brain mitochondria of old rats, compared with that of young rats
(P = 0.019), and the increase was significantly reduced by the LA/ALC supplementation to
old rats (Old vs. Old + LA/ALC, P = 0.026) (Fig. 5b).

Effect of LA/ALC on Mitochondrial Antioxidant Defense Systems
Mitochondrial Antioxidant GSH—Compared with young rats, GSH was significantly
decreased from 1.48 to 1.12 μg/g mitochondria in old rats (P = 0.046) and completely restored
by the LA/ALC supplementation in brain mitochondria (1.64 μg/g in Old + LA/ALC vs. 1.12
μg/g in Old, P = 0.04) (Fig. 6).

Activity of SOD and Catalase—SOD activity in old rats showed a 25% decrease, compared
with that in young rats (P = 0.036), and the decrease was significantly restored by the LA/ALC
supplementation (Old vs. Old + LA/ALC, P = 0.039) (Fig. 7). However, catalase activity
showed no difference in the three groups (data not shown).

Protein Expressions of Mitochondrial Complexes
To test whether the age-associated loss of enzyme activity resulting from protein levels of the
enzymes and whether the improving effect of nutrients is due to enhancement of enzyme protein
expression, we measured the protein levels of complex I, II, III, IV and V in brain mitochondria
using a Western blotting assay. The results are shown in Table 1. We found no significant
changes in mitochondrial complex protein levels in the brain between the young and the old
animals; however, the LA/ALC supplementation appears to increase the protein level of
complex V.
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Discussion
The mitochondrial enzymes, complexes (I–V) are the key components in the process of ATP
production and simultaneous oxidant by-product generation. Therefore, these enzymes are of
particular importance in triggering mitochondrial decay and oxidative damage. Mitochondrial
complex dysfunction has a close association with aging and aging-related disease [5,23]. To
understand the underlying mechanisms of brain aging and the ameliorating effects of LA/ALC
on retarding brain aging, our objective in the current study was to focus on the activity/kinetics
of mitochondrial complexes and oxidative damage to brain mitochondria.

The activity of complex I, IV and V decreased in the brain of the old rats, and the LA/ALC
treatment led to a recovery of activity of complex I and IV (Figs. 1, 2). Further investigation
of the kinetics of complex I and IV showed that the Km of the complex I for CoQ1 increased
from 1.94 in young rats to 3.36 μmol/1 in old rats. These results suggest that mitochondrial
complex I efficiency is significantly reduced in old rats. According to the Michaelis–Menten
equation, if the level of coenzyme Q keeps around 2 μmol/1 in brain mitochondria, the complex
I of old rats would lose about 30% activity assuming no change in Vm in old or young rats.
That is, even if the other components of electron transport chain remain normal, the higher
Km of complex I would cause a 30% loss of efficiency of brain mitochondrial electron transfer
in the old rats. The LA/ALC supplementation could not restore the lost binding affinity of
complex I, suggesting much higher level of substrates are needed to maintain routine
mitochondrial activity in the old rats. Supplementation with high levels of mitochondria
substrates and B vitamins, which can raise coenzyme levels, is a promising therapeutic
approach to promote more efficient enzyme activity in old individuals [4,17]. Supplementation
with LA and ALC partially restored activity of complex I and IV in old rats. These results
provide evidence for the close link between brain mitochondrial function and cognition as
previously reported for LA and/or ALC [7,13]. The improvement of complex I/IV activity of
old rats would stimulate electron transport and reduce oxidant generation due to electron
leakage [24,25].

The expression of mitochondrial complexes (Table 1) did not show an age-associated change
in any of the protein levels of mitochondrial complexes. These results suggest that protein level
may remain constant while enzyme function gets impaired with age. It is also suggested that
protein levels alone do not account for enzyme activity losses as a function of age in rats nor
fully account for LA/ALC induced increases in enzyme activity. This characteristic is further
supported by our results on protein carbonyls (Fig. 5) and the increase in MDA (Fig. 4) in the
aging mitochondria. The higher level of carbonyls in mitochondria in old rats indicates that
the vulnerable enzymes in complex I and IV are increasingly inactivated with age due to protein
oxidation while their expression is unchanged. MDA is considered to be an index of lipid
peroxidation, though it is known that amino acid, protein, and DNA oxidation can also generate
MDA [26]. MDA may cause mitochondrial dysfunction [27]. Increased oxidants generation
may lower antioxidant defenses and oxidatively modify enzymes. Our results on the
endogenous antioxidant GSH (Fig. 6) and antioxidant enzyme SOD (Fig. 7) clearly suggest
that brain aging is accompanied with decreased antioxidant defenses in brain mitochondria and
that LA/ALC supplementation enhances the antioxidant defenses in the mitochondria of old
rats.

The mechanisms of the combination of LA/ALC on brain mitochondria are being clarified and
could involve several pathways [4,18]. First, LA has been shown to be a potent inducer of GSH
synthesis, including GSH in mitochondria, and about 200 other phase-2 antioxidant defense
enzymes [10,28]. Intracellular glutathione is critical for neuronal function [29]. ALC, too, at
much higher doses induces phase-2 enzymes [30], perhaps indirectly. Second, LA can be
reduced in mitochondria to some extent to dihydrolipoic acid, which is a potent antioxidant,
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to supply dihydrolipoic acid as a cofactor for two mitochondrial enzymes pyruvate
dehydrogenase and α-ketoglutarate dehydrogenase. Third, ALC, beside its effects on
mitochondrial fatty acid transportation [31] improves the substrate binding affinity and the
activity of carnitine acetyltransferase [8]. There is also a report showing ALC acts as an
antioxidant, perhaps indirectly [32]. The improvement of carnitine acetyltransferase by feeding
ALC may promote the production of substrates like NADH, improving antioxidant status and
accelerating electron transfer to produce more ATP. Fourth, LA has a synergistic effect with
ALC in improving mitochondrial function. ALC can contribute by providing more ATP for
the senescent cell; however, at the same time it could lead to more oxidant generation in the
process of electron transfer from complex I to complex IV. Fifth, LA and ALC synergistically
ameliorate mitochondrial oxidative stress and recover complex activity in old rats potentially
through the mechanism of enhancing mitochondrial biogenesis, which has been shown in
neurons [33], adipocytes [34], and beta cells [35].

In conclusion, brain mitochondria decay with age and this decay is associated with an increase
in oxidative damage to mitochondria, a decrease in activity and substrate binding affinity of
complex I, and decreased activity of complex IV/V. LA/ALC feeding partially or completely
restored mitochondrial function to the level of young rat. These results suggest that
mitochondrial decay is a key contributor to aging and that feeding LA/ALC, could ameliorate
the mitochondrial decay and oxidative damage by improving the mitochondrial redox
homeostasis in the brain. These results also suggest that amelioration of mitochondrial decay
with dietary supplementation with antioxidants/nutrients targeted to mitochondria might be an
effective strategy for delaying brain aging.
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Fig. 1.
Activities of mitochondrial complexes in the mitochondria of rat brain. Values are mean ±
SEM from 7 rats in the group of the Young or the Old, and 6 rats in the group of the Old fed
with Old + LA/ALC. *P < 0.05 vs. Young, #P < 0.05 vs. Old
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Fig. 2.
Double-reciprocal plots of reaction velocity of complex I versus substrate CoQ1 (a) or NADH
(b) in the mitochondria of rat brain, (c) Km for CoQ1 and NADH; (d) Vmax. Values are mean
± SEM from 7 rats in the group of the Young or the Old, and 6 rats in the group of the Old fed
with Old + LA/ALC. Km was expressed as μmol/1 and the Vmax was expressed as nmol/min/
mg protein. *P < 0.05 vs. Young, and #P < 0.05 vs. Old. The long-dash line, short-dash line
and solid line represent the groups of Old, Old + LA/ALC and Young mice, respectively
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Fig. 3.
Double-reciprocal plots of reaction velocity of complex I versus substrate reduced cytochrome
C (a) in the mitochondria of rat brain, (b) Km for reduced cytochrome C; (c) Vmax. Values are
mean ± SEM from 7 rats in the group of the Young or the Old, and 6 rats in the group of the
Old fed with Old + LA/ALC. Km was expressed as μmol/1 and the Vmax was expressed as
nmol/min/mg protein. *P < 0.05 vs. Young. The long-dash line, short-dash line and solid line
represent the groups of Old, Old + LA/ALC and Young mice, respectively
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Fig. 4.
MDA level in the mitochondria of rat brain. Values are mean ± SEM from 7 rats in the group
of the Young or the Old, and 6 rats in the group of the Old fed with Old + LA/ALC. *P < 0.05
vs. Young, and #P < 0.05 vs. Old
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Fig. 5.
Protein carbonyls in the mitochondria of rat brain. Values were normalized by loading control,
setting the protein carbonyls in Young rats as 100%. a Representative blotting of Protein
carbonyl and duplicate Gel dyed with Coomassie brilliant blue as loading control, b
Quantitative results. Values are mean ± SEM from 7 rats in the group of the Young or the Old,
and 6 rats in the group of the Old fed with Old + LA/ALC. *P < 0.05 vs. Young, and #P < 0.05
vs. Old
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Fig. 6.
GSH level in the mitochondria of rat brain. Values are mean ± SEM from 7 rats in the group
of the Young or the Old, and 6 rats in the group of the Old fed with Old + LA/ALC. *P < 0.05
vs. young, and #P < 0.05 vs. Old
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Fig. 7.
SOD activity in the mitochondria of rat brain. Values are mean ± SEM from 7 rats in the group
of the Young or the Old, and 6 rats in the group of the Old fed with Old + LA/ALC. *P < 0.05
vs. Young, and #P < 0.05 vs. Old
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