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Summary - In human cells, ct-lipoic acid (LA) is present in a bound lipoyllysine form iu mitochondrial 
proteins that play a central role in oxidative metabolism. The possible effects of oral LA supplementation, a 
single bout of strenuous exercise and endurance exercise training on the lipoyllysine content in skeletal 
muscle and liver tissues of rat were examined. Incorporation of lipoyl moiety to tissue protein was not 
increased by enhanced abundance of LA in the diet. Endurance exercise training markedly increased 
lipoyllysine content in the liver at rest. A bout of exhaustive exercise also increased hepatic lipoyllysine 
content. A significant interaction of exhaustive exercise and training to increase tissue lipoyllysine content 
was evident. In vastus lateralis skeletal muscle, training did not influence tissue lipoyllysiue content. A 
single bout of exhaustive exercise, however, clearly increased the level of lipoyllysine in the muscle. 
Comparison of tissue lipoyllysine data with that of  free or loosely-bound LA results showed a clear lack of 
association between the two apparently related parameters. Tightly protein-bound lipoyllysine pool in 
tissues appeared to be independent of the loosely-bound or free LA status in the tissue. 
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INTRODUCTION 

Classically, ot-lipoic acid (LA) is known for its central role as an essential cofactor in oxidative 

metabolism (1-3). More recent studies show that exogenously supplemented c~-lipoic acid may have 

several protective function mostly by virtue of  its antioxidant and cell redox regulatory functions (4- 

7). At concentrations as low as 10 - 100 gM, LA has been shown to increase GSH content in human 

T cells (8). LA and N-acetyl-k-cysteine (NAC; 2-mercapto-propionyl glycine) represent two 

clinically relevant pro-GSH agents that have been most extensively studied so far (6). Unlike NAC, 

LA can be recycled to its potent reduced dithiol form, dihydrolipoate (DHLA) (6, 9). DHLA plays a 

central role in increasing cell GSH (10). Because LA can be recycled to DHLA by enzymes present 

in human cells it has a clear advantage over NAC on a concentration:effect basis (11, 12). 

In vertebrates, endogenous lipoate is found in five mitochondrial proteins: acyltransferase 

components of  the pyruvate, cz-ketoglutarate, and branched chain (z-ketoacid dehydrogenase 

complexes (E2p, E2k, and E2b, respectively), protein X of  the pyruvate dehydrogenase complex, 
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and the H-protein of  the glycine cleavage system. In these proteins, LA attaches to the ~-amino 

group o f  the specific lysine residue of  the proteins via an anaide linkage. Recently it has been shown 

that lipoyltransferase I and II lipoylates not only H-protein of  the glycine cleavage system but also 

lipoyl domains o f  acyltransferases of  the pyruvate, cr and branched chain cr 

dehydrogenase complexes (13). The lipoyllysine residue functions as a carrier of  intermediates of  

the reactions and reducing equivalents interacting with the active sites o f  the components of  the 

complexes (3, 14, 15). A defect in the lipoyl-bearing protein X subunit of  the pyruvate 

dehydrogenase complex in humans has been associated with encephalomyelopathy (16). 

LA has been detected in the form of  lipoyllysine in various natural sources including edible plant 

and animal products (17). Because of  the remarkable therapeutic potential o f  LA (4, 12, 18), several 

recent studies have sought to investigate the effect of  dietary LA supplementation (19-25). At 

present there is no information, however, whether LA supplementation may influence the level o f  

l ipoyllysine in mitochondrial proteins. Physical exercise is associated with a multi-fold increase in 

oxygen consumption by tissues, and it has been shown that strenuous exercise may cause oxidative 

stress (26, 27). Physical exercise is also know to markedly influence skeletal muscle and liver 

mitochondria function as well as biogenesis (28-36). In this study we sought to examine the possible 

effect o f  oral LA supplementation, a single bout of  strenuous exercise and endurance exercise 

training on the l ipoyllysine content in skeletal muscle and liver tissues of  rat. 

MATERIALS AND METHODS 

Animals. Animal experiments were approved by the University of Kuopio Animal Research Ethics 
Committee. Eighty male Wistar rats, 9 weeks old, body weight 275-300 g, were randomly divided into two 
groups: control (C, n = 40) and exercise trained (T, n = 40). Rats in each of these two groups were either not 
(P, n = 20) or supplemented (L, n = 20) with LA. These subgroups were further divided into two equal 
subgroups: rats killed at rest (CPR, CLR, TPR, TLR) and rats killed immediately after exhaustive exercise 
(CPE, CLE, TPE, TLE). All rats were maintained at 22 • 2oc with 12:12 h dark : light cycles and fed with 
standard rat chow, R 36 diet (Lactomin Ab, Stockholm, Sweden). 

Supplementation protocol. A solution of racemic mixture of LA (Asta Medica, Frankfurt, Germany) was 
prepared in phosphate buffered saline (PBS), pH 7.4 and was intragastrically administered daily to rats 150 
mg per kg body weight per day for 8 weeks. The corresponding control groups received a matched volume 
ofPBS (P, placebo), pH 7.4. 

Exercise protocol. All animals were acquainted with treadmill running (10 % uphill grade, 1.0-1.2 km/h, 15 
rain/day for 5 days). On the day of killing, CPR, CLR, TPR and TLR rats were killed at rest; CPE, CLE, 
TPE and TLE rats were killed after running at a final speed of 2.1 km/h at 10% uphill grade until 
exhaustion. Exhaustion was identified as the loss of righting reflex when rats were laid on their back. Food 
and supplementation were withheld overnight before killing. Rats in group T were exercise trained using a 
rodent treadmill set at 10 % uphill grade, 5 days a week for 8 weeks. Training started at 13 weeks of age by 
familiarizing the rats to the treadmill for 6 days, followed by linear increase ill running speed and duration 
to achieve a final speed and duration of 1.8 km/h and 1.5 h/d as described previously (37). 

Sample collection. Rats were matched between groups for the day and time of killing. They were killed by 
decapitation. Liver and superficial vastus lateralis muscle were quickly dissected out, freed from adipose 
and connective tissue rinsed in ice-cold saline and blotted, cut into small pieces and submerged in liquid 
nitrogen and stored in -70oc. 
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Sample preparation for the detection of lipoyllysine. Tissue samples (250 - 400 rag) were freeze dried 
overnight. The samples were powdered and suspended in 2 ml of 0.1 M Tris-HCI (pH 7.4) and disrupted 
using a ultra-sonicator (Branton) for approximately 2.5 rains. The tissue suspension was supplemented with 
10 U each of protease VII1 (Subtilisin Carlsberg from Bacillus licheniformis) and protease XIV (Pronase 
from Streptomyces griseus), and 200 U penicillin "G" and 200 ~tg streptomycin. The samples were 
incubated at 37oc for 24 h. After this, samples were freeze dried. Ethanol extraction of the digested and 
dried samples was performed three times, and finally the supernatant was dried under nitrogen as described 
previously (17). Lipoyllysine standards were prepared by adding known amounts of lipoyllysine to a 
solution of bovine serum albumin (2.5 mg/ml). The mixture was protease digested and ethanol extracted as 
described above. Standards in water, without any other treatment, were also used (17). 

Sample preparation for the detection of loosely-bound or free LA. Frozen tissues (500-600 mg) were ground 
in liquid nitrogen with mortar and pestle. Powdered samples were homogenized with 20 % (w/v) m- 
phosphoric acid (2 ml) on ice using a teflon homogenizer. After vigorous vortexing and brief bursts of 
ultrasonication homogenates were transferred to glass tubes. The homogenates were extracted with hexane 
(3 ml) and isopropanol (250 ~tl) by brief vortexing and sonication (15 min) in ice bath. Following 
sonication, samples were shaken for 10 rain at +4oc. Samples were centrifuged at 1500 g and the hexane 
layer was collected in a glass tube. The above mentioned hexane extraction was repeated twice from the 
same sample. Hexane collected from all three washes were pooled and evaporated to dryness under nitrogen 
gas. High performance liquid chromatography (HPLC) mobile phase, as used for LA detection (see a 
following section for composition), was added to each sample and the samples were left overnight at +4~ 
On the following day the samples were centrifuged at 15000 g for 5 min. Supernatants were collected and 
stored at -70~ 

HPLC- amperometric electrochemical detection of lipoyllysine 
Samples were separated on a C18 column (5 ~M, 4.6 mm i.d. x 150 mm length; Alltech Associates, 
Deerfield, IL) using the following mobile phase: 65% 0.15 M monochloroacetic acid (pH 2.8), 21% 
methanol, 14% acetonitrile, and at a flow rate of 1 ml/min. The samples, dried under nitrogen, was dissolved 
in 0.4 ml of mobile phase and the precipitate was removed by centrifugation (14000 g x 15 rain). The 
supernatant was used for injection. Lipoyllysine in the samples was detected using an amperometric 
detection system (Bioanalytical system, West Lafayette, IN) fitted with a dual gold electrode coated with 
triple-distilled Hg and operating at 0.05 V potential (17). 

HPLC- coulometric electrochemical detection of LA 
LA from tissue samples were analyzed using a HPLC-electrochemical (HPLC-EC) detection method as 
recently described (38). A coulometric detector (ESA, Coulochem II, Chelmsford, MA) was used for the 
analysis. The electrodes of the coulometric detector were set as follows: electrode 1, + 0.45 V; electrode 2, + 
0.85 V; and guard cell, + 0.90 V. LA was separated on a C18 (250 x 4.6 mm, 5 ~m pore size, Alltech, 
Deerfield, IL) column. The mobile phase, consisting of 50 % (v/v) 50 mM NaH2PO 4, (pH 2.7), 30 % (v/v) 
acetonitrile and 20 % (v/v) methanol was delivered using an isocratic solvent delivery module (ESA, 
Chelmsford, MA) with 1 ml/min flow rate (38). 

Statistical analyses. Results are presented as mean + SD. The overall effects of acute exercise, exercise 
training and LA supplementation were tested by three-way analysis of variance (ANOVA). Each letter 
superscripted on the bars represent a class of mean, and non-identical superscripts represent that difference 
between those two means are significant. For example, a is not different from ab  but different from e. The 
results of statistical analyses are clearly illustrated in Table 1. The interaction of exercise, training and LA 
supplementation refers to a combined effect of exercise, training and supplementation different from the 
effect expected from exercise, training or LA supplementation separately. One-way analysis of variance 
and Duncan's test was done to compare a pair of group means as shown in the respective figures. 
Significance level was set at P < 0.05. 
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RESULTS 

Exercise training markedly increased lipoyllysine content in the liver at rest (Fig. l). This was true 

for both LA supplemented and non-supplemented rats. Overall, a bout of exhaustive exercise 
increased lipoyllysine content in the liver (Table 1). This effect was most markedly visible in 
trained and LA-supplemented rats. LA supplementation generally decreased tissue lipoyllysine 
content as an overall effect (Table 1). A significant interaction of exhaustive exercise and training to 
increase tissue lipoyllysine content was evident. Also, significant interaction of exercise, training 
and LA supplementation to increase hepatic lipoyllysine was observed when tested by three-way 
ANOVA (Table 1). In the superficial vastus lateralis skeletal muscle, exercise training did not 
influence tissue lipoyllysine content. A single bout of exhaustive exercise, however, clearly 
increased the level of lipoyllysine in the muscle. This was evident both in untrained as well as 

trained rats (Fig. 2). Overall, LA supplementation tended to (P = 0.088) increase tissue lipoyllysine 
content. A borderline significant (P = 0.054) interaction of LA supplementation and exhaustive 
exercise to increase lipoyllysine content in the muscle was observed. No other two-way or three- 
way interaction was observed for the variables tested for their effect to influence muscle lipoyllysine 
content (Table 1). 

Neither exercise training nor LA supplementation had any overall influence on LA content in the 
liver (Table 1). Duncan's test show that LA supplementation increased hepatic LA content in non- 
trained animals at rest but not in any other treatment group (Fig. 3). A single bout of exhaustive 
exercise clearly decreased hepatic LA content (Fig. 3). As an overall effect exhaustive exercise also 
decreased LA content in muscle (Fig. 4, Table 1). In trained rats, LA supplementation increased the 
level of LA in the muscle as tested by Duncan's test (Fig. 4). However, no overall effect of LA 
supplementation or treadmill training on LA content in the muscle was observed (Table 1). 

DISCUSSION 

Lipoyllysine containing proteins play a central role in energy metabolism (3, 13, 15, 39, 40). 
Activities of critical enzymes such as pyruvate dehydrogenase in glycolysis and ct-ketoglutarate 
dehydrogenase in the citric acid cycle are known to be dependent on lipoyllysine residues bound to 
these enzymes. It has been suggested that the lipoyllysine residue functions as a carrier of 
intermediates of the reactions and reducing equivalents interacting with the active sites of the 
components of the enzyme complexes (3, 15). The process of lipoylation of proteins in the 
eukaryotic cell is not well understood. A lipoyltransferase enzyme, thought to catalyze the 

incorporation of lipoyl moiety from lipoyl-AMP to protein, has been purified from bovine liver (41- 
43). However, this enzyme does not have the ability to activate LA to lipoyl-AMP. Lipoylation of 
H-protein in bovine liver, therefore, requires the activity of a LA activating enzyme that has been 
partially purified (44). Thus, at present there is only limited information on the mechanisms 
regulating the lipoylation of proteins in eukaryotic cells. Results of this study clearly show that LA 
supplementation does not significantly increase lipoyllysine content in tissues. In contrast, LA 
supplementation generally decreased hepatic lipoyllysine content as an overall effect. From this it 
may be concluded that the enhanced abundance of LA in the diet does not improve incorporation of 
lipoyl moiety to tissue protein. 
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Figure 1. Lipoyllysine content in the liver. Open bar, LA non-supplemented at rest; hatched bar, LA 
supplemented at rest; closed bar, LA non-supplemented post-exercise; cross-hatched bar, LA 
supplemented post-exercise. LA, lipoate (racemic c~-lipoic acid in phosphate buffered saline, pH 
7.4). Data are mean + SD. Means with different superscript are significantly different (P < 0.05) as 
tested by Duncan's test. ANOVA results are shown in Table I. 

Pharmacokinetic studies with LA have shown that this compound is extensively metabolized by [3- 

oxidation in tissues (45). As a result, products such as bisnorlipoic acid, 3-hydroxylipoic acid and 3- 
ketolipoic acid have been observed to form (46). 3-Hydroxylipoic acid is a precursor of  3-ketolipoic 

acid in the [3-oxidation sequence. Other investigators have also detected metabolic products of  LA 
that have different retention time in HPLC column compared to that o f  LA (47). Such metabolic 

alteration of  the LA molecule may provide explanation to the observation that tissue LA content of  

LA supplemented rats was not high. The antioxidant activity of  LA is known to rest in its 1,2- 

dithiolane ring structure (45). Thus, [3-oxidation products of  LA, which would have a smaller fatty 

acid like carbon chain but an unaffected dithiolane ring, should retain the antioxidant properties of  
LA. Indeed this has been shown to be true for bisnorlipoic acid as well as tetranorlipoic acid (48- 

50). 

One of  the most striking findings of  this study is that endurance exercise training increased the 

content o f  lipoyllysine specifically in the liver, but not in the skeletal muscle tissue. Training 
dependent increase in hepatic lipoyllysine content may reflect higher density of  mitochondria in the 
trained tissue. This explanation, however, is less likely to singularly account for the entire effect 

because no such effect o f  training was observed in the skeletal muscle although exercise training is 

known to increase the density of  mitochondria in this tissue (33, 34, 51, 52). Exercise training is 

known to regulate the activity of  a large number of  enzymes. It is therefore possible that exercise 

training specifically up-regulates the activity of  hepatic enzymes responsible for the incorporation of  

lipoyl moieties to tissue proteins. This is a very likely mechanism because even a single bout of  

exhaustive exercise had an overall effect o f  increasing hepatic lipoyllysine content. The hypothesis 
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Figure 2. Lipoyllysine content  in the superficial vastus lateralis skeletal muscle. For other details see 
legend of  Fig. 1. 
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Figure 3. Lipoate content  in the liver. Lipoate represents the free or loosely-bound tissue lipoate pool that 
was readily released from the tissue in response to acid extraction. For other details see legend of  

Fig. 1. 

303 



Vol. 46, No. 2, 1998 BIOCHEMISTRYand MOLECULAR BIOLOGY INTERNATIONAL 

0.7-  

0.6-- 

o 

o.4- 

0.3- 

or 
~ 0.2-  

o 
_.-~ 0.1 

0.0 

a 

& 

untrained 

I 

! 

b 

| 

/////Z: 

N 

trained 

a 

Figure 4. Lipoate content in the superficial vastus lateralis skeletal muscle.  For other details see legends 
of Fig. I and 3. 

that incorporation of lipoyl moieties to proteins is increased in response to exercise was further 

supported by observations in skeletal muscle. A single bout of exhaustive exercise markedly 
increased lipoyllysine content in the muscle. This lends further support to the contention that 

enzymes responsible for the lipoylation of proteins may be sensitive to exercise. This effect 

appeared to be transient in the muscle but more stable in the liver because exercise training did not 

influence skeletal muscle lipoyllysine content but did increase its content in the liver. 

Comparison of tissue lipoyllysine data with that of free or loosely-bound LA results show a clear 

lack of association between the two apparently related parameters. This observation is consistent 
with the finding that LA supplementation, which is expected to increase the content of  LA or its 
metabolites in tissues, does not increase tissue lipoyllysine content. This evidence indicates that the 

tightly protein-bound lipoytlysine pool in tissues is independent of  the loosely-bound or ti'ee LA 

status in the tissue. This is clearly reflected in the observation that although exhaustive exercise 

increased lipoyllysine content it decreased LA content in the muscle tissue. Also, exercise training 
increased but did not change liver lipoyllysine and LA content, respectively. Exhaustive exercise is 

known to increase the activity of enzymes involved in i3-oxidation (53). Exercise-induced [3- 
oxidation of LA may account for the exercise-induced loss of LA in the muscle and liver. 

In summary, this is the first study that has tested the effect of  dietary LA and physical exercise on 
tissue lipoyllysine content. LA supplementation did not influence lipoyllysine levels in skeletal 
muscle and liver. Physical exercise, on the other hand, clearly up-regulated lipoyllysine content in 
both muscle and liver. Endurance training significantly increased hepatic lipoyllysine content. These 
results indicate that mechanisms involved in the lipoylation of tissue proteins are sensitive to 
physical activity. 
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