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ABSTRACT. Racemic lipoic acid is therapeutically applied in pathologies in which free radicals are involved.
The in wivo reduction of lipoic acid may play an essential role in its antioxidant effect. It was found that
mitochondrial lipoamide dehydrogenase (LipDH, EC 1.8.1.4.) reduces the R-enantiomer 28 times faster than the
S-enantiomer of lipoic acid. Moreover, it was observed that the metabolites of lipoic acid, bisnor-, tetranor-, and
beta-lipoic acid are poor substrates of LipDH. S-lipoic acid inhibits the reduction of the R enantiomer only at
relatively high concentrations. The reduction of R-lipoic acid by mitochondria-rich tissues may proceed
smoothly, even if the racemic mixture is applied. This is of importance in elucidating the molecular mechanism
of the pharmacotherapeutic effect of lipoic acid. BIOCHEM PHARMACOL 51;3:233-238, 1996.
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lipS, ¥ is the trivial name for 1,2-dithiolane-3-pentanoic acid.
Upon reduction, the disulfide-containing ring is opened and
6,8-dimercapto-octanoic acid (DHLA) is formed:

WCOOH (V‘(\/\/COOH
2HY + 2¢€ >

§$—S SH SH

lipoic acid (LipS,) dihydrolipoic acid (DHLA)

This oxidation-reduction process is part of the reaction of
several mitochondrial multienzyme complexes in which lipoic
acid functions as a cofactor. These complexes are the pyruvate
dehydrogenase complex, the o-ketoglutarate dehydrogenase
complex, the branched chain oxo acid dehydrogenase complex
and the glycine cleavage system [1]. Generally, in these com-
plexes, lipoic acid is involved in energy production and
NADH formation. Therapeutically, lipoic acid is used in a
variety of diseases including liver cirrhosis, heavy metal intox-
ication, and diabetic polyneuropathy. Diabetic polyneuropa-
thy particularly is accompanied by free radical-mediated pro-
cesses caused by high glucose levels. In 1988, it was proposed
that the antioxidant activity of lipoic acid might play an im-
portant role in its therapeutic efficacy [2]. This hypothesis
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aroused extensive research into the antioxidant profile of li-
poic acid.

DHLA and lipoic acid have been investigated for their scav-
enging capability of molecules initiating free radical damage
[3-6]. Determination of the rate constants for some scavenging
reactions appeared to cause experimental problems. For exam-
ple, in examining hydroxyl radical scavenging the reduction of
Fe** to Fe?™ by DHLA accelerates -OH formation [4]. Also,
the indirect antioxidant activity of lipoic acid appears to be
important. DHLA can regenerate oxidized vitamin C [5] and
oxidized glutathione [7]. DHLA can also interact with chro-
manoxyl radicals {5, 7]. In several in vivo animal models,
DHLA seems the protective agent. Neuroprotection was seen
by i.p. injection of DHLA 30 min prior to middle cerebral
artery occlusion [8]. Lipoic acid itself showed the same size of
infarcted area as the control. In animal models for diabetes
DHLA, especially and not lipoic acid, improved the parame-
ters depicting the severity of the diabetic state [9, 10]. In most
cases, DHLA appears to be at least equipotent or superior to
lipoate. Therapeutically, lipoic acid is given in the oxidized
racemic form. Therefore, the possible reduction of lipoic acid
in vivo is of major importance.

The question arises as to which enzyme may be responsible
for lipoic acid reduction. A good candidate is the enzyme
LipDH (EC 1.8.1.4.). This enzyme is part of the mitochondrial
multienzyme complex in which lipoic acid acts as a cofactor.
In the complex, the physiologically occurring reaction is the
oxidation of a dihydrolipoic acid attached to the E2 compo-
nent. However, separated from the complex, the reduction of
lipS, has been shown in witro for rat liver [11] and pig heart
[12]. The reduction of free, exogenous lipoate by mitochon-
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drial LipDH may occur in two ways. First, it is suggested that
in the absence of NAD™ the attached DHLA, produced during
the acylation reaction in the complex, reduces the LipDH.
This reduced LipDH may be capable of reducing free lipoate
[13]. Second, it may also be possible that the LipDH present in
the multienzyme complex at the same time acts as a free li-
poate reductase [14]. LipDH may be responsible for the ob-
served reduction of exogenous lipoic acid by mitochondria
[15]. Interestingly, in some species LipDH is found outside the
enzyme complex, associated with the plasma membrane [16].
Lictle is known of this LipDH. Probably dithiol-disulfide in-
terchanges may play a general role in membrane-related pro-
cesses such as the transport of ribose, galactose, and maltose
and insulin-stimulated glucose transport.

In this study, the reduction of lipoic acid by mitochondrial
LipDH was examined. For the pure enzyme we investigated (i)
the stereospecificity, (ii) the substratespecificity, and (iii) the
possible competitive inhibition between the enantiomers. The
study of these properties is important for determining which
enzyme may reduce lipoic acid in vivo.

MATERIALS AND METHODS

The kinetic mechanism of the reduction of lipS, by pig heart
LipDH follows the ping pong bi bi mechanism [12].

NADH + LipDH,, = NADH - LipDH,, (1)
NADH - LipDH,, = NAD" + LipDH,, 2)
LipDH,_, + lipS, = LipDH,, — lipS, 3)
LipDH,_, - lipS, = LipDH,, + DHLA (4)

The reduction of lipS, and its derivatives was studied on a
Pharmacia LKB Ultrospec Plus spectrophotometer. By mea-
suring the decrease in NADH concentration at 380 nm
(eNADH = 1114.0, elipoic acid = 41.4 M~ cm™) the initial
rate of LipDH reduction (reaction 1 and 2) was determined in
the first 60 sec. The initial rate of DHLA formation (reaction
4) was determined in presence of 1.5 mM of the thiol-reagent
DTNB [17]. At this concentration the reaction:

DHLA + DTNB - lipS, + 2 TNB (5)

was not rate limiting (data not shown). Moreover DTNB did
not react with LipDH under these conditions. TNB formation
was followed at 500 nm (eTNB = 1100 M™! cm™) where
DTNB absorption was zero. All assays were performed under
semi-physiological conditions: a 50 mM KH,PO,/KOH buffer
(pH = 7.4) containing 110 mM NaCl, in a final volume of 1
mL and kept at 37° with a thermostatically controlled cell
chamber of the spectrophotometer. All solutions were stored
on ice and equilibrated at 37° for 5 min in a shaking water-
bath. The reaction was started by addition of 5 pg LipDH
(unless otherwise noted). All experiments were done in trip-
licate consisting of internal duplicates.
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The apparent K, was computed roughly by analyzing the
Lineweaver-Burk plot and fitting of the Michaelis-Menten
equation using the Kaleidagraph computer program (Apple
Macintosh).

NADH:lipoamide oxidoreductase from pig heart (grade I)
and Na,-NADH (grade II) were obtained from Boehringer,
Mannheim, Germany. The specific activity of the different
batches of LipDH was determined. Comparisons were only
made using experiments with the same batch. DTNB was ob-
tained from Janssen Chimica, Geel, Belgium. The racemates of
bisnorlipoic acid, tetranorlipoic acid, dihydrolipoic acid, beta-
lipoic acid, and the enantiomers R-1lipS, and S-lipS, were kind
gifts from ASTA Pharma, Frankfurt, Germany.

RESULTS

Figure 1 shows that the initial rate of the reduction of R-lipS,
depends on the NADH concentration, as would be expected
for a ping pong bi bi mechanism. LipDH reduction reached its
maximal velocity at NADH concentrations above 0.1 mM.
We used 1 mM NADH to further study the reduction of lipoic
acid.

The initial rates were measured in presence of DTNB. This
had two advantages. First, the lipS, concentration remained
constant (reaction 5) during the measurement. [t was, there-
fore, possible to follow the linear formation of TNB over a
longer time period. Second, the possibility of product inhibi-
tion by DHLA was prevented. It was observed that 4 mM
DHLA decreased the reduction of R-lipS, (8§ mM) by 20%
(data not shown) in 2 min.

The reaction rates of lipoic acid and its derivatives were

studied at 1.0 mM NADH or by using 1.0 mM NADH plus 1.5
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FIG. 1. The dependence of the initial reduction rate on NADH
concentration. R-lipoic acid concentration is 20 mM. DHLA
formation was monitored within the first 30 sec at 500 nm
using 1.5 mM of the thiol-reagent DTNB. The reaction was
started by the addition of LipDH. The amount of LipDH varied
from 5 pg to 0.1 pg with decreasing NADH concentration.
One circle represents the mean of an independent experiment
done in triplicate.
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mM DTNB. For R-lipS,, identical initial rates were found
when the reaction was followed either by NADH consumption
or TNB formation (Fig. 2A). For S-lipS,, however, the oxi-
dation of NADH was much faster than S-lipS, reduction (Fig.
2B). Using the DTNB method, the reduction rate of S-lipS,
could be determined and compared to the R-lipS, reduction
(Fig. 3).

Surprisingly, bisnorlipoic acid, tetranorlipoic acid, and beta-
lipoic acid (metabolites of lipoic acid [18, 19]) reacted with 1.5
mM DTNB. Therefore, the DTNB method could not be used.
By monitoring the decrease in NADH it appeared that, at a 20
mM concentration of the metabolite, the oxidation of NADH
was still much higher than the reduction of S-1ipS, (Table 1).

The influence of the S enantiomer on R-1ipS, reduction is
shown in Fig. 4. Up to a 20-fold excess of S-lipS,, the reduc-
tion rate of lipoic acid was hardly influenced; only a small
decrease was found. At higher S-1ipS,/R-lipS, ratios DHLA
formation became increasingly determined only by the reduc-
tion of the S-isomer (Fig. 4A). The reduction of R-1ipS, de-
creased with a higher concentration of S-1ipS, as depicted in
Fig. 4B. Therapeutically, the racemate form of lipoic acid was
applied. Therefore, the concentration-dependent reduction of
the racemate was compared with pure R-1ipS, (Fig. 5). When
the initial reaction rate of racemic lipoic acid was multiplied
by a factor 2, it became obvious that the racemic compound
showed exactly half the activity of R-1ipS,. No relevant inhi-
bition by the S-isomer on the conversion of the R-isomer was
observed here.

DISCUSSION

LipDH activity depends on both its substrates, NADH and
lipoic acid. At a concentration above 0.1 mM NADH, the rate
of reduction was solely determined by the lipS, concentration.
From Fig. 1, the K_, for NADH was roughly estimated at 107
M. This is in the same order of magnitude as the K, seen in
rat liver mitochondria (6.2 * 107> M; pH = 8, T = 37°) [11].

An example of the dependence of the initial rate of reduc-
tion on the concentration of lipoic acid can be seen in Fig. 2.
Even at 20 mM, saturation conditions were not reached.
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FIG. 2. The dependence of the initial rate of DHLA formation
on the concentration of R-lipoic acid (A) and S-lipoic acid (B)
at 1.0 mM NADH. The reaction was started by the addition of
5 pg LipDH. Within the first 60 sec, the linear decrease in
NADH concentration (O) was monitored at 380 nm and
DHLA formation (A) was monitored at 500 nm using the thiol-
reagent DTNB.
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FIG. 3. The stereospecificity of lipoic acid reduction by LipDH.
The initial reaction rates were determined using 0.8 mM lipoic
acid and 1.0 mM NADH. The reaction was started by the ad-
dition of 5 pg LipDH. Within the first 60 sec, DHLA formation
was monitored at 500 nm using the thiol-reagent DTNB.

Higher concentrations of lipoic acid could not be used due to
the influence of its viscosity and its poor solubility. In addition
to reduction of lipoic acid, LipDH also possesses NADH oxi-
dase activity [20]:

NADH + O, + 2 H* = NAD* + H,0, (6)

It was found that the oxidase activity interfered with the
reduction of S-lipS, monitored by NADH consumption (Fig.
2B). We estimate the apparent K, for R-lipS, and S-lipS, to
be approximately 20 mM. This is approximately 10 times
higher than Massey [21] estimated for racemic lipS, (K, = 2
mM) at pH = 5.9 and T = 25°. This difference may be due to
the different reaction conditions. Comparing the apparent K
values for both enantiomers, we found that both apparent K_s
are within the same range, and the reaction rates differ 28-fold.
Schempp et al. observed an 8-fold difference in reaction rate at
INADH] =0.2 mM, pH =5.9, and T = 25° [22] and Suzuki et
al. reported a 15-fold difference at [NADH] = 0.1 mM, pH =

TABLE 1. Initial rate of NADH oxidation by LipDH in pres-
ence of different lipoic acid analogs

NADH consumption SEM
Lipoic acid analog (M/min/pg LipDH) * 10™* * 107
No substrate 0.083 0.009
Tetranorlipoic acid 0.086 0.005
Bisnorlipoic acid 0.097 0.010
Beta-lipoic acid 0.321 0.047
S-lipoic acid 0.116 0.009
R-lipoic acid 1.656 0.176

In presence of a lipoic acid analog (20 mM), the oxidation of 1.0 mM NADH by LipDH
was monitored at 380 nm. Immediately after the addition of 5 pg LipDH, the linear
decrease in absorbance was measured for 30 sec as described in Materials and Methods.
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FIG. 4. The inhibition of S-lipoic acid on the reduction of R-lipoic acid by LipDH. (A) The initial rate of DHLA formation by
S-lipoic acid with (A) or without (O) 0.2 mM R-lipoic acid. Within the first 60 sec, DHLA formation was monitored at 500 nm using
the thiol-reagent DTNB in presence of 1.0 mM NADH. The reaction was started by addition of 5 pg LipDH. (B) The influence
of S-lipoic acid on R-lipoic acid reduction, calculated from the results depicted in (A). The percentage inhibition is calculated per
experiment. Thereafter the average was determined from 3 separate experiments.

7.4 (T unknown) [23]. It is difficult to explain these different
observations. The estimated K_s depend on reaction condi-
tions, such as NADH concentration, pH, and temperature.
However, it is supposed that the relative difference in reaction
rate between the isomers is not influenced much by the dif-
ference in conditions. Probably the purity of S-lipoic acid ex-
plains the differences.

As early as 1960, stereospecificity was suggested by Massey
{21]. Using different methods and conditions, Suzuki and
Packer [23) and Schempp et al. [22] demonstrated stereospec-
ificity for the reduction of lipS,. Yang and Frey [24] and Arscot
et al. [25) showed stereospecificity for DHLA oxidation. The
stereospecificity of LipDH may be useful to investigate enzy-
matic DHLA formation in vivo. Recently, Handelman et al.
[26] found support for in vivo reduction. They demonstrated
DHLA formation after addition of lipoic acid to human cells
in tissue culture. Lipoic acid reduction is presumably enzymat-
ic. This was supported by the findings of Fuchs and Milbradt
[27]. Given in the diet, the naturally occurring R-enantiomer
of lipoic acid inhibited glucose oxidase-induced dermatitis, but
the S-enantiomer was only marginally protective. Glucose ox-
jdase-induced dermatitis is probably mediated via hydrogen
peroxide and subsequent free radical formation. The difference
between the isomers can be explained by a stereospecific re-
duction of lipoic acid into the more potent antioxidant
DHLA. This observed stereospecificity points not to a pure
chemical, but to an enzymatic reduction. The cytosolic en-
zyme GSSG reductase can also reduce lipoic acid [28). In this
case, however, an opposite stereospecificity is expected; GSSG
reductase shows a 2.4-fold greater preference for S-1ipS, than
for R-lipS,. An enzyme inhibitor of LipDH that discerned
LipDH and glutathione reductase would be an interesting
pharmacological tool to determine the relative contribution
of both enzymes. Unfortunately, no inhibitor of LipDH is
known yet.

Remarkably, 1.5 mM DTNB reacts with bisnor-, tetranor-,
and beta-lipoic acid. Apparently DTNB is not entirely specific
for measuring thiol groups {17]. Measuring NADH consump-
tion, it was found that beta-lipoic acid is a slightly better
substrate than S-lipoic acid for LipDH. In addition, it was
discovered that bisnor- and tetranorlipoic acid are poor sub-
strates (Table 1). Interestingly, Suzuki and Packer [23] found
that beta-lipoic acid showed similar LipDH activity as bisnor-

and tetranorlipoic acid. However, they applied different incu-
bation conditions and used a DTNB method. The DTNB
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FIG. 5. The initial rate of DHLA formation from racemic lipoic
acid (O) and R-lipoic acid (). For comparison, the observed
rate of racemic lipoic acid was multiplied by 2. Within the first
60 sec, DHLA formation was monitored at 500 nm using the
thiol-reagent DTNB in presence of 1.0 mM NADH. The reac-
tion was started by addition of 5 pg LipDH. The figure shows
a typical example of one experiment in which all conditions are
the same.
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method is based on the formation of thiols from the substrates.
Initially, the reduction of beta-lipoic acid will result in the
formation of lipoic acid. Therefore, in the case of beta-lipoic
acid no thiol is formed, which explains the underestimated
LipDH activity compared to the higher activity determined by
NADH consumption. Shortening of the side chain of the li-
poyl moiety (lipoic acid attached to lysine) decreases the re-
action rate. This is consistent with the observations of Massey
in 1960 [21]. Furthermore, the metabolites are poor substrates
for the enzyme GSSG reductase. The V., of bisnor- and
tetranorlipoic acid are 19% and 7.5%, respectively of the V.,
of racemic lipoic acid [28]. Assuming that one of these en-
zymes is responsible for the reduction, it is expected that the
reduced metabolites will be present in very low amounts.
Therefore, the contribution of these compounds to the antiox-
idant profile of lipoic acid is expected to be of minor impor-
tance [29]. These compounds may only play a role in scaveng-
ing HOCI [30].

S-lipS, appeared to be a poor substrate of LipDH with an
estimated apparent K, in the same order as for R-lipS,. There-
fore, it is likely that this compound occupies the active site
and inhibits the reduction of R-1ipS,. Remarkably, even in a
20-fold excess, no inhibition of the R-lipS, reduction is ob-
served (Fig. 4). Under a racemic condition in which the
R-lipS,:S-lipS, ratio is 1:1, S-lipS, does not influence the
reduction of R-lipS, (Fig. 5). This indicates that the estimated
apparent K s do not reflect the affinity constants of S-lipS,
and R-lipS, for LipDH. As mentioned above, lipoic acid is
administered as a racemic mixture. The pharmacokinetics of
the compounds are different, although the differences are mi-
nor (personal communication ASTA, cited with permission).
Therefore, it may be postulated that a 20-fold excess of S-lipS,
over R-lipS, in vivo is not reached after administration of
racemic lipoic acid. Moreover, endogenous R-lipS, is present.
This indicates that the inhibition of LipDH by the S-enan-
tiomer is of minor physiological relevance. GSSG reductase
reduces R-1ipS, and S-lipS; equally effectively. This means
that in cytosol, where GSSG-reductase is active, both R-lipS,
and S-lipS, contribute to antioxidant activity. In contrast,
LipDH-dependent reduction may result in an antioxidant ac-
tivity of lipoic acid that originates from only half of the race-
mic mixture; the S-isomer can be regarded as isomeric ballast.

In conclusion, the reduction of lipoic acid seems of impor-
tance for its pharmacotherapeutic effect. To answer the ques-
tion as to which enzyme reduces lipoic acid in vivo, it is nec-
essary to know the properties of enzymes that reduce lipoic
acid. We, therefore, studied mitochondrial LipDH. The ste-
reospecificity and the influence of S-lipoic acid differ for
LipDH and GSSG-reductase. It is not yet known whether
LipDH has the same characteristics in plasma membranes as
mitochondrial LipDH. More information is needed on the
biological effects of lipoic acid in relation to its stereospecific
reduction. This may help to elucidate the enzymatic reduction
and, thereby, the mode of action of lipoic acid. To support
such studies we described the following properties of mito-
chondrial LipDH under semi-physiological conditions: (i)
LipDH shows stereospecificity for the naturally occurring R
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enantiomer, (ii) the metabolites bisnor-, tetranor-, and beta-
lipoic acid are poor substrates for LipDH, and (iii) S-lipS,
inhibits the reduction of R-1ipS, only in relatively high con-
centrations. The reduction of lipoic acid by mitochondria-rich
tissues may proceed smoothly, even if the racemic mixture is
applied. This may be an important mechanism of reduction of
lipoic acid in vivo.

We would like to thank Dr. A. de Kok from the Agricultural University in
Wageningen, the Netherlands, for his valuable advice. We acknowledge
ASTA Pharma, Frankfurt, Germany, who supplied us with the com-
pounds.

References

1. Benen ], Studies on Dihydrolipoamide dehydrogenase. PhD the-
sis, Agricultural University, Wageningen, the Netherlands, 1992.

2. Bast A and Haenen GRMM, Interplay between lipoic acid and
glutathione in the protection against microsomal lipid peroxida-
tion. Biochim Biophys Acta 963: 558-561, 1988.

3. Haenen GRMM and Bast A, Scavenging of hypochlorous acid by
lipoic acid. Biochem Pharmacol 42: 2244-2246, 1991.

4. Scott BC, Aruoma OI, Evans PJ, Oneill C, Van der Vliet A,
Cross CE, Tritschler H and Halliwell B, Lipoic and dihydrolipoic
acids as antioxidants—a critical evaluation. Free Radical Res 20:
119-133, 1994.

5. Kagan VE, Shvedova A, Serbinova E, Khan S, Swanson C, Pow-
ell R and Packer L, Dihydrolipoic acid—a universal antioxidant
both in the membrane and in the aqueous phase. Biochem Phar-
macol 44: 1637-1649, 1992.

6. Kaiser S, Di Mascio P and Sies H, Lipoat und Singlettsauerstoff.
In: Thioctsdure: ‘‘Neue biochemische, pharmakologische und klinische
Erkenntnisse zur Thioctséure’ (Eds. Borbe HO and Ulrich H), pp.
69-74. pmi Verlag, Frankfurt am Main, 1989.

7. Haenen GRMM and Bast A, Modulation of microsomal lipid
peroxidation by dihydrolipoate in interplay with vitamin E, vi-
tamin C and glutathione. In: Neue biochemische, pharmakologische
und klinische Erkenntnisse zur Thioctsiure (Eds. Borbe HO and
Ulrich H), pp. 137-151. pmi Verlag, Frankfurt am Main, 1989.

8. Krieglstein J, Peruche B, Prehn ], Nuglisch ] and Karkoutly C,
The neuroprotective effect of dihydrolipoic acid. In: The Role of
the Redox System Alpha-lipoic acid/Dihydrolipoic acid in Organ-spe-
cific Models of Impaired Oxygen Supply (Eds. Schmidt K and Ul-
rich H), pp. 89-103. Universimed Verlag, Frankfurt am Main,
1992.

9. Cameron NE, Cotter MA and Maxfield EK, Anti-oxidant treat-
ment prevents the development of peripheral nerve dysfunction
in streptozotocin-diabetic rats. Diabetologia 36: 299-304, 1993.

10. Natraj CV, Gandhi VM and Menon KKG, Lipoic acid and dia-
betes: Effect of dihydrolipoic acid administration in diabetic rats
and rabbits. ] Biosci 6: 37-46, 1984.

11. Reed JK, Studies on the kinetic mechanism of lipoamide dehy-
drogenase from rat liver mitochondria. ] Biol Chem 248: 4834—
4839, 1973.

12. Massey V, Gibson QH and Veeger C, Intermediates in the cat-
alytic action of lipoyl dehydrogenase (diaphorase). Biochem J 77:
341-351, 1960.

13. Bunik V and Follmann H, Thioredoxin reduction dependent on
alpha-ketoacid oxidation by alpha-ketoacid dehydrogenase com-
plexes. FEBS Lett 336: 197-200, 1993.

14. Bshm M, Ebeling M and Bisswanger H, Neuere erkentnisse iiber
die funktionen von a-liponsiure in mitochondriale multienzym-
Komplexen. In: Neue biochemische, pharmakologische und klinische
Erkenntnisse zur Thiocsdure (Eds. Borbe HO and Ulrich H), pp.
44-56. pmi Verlag, Frankfurt am Main, 1989.

15. Armstrong M and Webb M, The reversal of phenylarsenoxide



238

16.
17.

18.

19.
20.

21.

22.

23.

24.

inhibition of keto acid oxidation in mitochondrial and bacterial
suspensions by lipoic acid and other disulfides. Biochem ] 103:
913-922, 1967.

Danson MJ, Dihydrolipoamide dehydrogenase: A ‘new” function
for an old enzyme? Biochem Soc Trans 16: 87-89, 1988.

Ellman GL, Tissue sulfhydryl groups. Arch Biochem Biophys 82:
70-77, 1959.

Furr HC, Chang H-H and McCormick DB, Lipoate metabolism
in Pseudomonas putida LP: Thiolsulfinates of lipoate and bisnor-
lipoate. Arch Biochem Biophys 185: 576-583, 1978.

Spence JT and McCormick DB, Lipoic acid metabolism in the
rat!? Arch Biochem Biophys 174: 13-19, 1976.

Nakamura M and Yamazaki I, Salts-induced oxidase activity of
lipoamide dehydrogenase from pig heart. Eur J Biochem 96: 417—
422, 1979.

Massey V, The identity of diaphorase and lipoyl dehydrogenase.
Biochim Biophys Acta 37: 314-322, 1960.

Schempp H, Ulrich H and Elstner EF, Stereospecific reduction of
R(+)-thioctic acid by porcine heart lipoamide dehydrogenase/
diaphorase. Z Naturforsch C 49: 691-692, 1994.

Suzuki Y] and Packer L, Alpha-lipoic acid is a potent inhibitor of
NF-kB activation in human T cells: Does the mechanism involve
anti-oxidant activities? In: Biological Oxidants and Antioxidants
(Eds. Packer L and Cadenas E), pp. 87-96. Hippokrates Verlag,
Stuttgart, 1994.

Yang Y-S and Frey PA, 2-Ketoacid dehydrogenase complexes of

25.

26.

21

8.

29.

30.

G. Ph. Biewenga et al.

Escherichia coli: Stereospecificities of the three components for
R-lipoate. Arch Biochem Biophys 268: 465-474, 1989.

Arscott LD and Williams Jr CH, R- and S-Dihydrolipoic acid
derivatives as substrates of lipoamide dehydrogenase. In: Flavins
And Flavoproteins, Proceedings of the Eleventh International Sympo-
sium, Nagoya, Japan, 27-31 July 1993 (Ed. Yagi K), Walter de
Gruyter & Co., Berlin, New York, 1994.

Handelman GJ, Han D, Tritschler H and Packer L, Lipoic acid
reduction by mammalian cells to the dithiol form, and release
into the culture medium. Biochem Pharmacol 47: 1725-1730,
1994.

Fuchs ] and Milbradt R, Antioxidant inhibition of skin inflam-
mation induced by reactive oxidants: Evaluation of the redox
couple dihydrolipoate/lipoate. Skin Pharmacol 7: 278-284, 1994.
Pick U, Haramaki N, Constantinescu A, Handelman GJ,
Tritschler H] and Packer L, Glutathione reductase and lipoamide
dehydrogenase have opposite stereospecificities for alpha-lipoic
acid enantiomers. Biochem Biophys Res Commun 206: 724-730,
1995.

Suzuki Y], Tsuchiva M and Packer L, Antioxidant activities of
dihydrolipoic acid and its structural homologues. Free Rad Res
Comms 18: 115-122, 1993.

Biewenga GP, de Jong ] and Bast A, Lipoic acid favors thiolsulfi-
nate formation after hypochlorous acid scavenging: A study with
lipoic acid derivatives. Arch Biochem Biophys 312: 114-120,
1994.



