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Chromatographic analysis of lipoic acid and related compounds
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Abstract

The analysis of lipoic acid and related compounds, such as its reduced form dihydrolipoic acid, its amide form lipoamide
and other analogues, in biological and food samples is important in biochemistry, nutritional and clinical chemistry. This
review summarizes the chromatographic methods for the determination of lipoic acid and related compounds, and their
applications to various samples such as bacteria, tissues, drugs and food. Gas chromatographic methods with flame ionization
detection and flame photometric detection are commonly used for the quantification of lipoic acid present as its
protein-bound form, after acid or base hydrolysis of these samples. High-performance liquid chromatographic methods with
ultraviolet, fluorescence and electrochemical detection are mainly used for the determination of free lipoic acid and related
compounds, such as dihydrolipoic acid, lipoamide and other analogues. Moreover, gas chromatography–mass spectrometry
and capillary electrophoresis methods are also developed.  1997 Elsevier Science B.V. All rights reserved.
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Fig. 1. Structures of lipoic acid and related compounds.

1. Introduction (TNLA) and b-hydroxybisnorlipoic acid (HOBN)
(Fig. 1), through b-oxidation in a bacterial strain

a-Lipoic acid (LA, Fig. 1) is a natural disulphide- [12] and in the rat [13]. On the other hand, LA is
containing compound and is known as 6,8-thioctic readily converted to its reduced form, dihydrolipoic
acid, 1,2-dithiolane-3-pentanoic acid and 1,2- acid (DHLA, Fig. 1), in mammalian cells by mito-
dithiolane-3-valeric acid. LA is a naturally occurring chondrial lipoamide dehydrogenase [14,15], and
cofactor that has been reported to be present in a DHLA is able to permeate lipid bilayers [16].
diverse group of microorganisms [1] and a variety of Moreover, LA is proposed to oxidize to its thiosul-
plant and animal tissues [2]. It is essential as an acyl phinate and thiosulphonate by electrophilic reagents
carrier in the oxidative decarboxylation of the a-keto [17,18].
acids (pyruvate and a-ketoglutarate) [2–4] and it is Recently, LA and DHLA have been shown to
an aminomethyl carrier in the glycine-cleavage en- provide potent antioxidant abilities against oxidative
zyme systems [5,6]. In the functional protein-bound stress-induced processes [19–25]. In fact, LA dietary
form of the cofactor, the carboxyl group of LA is supplementation successfully prevents cerebral and
covalently bound in an amide linkage to the ´-amino myocardial damage induced by ischemia–reperfusion
group of a lysyl residue [7–9]. LA was tentatively [26–28] and macromolecular alterations induced by
classified as a vitamin after its isolation, but it was high concentrations of glucose [29,30]. Preincubation
later found to be synthesized by animals and humans of cultured human T cells with LA inhibits activation
[10]. However, the complete biosynthetic pathway of NFkB, a transcription factor responsible for the
that is responsible for de novo synthesis has not yet activation of human immunodeficiency virus (HIV)
been elucidated. Isotope experiments have suggested [31,32]. In addition, LA and DHLA inhibit lipid
that octanoic acid serves as the immediate precursor peroxidation in vivo and in vitro, respectively [33–
for the eight-carbon fatty acid chain, and cysteine 35], and inhibit skin inflammation induced by UVB
appears to be the source of sulphur [11]. LA is also radiation, xanthine /hypoxanthine, adriamycin and
known to be metabolized to some major catabolites, phorbol myristate acetate [36–38]. These injuries are
bisnor-lipoic acid (BNLA), tetranor-lipoic acids mediated by free radicals, and in vitro experiments



H. Kataoka / J. Chromatogr. B 717 (1998) 247 –262 249

have shown that both LA and DHLA are potent carried out by microbiological assay, colorimetric
scavengers of reactive oxygen species, such as assay, gas chromatography (GC), GC–mass spec-
singlet oxygen [39], hydroxyl radical [40,41], hypo- trometry (GC–MS), high-performance liquid chro-
chlorous acid [42], superoxide anion radical [40], matography (HPLC), capillary electrophoresis (CE),
peroxyl radical [43] and hydrogen peroxide [44]. On enzyme immunoassay and enzyme cycling assay.
the other hand, several preliminary reports indicate The microbiological assay has already been reviewed
that LA can elevate total glutathione (GSH) levels in by Stokstad et al. [93] and by Herbert and Guest
some cell lines and tissues [45], and have demon- [94,95]. Other non-chromatographic methods, such
strated an interplay between LA and GSH in protec- as colorimetric assays [96–99], enzyme immuno-
tion against lipid peroxidation and heavy metal assay [100,101] and enzyme cycling assay [102], are
toxicity [33,46–51]. A number of in vitro and in vivo also not covered in this review. The chromatographic
studies also suggest that LA is able to recycle other methods reported are listed in Table 1. This review is
natural antioxidants, such as ascorbic acid [35] and concerned with the utilization of chromatographic
a-tocopherol [52,53], and a dietary supplement of methods for the determination of LA and related
LA can substitute for a-tocopherol in maintaining compounds in biological materials, and in drugs and
the lifespan of the mouse [53]. Thus, LA, DHLA and food samples. The review consists of the following
lipoamide (LAM) are used extensively in the treat- two main parts. In the first part (Section 2), general
ment of various diseases [21,23,25], such as al- aspects of the analytical methods for the determi-
coholic liver disease [54,55], mushroom poisoning nation of LA and related compounds are surveyed,
[56,57], heavy metal poisoning [48,58], diabetes according to the instrument type. In the second part
[59–61], glaucoma [62], radiation injury [63], chagas (Section 3), applications of these methods to the
disease [64] and neurodegenerative disorder [65]. various samples are considered, according to the

Up to now, there has been little quantitative data matrix type.
on the LA content in biological and food samples,
although most LA is considered to be present as a
protein-bound form in physiological systems. Exter- 2. Analytical methods for the determination of
nally added LA is readily incorporated into cells and lipoic acid and related compounds
tissues, but it has not yet been determined whether
protein-bound LA has antioxidant activity or whether 2.1. Gas chromatography
it may act as a source of free LA. Moreover, the
biological activity of exogenous LA probably in- GC has been used widely for the analysis of
volves both the oxidized and reduced forms [14], as volatile compounds due to its inherent advantages of
well as some metabolic products [66], however, their simplicity, high resolving power, high sensitivity and
pharmacological benefits are not well understood. low cost. Therefore, GC is one of the most popular
Therefore, the determination of LA and related analytical techniques for LA and related compounds
compounds in biological and food samples is im- and this is at the top of the list of available methods
portant for studies on biochemical reactions involv- shown in Table 1. Iguchi et al. [70] reported that a
ing LA, for nutritional and pharmacodynamic mixture containing LA and LAM could be separated
studies, or for the diagnosis of some kinds of disease. and determined directly without derivatization by GC
On the other hand, LA has been used as a racemic with flame ionization detection (FID) using a 15%
drug for the treatment of the various diseases men- diethyleneglycol succinate polyester packed column
tioned above, but the naturally occurring R-enantio- (75 cm33 mm I.D.). However, these polar com-
mer and the unnatural S-enantiomer exhibit different pounds tended to elute as broad and tailing peaks,
biological activities [38,67–69]. Therefore, a method due to strong adsorption to the column and injector
for enantiomer separation and stereochemical analy- during GC analysis. Therefore, they could not be
sis is also needed to study the pharmacokinetics and detected in low concentrations without derivatiza-
enantioselective metabolism of LA. tion. Thus, several derivatives, such as methyl ester

In the past, the determination of LA has been [71–74], S,S-dibenzyl (DBZ) methyl ester [75], S,S-
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Table 1
Analytical methods for lipoic acid and related compounds

aMethod Detection Analyte Derivatization Detection Reference
breagent limit

GC FID LA, LAM [70]
FID LA CH N [71,72]2 2

FID LA (enantiomer) CH N [73]2 2

FID LA HCl–MeOH [59]
FID LA BF –MeOH 20 ng [74]3

FID LA BZ-Cl–CH N 50 ng [75]2 2

FPD LA ECF–HCl–MeOH 50 pg [76,77]
FID LAM KCN [78]

GC–MS EI LA CH N [79,80]2 2

EI LA BZ-Cl–CH N [81]2 2

CI LA MTBSTFA 10 pg [82]
EI LTSI, LTSO BSTFA–TMCS [83]

HPLC UV LA, LAM, LME, LA:15 mg, [84]
BNLA, TNLA, LAM:16 mg
DHLA, MELA,
HOBN, DITNN

FL LA Br-AMN [85]
FL LA (enantiomer) OPA–D-Phe 3 ng/ml [86]
EC LA, LAM LA: 0.05 ng [87]

LAM: 0.1 ng
EC LA, DHLA LA: 1 ng/ml, [88–90]

DHLA: 5 ng/ml
EC LA, DHLA LA: 10 ng, [91]

DHLA: 2 ng

CE UV LA, LAM [92]
aFID, flame ionization detection; FPD, flame photometric detection; EI, electron ionization; CI, chemical ionization; UV, ultraviolet; FL,
fluorescence; EC, electrochemical.
bCH N , diazomethane; HCl–MeOH, hydrogen chloride–methanol; BF –MeOH, boron trifluoride–methanol; BZ-Cl, benzyl chloride; ECF,2 2 3

ethyl chloroformate; KCN, potassium cyanide; MTBSTFA, N-methyl-N-(tert.-butyldimethylsilyl)-trifluoroacetamide; BSTFA: N,O-bis-
(trimethylsilyl)trifluoroacetamide; TMS: trimethylchlorosilane; Br-AMN: 2-bromoacetyl-6-methoxynaphthalene; OPA: o-phthalaldehyde;
D-Phe: D-phenylalanine.

diethoxycarbonyl (DEOC) methyl ester [76,77] and ly. Although methyl LA gave a single peak, methyl
thietanevaleramide [78] have been tested for the GC DHLA gave two peaks, due to the partial oxidation
analysis of LA and related compounds. of DHLA to LA during GC analysis. The detection

Shih and Steinsberger [71] reported that LA and limit for LA was 20 ng [74]. In contrast, Konig et al.
its metabolites, BNLA and TBLA, and their reduced [73] reported that the R- and S-LA enantiomers
forms, could be distinctly separated and determined could be easily separated as their methyl esters on a
by GC–FID using a 3% Poly A-103 packed column heptakis(3-O-acetyl-2,6-di-O-phenyl)-b-cyclodextrin
(1 m long) after methylation with diazomethane (Lipodex D) capillary column (40 m long).
(Fig. 2). Natraj et al. [59] and Liaud et al. [74] used As mentioned above, standard LA can be easily
hydrogen chloride–methanol (HCl–MeOH) and gas chromatographed as its methyl ester derivative,
boron trifluoride–methanol (BF –MeOH), respec- but it is difficult to detect the LA in biological and3

tively, as a methylation reagent for LA and DHLA, food samples as its derivatives because a part of LA
and analyzed them by GC–FID using a 3% SP-1000 forms mixed disulphides [103] and disulphide poly-
packed column and a DB-1 capillary column (30 mers [104] in these samples. Therefore, these sul-
m30.25 mm I.D.; 0.2 mm film thickness), respective- phides must be reduced to thiols and then derivatized
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Fig. 2. Gas chromatograms of methyl esters of lipoic acid and
related compounds. GC conditions: Column, 3% Poly A-103 on
Gas Chrome Q (1 m long); column temperature, programmed at
108C/min from 180 to 2608C; nitrogen flow-rate, 40 ml /min; FID
detection. Peaks: 15TNLA, 25BNLA, 35LA, 45DHLA, 55

reduced BNLA. (Reproduced from Ref. [71], with permission).

with appropriate reagents for GC analysis. White
[75] determined LA as its S,S-DBZ methyl ester
derivative after reduction to DHLA using sodium Fig. 3. Reduction and conversion of lipoic acid to its S,S-DEOC
borohydride (NaBH ) by GC–FID using a 3% OV-1 methyl ester derivative.4

packed column (122 cm33.2 mm I.D.). Calibration
curves using C and C homologues as internal7 9

standards were linear in the range 0–20 mg. Further- peak within 5 min. This method was highly specific
more, increased sensitivity should be possible by for LAM, but the detection sensitivity was low.
using an electron capture detector and/or using
pentafluorobenzyl chloride in the derivatization step
instead of benzyl chloride (BZ-Cl). Recently, Kata- 2.2. Gas chromatography–mass spectrometry
oka et al. [76,77] developed a selective and sensitive
method for the determination of LA by GC with GC–MS can be usually operated in two modes,
flame photometric detection (FPD). LA was con- total ion monitoring and selected ion monitoring
verted into its S,S-DEOC methyl ester derivative (SIM). For SIM, only the base peaks are chosen to
after reduction with NaBH (Fig. 3). As shown in obtained the highest possible sensitivity. A magnetic4

Fig. 4, LA was eluted as a single and symmetrical sector instrument is used for positive ion electron
peak within 6 min using a DB-210 capillary column ionization (EI)–MS, which yields excellent frag-
(15 m30.53 mm I.D., 1.0 mm film thickness). The mentation patterns, with further confirmation being
detection limit was ca. 50 pg injected and the achieved using chemical ionization (CI) of the
calibration curve was linear in the range 20–500 ng. sample with a quadruple instrument. Since CI–MS is

Ogawa et al. [78] developed a new derivatization a much softer ionization method, it has the advantage
method for LAM based on the formation of 2- of producing far less fragmentation of the compound
thietanevaleramide with potassium cyanide (Fig. 5). and so allows a greater chance of the molecular ion
The derivative was analyzed by GC–FID using a 3% being present, which can aid interpretation. Thus,
1,4-butanediol succinate packed column (75 cm34 GC–MS is one of the best on-line identification
mm I.D.). LAM was eluted as a single and tailing systems because of selectivity and sensitivity, but it
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Fig. 5. Derivatization of lipoamide to 2-thietanevaleramide.

prepared by these reagents proved unacceptable for
the GC–MS analysis of LA due to either nonvolatili-
ty, instability or difficulty in preparation. Mattulat
and Baltes [82] developed a sensitive method for theFig. 4. Gas chromatogram of lipoic acid as its S,S-DEOC methyl
determination of LA by CI–MS after conversion intoester. GC conditions: column, DB-210 (15 m30.53 mm I.D., 1.0

mm film thickness); column temperature, programmed at 58C/min its tert.-butyldimethylsilyl (tert.-BDMS) derivative
from 200 to 2508C; injection and detector temperature, 2608C; with N-methyl-N-(tert.-butyldimethylsilyl)trifluoro-
nitrogen flow-rate, 10 ml /min; FPD detection. Peaks: 15S,S-

acetamide (MTBSTFA), as shown in Fig. 6. Thedimethoxycarbonyllipoic acid (internal standard), 25LA.
detection limit was about 10 pg/ml of LA derivative
and the calibration curve was linear from 10 pg/ml

requires conversion into volatile derivatives before to 20 ng/ml using the base peak m /z5189 for
analysis. quantification. On the other hand, Biewenga and Bast

Few GC–MS data on the analysis of LA and [83] characterized possible oxidation products of LA,
related compounds using EI and CI after derivatiza- lipoic thiosulphinate (LTSI, b-lipoic acid) and lipoic
tion are available. Pratt et al. [79] and Jackman et al. thiosulphonate (LTSO), as their trimethylsilyl
[80] reported that methyl LA could be identified by (TMS) derivatives by EI–MS.
monitoring the presence of the fragment ion (m /z
123) and the molecular ion (m /z 220). White [81] 2.3. High-performance liquid chromatography
developed a method for the identification of LA as
its S,S-DBZ methyl ester derivative by EI–MS. This HPLC is one of the most popular analytical

1derivative gave a strong mass ion at m /z 311 (M 2 techniques and can be used in combination with
91) and a weak ion at m /z 137, which resulted from various detection systems such as ultraviolet (UV),
cleavage of the C and C bond of LA. He also fluorescence (FL) and electrochemical (EC) detec-7 8

tested some reagents, such as dinitrofluorobenzene, tors. However, little work has been done on the
iodoacetate and 2,2-dimethoxypropane, for the de- determination of LA and related compounds by
rivatization of reduced LA, but the derivatives HPLC. Howard and McCormick [84] reported that
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Fig. 7. HPLC elution pattern for lipoic acid and analogues. HPLC
conditions: Column, mBondapak C (30 cm33.9 mm I.D.);18

elution, gradient from 40% methanol containing 0.04% acetic acid
Fig. 6. Derivatization of lipoic acid with MTBSTFA. to 70% methanol containing 0.02% acetic acid; flow-rate, 2

ml /min; detection, UV at 330 nm. Peaks: 15TNLA, 25HOBN,
35BNLA, 45LAM, 55LA, 65DITNN, 75MELA, 85LME.
(Reproduced from Ref. [84], with permission).LA and some of its analogues could be separated by

reversed-phase HPLC on a mBondapak C column18

(30 cm33.9 mm I.D.) using UV detection at 330 nm
(absorption maximum of the dithiolane ring) with a
gradient elution system. As shown in Fig. 7, eight
compounds could be separated within 16 min, but
the detection sensitivities of these compounds were
very low, due to the lack of a strong chromophore
[3,105], which is needed for conventional UV or FL
detection.

Few derivatization reagents have been used for the
determination of LA by FL detection. Gatti et al.
[85] used 2-bromoacetyl-6-methoxynaphthalene (Br-
AMN) as a fluorogenic labelling reagent (Fig. 8). LA
was separated using a Hypersil 5 ODS column (25
cm34.5 mm I.D.; 5 mm particle size) under isocratic
conditions and detection was at an excitation wave-
length of 300 nm and an emission wavelength of 460
nm. Recently, Niebch et al. [86] developed a
stereoselective and sensitive method for the HPLC
analysis of LA enantiomers. (1)R- and (2)S-LA
were derivatized with o-phthalaldehyde (OPA) in the
presence of D-phenylalanine (D-Phe) after reduction
to the dithiol enantiomers (Fig. 9) and the two
diastereomeric derivatives were separated by re- Fig. 8. Fluorogenic derivatization of lipoic acid with Br-AMN.
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a Shim-pack CLC ODS column (15 cm36 mm I.D.;
5 mm particle size) using a Ag–AgCl EC detector
and 50% acetonitrile in 0.05 M potassium dihydro-
genphosphate (pH 2) as the mobile phase. The
detection limits of LA and LAM were 50 and 100
pg, respectively, and the calibration curves for these
compounds were linear over the range 0.5–5 ng.
Teichert and Preiß [88–90] measured LA and DHLA
using a glassy-carbon electrode system at the high
oxidation potential of 1.1 V. HPLC separation was
achieved using a Nucleosil 120 C column (2518

cm34 mm I.D.; 5 mm particle size) and 28.5%
acetonitrile in 0.05 M potassium dihydrogenphos-
phate (pH 2.5) as the mobile phase. The detection
limit for LA was 1 ng/ml and the calibration curve
was non-linear in the range 0.01–50 mg/ml, but
could be described by a power function. Handelman
et al. [14] and Han et al. [91] used an alternative EC
system, a dual Hg–Au electrode, for the determi-
nation of LA and DHLA. In this dual-electrode
system, one electrode acts as the generator and the
second electrode acts as a detector (Fig. 10). LA was
reduced to DHLA on the high negative potential
generator electrode and then detected as DHLA on
the downstream electrode. LA and DHLA were
separated within 8 min using a Microsorb CFig. 9. Derivatization process for lipoic acid enantiomers with 18

column (10 cm34.6 mm I.D.; 3 mm particle size)OPA/ D-Phe.

and 50% 0.2 M monochloroacetic acid (pH 2.9)–
30% methanol–20% acetonitrile as the mobile phase

versed-phase HPLC on a LiChrospher 60 SelectB (Fig. 11). The detection limits for LA and DHLA
column (25 cm34 mm I.D.; 5 mm particle size) were 10 and 2 ng, respectively. The mercury surface-
using FL detection with an excitation wavelength of
230 nm and an emission filter of .418 nm. The
detection limit was about 3 ng/ml and the working
range of the assay was 15–1000 ng/ml for either
enantiomer.

LA and DHLA can be readily interconverted by
application of an electric potential and, therefore,
these compounds are suitable for measurement by an
EC detector. The choice of instruments and electrode
materials, and the composition of the mobile phase,
are factors that influence both the sensitivity and
selectivity of the EC analysis. Isocratic elution is
usually used in the combination of HPLC and
electrochemistry, because gradient elution cannot be
used in a high sensitivity range with this detector. Fig. 10. Schematic diagram of the dual Hg–Au electrode, and the
Kamata and Akiyama [87] reported that LA and reaction with lipoic acid and dihydrolipoic acid. (Reproduced
LAM could be simultaneously analyzed by HPLC on from Ref. [91], with permission).
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Fig. 12. Capillary electrophoresis migration pattern of lipoic acid
and related compounds. Electrophoretic conditions: Capillary,
uncoated silica (30 cm effective length); running buffer, 50 mM
Tris–HCl–30 mM sodium dodecyl sulphate (pH 7.0); voltage, 20
kV; detection, UV at 214 nm. The migration times of GSH, LAM,
GSSG and LA were 2.70, 3.15, 3.37 and 3.87 min, respectively.Fig. 11. HPLC pattern of lipoic acid and dihydrolipoic acid. HPLC
(Reproduced from Ref. [92], with permission).conditions: Column, Microsorb C (10 cm34.6 mm I.D., 3 mm18

particle size); mobile phase, 50% 0.2 M monochloroacetic acid–
30% methanol–20% acetonitrile; flow-rate, 1 ml /min; detection,
EC detector with a dual Hg–Au electrode. (Reproduced from Ref. femtomolar range was achieved by monitoring the
[91], with permission). UV absorbance at 214 nm.

specific reaction is much more specific than the
reaction on the glassy-carbon surface and, therefore, 3. Applications
the former is commonly used for the measurement of
disulphides and thiols [106–108]. Although both LA 3.1. General techniques for sample preparation
and DHLA can be measured in their free form by
these EC methods, bound forms of these compounds Because the majority of LA in biological and food
cannot be detected. samples is present as a protein-bound form with an

amide linkage to the ´-amino group of a lysine
residue [3,7–9], the release of LA by hydrolysis of

2.4. Capillary electrophoresis the samples is necessary. For this purpose, several
procedures, such as acid, base and enzymatic hy-

CE is capable of achieving higher separation drolysis have been reported.
efficiency, uses less organic solvents and requires White [75,81], Pratt et al. [79] and Liaud et al.
small amounts of samples in comparison with HPLC. [74] hydrolyzed sample using 6 M HCl at 1208C for
The migration behaviour of ionized compounds is 2–4 h, and the released LA was easily extracted into
dependent on various factors, such as buffer pH, dichloromethane. The release of LA from its protein-
organic modifier, concentration of buffer solution, bound form under these hydrolysis conditions was
temperature of the capillary tubing and the electric .95%, but LA tended to become oxidized to its
field strength. A CE method for the determination of thiosulphinate or thiosulphonate form during hydrol-
LA and LAM was recently developed by Panak et al. ysis. The recovery of LA from plasma by hydrolysis
[92]. As shown in Fig. 12, these compounds and in 6 M HCl at 1208C for 6 h was about 30% [90].
GSH could be successfully analyzed using an un- Moreover, Mattulat and Baltes [82] reported that the
coated capillary column (30 cm effective length, 50 recoveries of LA from the synthesized model com-
mm I.D.) with 50 mM Tris(hydroxy- pound ´-lipoyl lysine (LLys) by hydrolysis with 1
methyl)aminomethane–hydrochloric acid (Tris– and 6 M HCl at 1008C for 3 h were about 80 and
HCl)–30 mM sodium dodecyl sulphate (pH 7.0) as 25%, respectively. The addition of several thiol-
the running buffer, at 20 kV. A detection limit in the protecting agents, such as mercaptoacetic acid, mer-
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captoethanol or ethanethiol, to the hydrolysis mixture tained from biological, drug and food samples by
did not effect for the oxidation of LA [81]. There- various analytical methods described above are listed

2fore, [8,8- H ]LA [81] and C and C homologues in Table 2.2 7 8

of LA [75] were added to the sample as internal
standards before hydrolysis. As an alternative acid 3.2. Bacteria
hydrolysis method, Shih and Steinsberger [71] hy-
drolyzed sample using 6 M sulphuric acid at 1258C LA has been identified in bacterial cells by GC–
for 6 h, and LA in hydrolysate was extracted into MS. White [81] detected LA in Escherichia coli (E.

14benzene. By using [7,8- C]LA, the recovery of LA coli) by 6 M HCl hydrolysis, extraction into di-
during hydrolysis and extraction was found to be chloromethane, subsequent derivatization with BZ-Cl
34%. Moreover, Mattulat and Baltes [82] reported and GC–MS analysis. Pratt et al. [79] detected LA in
that the recoveries of LA from LLys by hydrolysis E. coli and Halobacterium halobium by a modified
with 1 and 4 M sulphuric acid at 1008C for 3 h were GC–MS method. They identified the released LA
80–85%. For food samples, optimum hydrolysis from the protein-bound form as its methyl ester. In
conditions were heating at 1208C for 7 h in 2 M addition, White [75] determined the LA content in
sulphuric acid and the recoveries of LA from sample acid hydrolysates of some bacterial samples by GC–
were about 60–70%. In addition, the use of organic FID analysis, based on preparation of the S,S-DBZ
acids, such as p-toluenesulphonic acid [8] and methyl ester derivative, and showed that the LA
methanesulphonic acids [81,109], have also been content of E. coli depended on the carbon source
described for the release of LA from the protein- used for its growth. Kozma-Kavacs et al. [72]
bound form. determined the LA content in Saccharomyces cere-

Kataoka et al. [76,77] used a base hydrolysis to visiae by GC–FID analysis of its methyl ester. The
release LA from sample, because the oxidation of recovery of LA from sample during sulphuric acid
LA during hydrolysis was far more resistant to base hydrolysis and dichloromethane extraction was about
hydrolysis than to acid hydrolysis. Optimum hy- 30%. On the other hand, Kataoka et al. [76] de-
drolysis conditions were heating at 1108C for 3 h in termined the LA content in several bacterial cells by
2 M potassium hydroxide containing 4% bovine GC–FPD based on the preparation of its S,S-DEOC
serum albumin. The degradation of LA during methyl ester derivative. They used a base hydrolysis
hydrolysis could be reduced by adding bovine serum to release LA from sample. As shown in Fig. 13A
albumin. The released LA could be easily extracted and C, it was difficult to determine the content of LA
into dichloromethane and directly derivatized to its by GC–FID due to the interfering peaks and low
S,S-DEOC methyl ester. The recoveries of LA from sensitivity, but the LA in the sample could be
biological samples during hydrolysis and extraction analyzed by GC–FPD without any such interference
were 50–60%. from matrix substances. The analytical data in Table

Suzuki and Reed [110] used a specific enzyme 2 represent the total content of free and bound forms
lipoamidase to release LA from the ´-amino group of of LA and DHLA in these samples, as the samples
a lysine residue, but it has never been applied were hydrolyzed with potassium hydroxide and
directly to tissue homogenates. Recently, Teichert reduced with NaBH . The detection limit of LA in4

and Preiß [88–90] reported a mild enzymatic hy- these samples was ca. 10 ng/g. The contents of
drolysis using several proteases to release LA from bacterial LA summarized in Table 2 are in good
plasma sample. The recoveries of LA from plasma agreement with data previously reported based on the
by hydrolyses with thermophilic protease, Alcalase microbiological assay [97].
and subtilisin were about 70, 80 and 82%, respec-
tively. The released LA in hydrolysate was extracted 3.3. Animal tissues
by a solid-phase extraction cartridge. In this method,
if all preparations were carried out under inert gas, Shih and Steinsberger [71] determined the LA
DHLA could also be detected in some cases. content in rat tissues and other biological materials

The contents of LA and related compounds ob- by GC–FID analysis based on delipidation, sulphuric
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Table 2
Lipoic acid contents in bacteria, tissue and food samples

Sample Method Content Reference Sample Method Content Reference
(mg/g) (mg/g)

Escherichia coli B GC–FID 2.3–11.8 [75] Bovine heart GC–MS 0.7–1.0 [82]
Escherichia coli GC–FPD 23.45 [76] liver GC–MS 0.6–1.1 [82]
Bacteroides fragilis GC–FID 2.4 [75] kidney GC–MS 0.9–1.3 [82]
Aerobacter aerogenes GC–FPD 10.62 [76] muscle GC–MS 0.2–0.4 [82]
Aerobacter vinelandii GC–FPD 34.96 [76] Calf heart GC–MS 0.5–0.7 [82]
Bacillus subtilis GC–FPD 17.65 [76] liver GC–MS 0.3–0.5 [82]

aClostridium perfringens GC–FPD ND [76] kidney GC–MS 0.5–0.7 [82]
Micrococcus lysodeikticus GC–FPD 4.34 [76] muscle GC–MS 0.07–0.15 [82]
Pseudomonas fluorescens GC–FPD 16.25 [76] Lamb heart GC–MS 0.5–0.7 [82]
Saccharomyces cerevisiae GC–FPD 1.54 [76] liver GC–MS 0.7–0.8 [82]
Saccharomyces cerevisiae GC–FID 3.3–8.3 [73] kidney GC–MS 0.5–0.7 [82]

bHuman plasma HPLC–EC 1–25 [88] muscle GC–MS 0.2–0.4 [82]
Rat liver GC–FID 8.0–13.1 [59] Pig heart GC–MS 1.1–1.6 [82]

liver GC–FID 1.2 [75] liver GC–MS 0.6–0.8 [82]
kidney GC–FID 1.2 [75] kidney GC–MS 0.4–0.7 [82]

Mouse brain GC–FPD 0.83 [76] muscle GC–MS 0.15–0.3 [82]
heart GC–FPD 2.03 [76] Chicken GC–FPD 0.91 [77]
lung GC–FPD 0.80 [76] Pork GC–FPD 1.07 [77]
liver GC–FPD 1.23 [76] Beef GC–FPD 2.36 [77]
spleen GC–FPD 0.52 [76] Cow’s milk GC–FPD ND [77]
pancreas GC–FPD 0.84 [76] Egg white GC–FPD ND [77]
kidney GC–FPD 1.54 [76] Egg yolk GC–FPD 1.24 [77]
testis GC–FPD 1.06 [76] Yellowtail GC–FPD 0.75 [77]
muscle GC–FPD 0.78 [76] Cuttlefish GC–FPD 0.55 [77]

Chicken liver GC–FID 5–10 [71] Wheat grain GC–FID 0.1 [74]
aNot detectable.
bng /ml.

acid hydrolysis, benzene extraction and derivatiza-
tion with CH N . As shown in Fig. 14, when the2 2

benzene extracts were reduced with NaBH , peak 24

(LA) disappeared and a new peak 1 (DHLA) was
found. They also reported that the LA level in the
chicken egg increased with incubation time or during
embryo development. White [75] and Natraj et al.
[59] determined the content of LA in rat tissues by
GC–FID as its S,S-DBZ methyl ester and methyl
ester derivatives, respectively. In addition, Kataoka
et al. [76] reported total LA contents for several
tissues of mouse. The LA in the tissues was selec-
tively determined as its S,S-DEOC methyl ester
derivative by GC–FPD (Fig. 13 B). On the other
hand, Han et al. [91] determined free LA and DHLA

Fig. 13. Gas chromatograms obtained from (A) E. coli (5 mg), (B in Jurkat cells and fibroblasts by HPLC–EC analysis.
and D) mouse liver (50 mg) and (C) E. coli (50 mg). The

As shown in Fig. 15, after a 30-min incubation ofderivatized samples were analyzed by either GC–FPD (A and B)
Jurkat cell culture with LA, both LA and DHLAor GC–FID (C and D). GC conditions and peak numbers as in

Fig. 4. were detected in the pellet and the culture medium.
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scribed in Section 1, and a specific assay for R- and
S-LA was required recently for investigation of the
pharmacokinetics of these enantiomers because they
exhibit different biological activities in vitro and in
vivo. Kamata and Akiyama [87] developed a HPLC–
EC method for the determination of LA and LAM
and reported that these compounds could be quantita-
tively recovered from a spiked placebo formulation.
Gatti et al. [85] determined LA and LAM in a
commercial formulation of the cited acidic drug by a
HPLC–FL method involving pre-column derivatiza-
tion with Br-AMN. On the other hand, Niebch et al.
[86] developed a HPLC–FL method for the de-
termination of LA enantiomers and applied it to
pharmacokinetic studies. As shown in Fig. 16, R-
and S-LA could be separated and determined in a
plasma sample from a volunteer after an intravenous
injection of racemic LA drug.

3.5. Food

Mattulat and Baltes [82] determined LA in meat of
commercial quality by a sensitive CI–GC–MS meth-
od based on sulphuric acid hydrolysis, diethyl ether
extraction, derivatization with MTBSTFA and SIM
using the base peak m /z 189 for quantification. The
recoveries of LA in meat with this method were
about 60–70%. Liaud et al. [74] determined LA in

Fig. 14. Gas chromatograms of two independent chick liver
vegetables by GC–FID. LA was found to be presentextracts (I and II). GC conditions as in Fig. 2. Peaks: 15DHLA,
at low levels in wheat germ (ca. 0.1 ppm), but was25LA. (Reproduced from Ref. [71], with permission).
not detected in flour or semolina. Moreover, Kataoka
et al. [77] determined LA in various food samples,

These results indicate that LA is converted to DHLA
and showed that LA contents were high in foods

in the cell. Moreover, Teichert and Preiß [88–90]
derived from animal but were low or undetectable in

developed a selective and sensitive method for the
vegetables.

determination of LA and DHLA in human plasma.
This method consists of enzymatic hydrolysis to
release the protein-bound LA, solid-phase extraction,
and HPLC–EC analysis. The detection limit of LA 4. Conclusions
in plasma for this method was 1 ng/ml, and the basic
levels of LA and DHLA in plasma from six healthy The determination of LA and related compounds
volunteers were 1–25 and 33–145 ng/ml, respec- in biological and food samples is important for
tively. biochemical, nutritional and pharmacodynamic

studies. LA and related compounds exist as their free
3.4. Drug and protein-bound forms, or as reduced and oxidized

forms in the samples. Therefore, practical and reli-
LA and LAM have been used for many years as a able methods for determining these compounds

drug for the treatment of the various diseases de- should be established. For this purpose, various
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Fig. 15. HPLC patterns demonstrating cellular conversion of lipoic acid to dihydrolipoic acid in Jurkat cells. The bottom chromatogram
shows an analysis of untreated Jurkat cells that contain no free LA and DHLA. The middle chromatogram shows the medium obtained from
Jurkat cells after incubation with 2 mM LA for 30 min. The top chromatogram is the analysis of the Jurkat cell pellet after the addition of
LA. HPLC conditions as in Fig. 11. (Reproduced from Ref. [91], with permission).

Fig. 16. HPLC profile of a plasma sample from a volunteer after intravenous infusion of racemic lipoic acid. HPLC conditions: Column,
LiChrospher 60 SelectB (25 cm34 mm I.D., 5 mm particle size); column oven temperature, 358C; mobile phase, 55% (v/v) 0.02 M
dipotassium hydrogenphosphate (pH 5.8)145% (v/v) acetonitrile–methanol (1:1, v /v); flow-rate, 1.7 ml /min; FL detection, excitation at
230 nm and emission at .418 nm. Peaks: 15(1)R-LA (1001.30 ng/ml), 25(2)S-LA (598.47 ng/ml), 3510-mercaptodecanoic acid
(internal standard). (Reproduced from Ref. [86], with permission).
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chromatographic methods have been developed. GC 5. List of abbreviations
methods based on prior derivatization are the most
useful techniques for the determination of protein-
bound LA in biological samples. Detection with FPD BF –MeOH Boron trifluoride–methanol3

is highly sensitive and selective for LA in com- tert.-BDMS tert.-Butyldimethylsilyl
parison with FID. Although several hydrolysis meth- BNLA Bisnorlipoic acid
ods with acid, base or enzyme are used to release LA Br-AMN 2-Bromoacetyl-6-methoxynaphthalene
from sample, the release of LA is partial and the BSTFA N,O-Bis(trimethylsilyl)trifluoroacet-
recovery is generally low. Therefore, LA homo- amide
logues are used as an internal standard. Protein- BZ-Cl Benzyl chloride
bound DHLA in biological sample cannot be de- CE Capillary electrophoresis
termined by these methods, because it is easily CH N Diazomethane2 2

oxidized or decomposed during hydrolysis. The GC– CI Chemical ionization
MS method, which is capable of simultaneously DBZ Dibenzyl
measuring the retention time and the molecular mass, DEOC Diethoxycarbonyl
is a powerful technique for the identification and DHLA Dihydrolipoic acid
quantification of LA in complex matrix samples. DITNN 6,9-Dithiononanoic acid
Although this technique is selective and sensitive, it EC Electrochemical
requires sophisticated and expensive equipment that ECF Ethyl chloroformate
is beyond the reach of many laboratories. HPLC E. coli Escherichia coli
methods are also useful techniques for the simulta- ELISA Enzyme-linked immunosorbent assay
neous determination of free LA and related com- FID Flame ionization detection
pounds. Although the sensitivity of the HPLC–UV FL Fluorescence
method for these compounds is low, due to lack a FPD Flame photometric detection
strong chromophore, the compounds can be sensi- GC Gas chromatography
tively detected by HPLC–FL based on fluorogenic GC–MS Gas chromatography–mass spec-
labelling. The HPLC–EC method is selective and trometry
sensitive for the simultaneous determination of free GSH Glutathione
LA and DHLA without prior derivatization, but it HCl–MeOH Hydrogen chloride–methanol
cannot be applied to their protein-bound forms. The HOBN b-Hydroxybisnorlipoic acid
CE method with UV detection is capable of achiev- HPLC High-performance liquid chromatog-
ing higher separation efficiency, but has not been raphy
applied to the analysis of biological samples. All of LA a-Lipoic acid
the chromatographic methods described above have LAM Lipoamide
advantages and disadvantages and, so far, there are LLys ´-Lipoyl lysine
no all-powerful analytical methods. The choice of LME Methyl lipoic acid
analytical method depends on the presence of LA LTSI Lipoic thiosulphinate
and related compounds as various forms, such as free LTSO Lipoic thiosulphonate
and protein-bound forms and redox forms, at low MELA 8-Methyl lipoic acid
concentration levels in the samples. Therefore, the MTBSTFA N-Methyl-N-(tert.-butyldimethylsilyl)-
investigators must select a suitable method for the trifluoroacetamide
purpose. In my personal view, HPLC–EC methods NaBH Sodium borohydride4

are suitable for the determination of free LA and OPA o-Phthalaldehyde
DHLA, and GC–FPD and GC–CI–MS methods are SIM Selected ion monitoring
suitable for the analysis of total LA. Last, I hope that TMCS Trimethylchlorosilane
this review will serve as a guide to achieve the TMS Trimethylsilyl
analysis of LA and related compounds in samples. TNLA Tetranorlipoic acid



H. Kataoka / J. Chromatogr. B 717 (1998) 247 –262 261

[22] K.K. Nickander, B.R. McPhee, P.A. Low, H. Tritschler, FreeTris–HCl Tris(hydroxymethyl)aminomethane–
Radic. Biol. Med. 21 (1996) 631.hydrochloric acid

[23] L. Packer, H.J. Tritschler, K. Wessel, Free Radic. Res. Med.
UV Ultraviolet 22 (1997) 359.

[24] L. Packer, S. Roy, C.K. Sen, Adv. Pharmacol. 38 (1997) 79.
[25] G.P. Biewenga, G.R.M.M. Haenen, A. Bast, Gen. Pharmacol.

29 (1997) 315.Acknowledgements
[26] J.H.M. Prehn, C. Karkoutly, J. Nuglisch, B. Peruche, J.

Krieglstein, J. Cereb. Blood Flow Metab. 12 (1992) 78.
I am grateful to Dr. Masami Makita, Professor [27] E. Serbinova, S. Khwaja, A.Z. Rezbick, L. Packer, Free

Radic. Res. Commun. 17 (1992) 49.Emeritus of Okayama University, for his encourage-
[28] K. Schonheit, L. Gille, H. Nohl, Biochim. Biophys. Actament.

1271 (1995) 335.
[29] Y.J. Suzuki, M. Tsuchiya, L. Packer, Free Radic. Res.

Commun. 17 (1992) 211.
[30] M. Khamaisi, R. Potashnik, A. Tirosh, E. Demschak, A.References

Rudich, H. Tritschler, K. Wesswl, N. Bashan, Metabolism 46
(1997) 763.

[1] A.A. Herbert, J.R. Guest, Arch. Microbiol. 106 (1975) 259. [31] A. Baur, T. Harrer, G. Jahn, J.R. Kalden, B. Fleckenstein,
[2] L.J. Reed, in M. Florkin, E.H. Stotz (Editors), Comprehen- Klin. Wochenschr. 69 (1991) 722.

sive Biochemistry, Vol. 14, Elsevier, New York, 1966, p. 99. [32] Y.J. Suzuki, B.B. Aggarwal, L. Packer, Biochem. Biophys.
[3] U. Schmidt, P. Grafen, K. Altland, H.W. Goedde, Adv. Res. Commun. 189 (1992) 1709.

Enzymol. 32 (1969) 423. [33] A. Bast, G.R.M.M. Haenen, Biochim. Biophys. Acta 963
[4] L.J. Reed, M.L. Hackert, J. Biol. Chem. 256 (1990) 8971. (1988) 558.
[5] K. Fujiwara, K. Okamura, Y. Motokawa, Arch. Biochem. [34] H. Scholich, M.E. Murphy, H. Sites, Biochim. Biophys. Acta

Biophys. 197 (1979) 454. 1001 (1989) 256.
[6] G. Kikuchi, K. Hiraga, Mol. Cell. Biochem. 45 (1982) 137. [35] V. Kagan, S. Khan, C. Swanson, A. Shvedova, E. Serbinova,
[7] M. Koike, L.J. Reed, W.R. Carroll, J. Biol. Chem. 235 L. Packer, Free Radic. Biol. Med. 9(s) (1990) 15.

(1960) 1924. [36] R.W. Egan, P.H. Gale, G.C. Beveridge, G.B. Phillips, Prosta-
[8] H. Kochi, G. Kikuchi, Arch. Biochem. Biophys. 173 (1976) glandins 16 (1978) 861.

71. [37] J. Fuchs, R. Milbradt, G. Zimmer, Free Radic. Biol. Med. 9
[9] D.T. Chuang, C.W.C. Hu, L.S. Hu, W.L. Niu, D.E. Myers, (1990) 189.

R.P. Cox, J. Biol. Chem. 259 (1984) 9277. [38] J. Fuchs, R. Milbradt, Skin Pharmacol. 7 (1994) 278.
[10] J.P. Carreau, Methods Enzymol. 62 (1979) 152. [39] T.P. Devasagayam, P.D. Mascio, S. Kaiser, H. Sies, Biochim.
[11] S. Dupre, G. Spoto, R.M. Matarese, M. Orlando, D. Caval- Biophys. Acta 1088 (1991) 409.

lini, Arch. Biochem. Biophys. 202 (1980) 361. [40] Y.J. Suzuki, M. Tsuchiya, L. Packer, Free Radic. Res.
[12] H.H. Chang, M.L. Rozo, D.B. McCormick, Arch. Biochem. Commun. 15 (1991) 255.

Biophys. 169 (1975) 244. [41] S. Matsugo, L.-J. Yan, D. Han, H.J. Tritschler, L. Packer,
[13] J.T. Spence, D.B. McCormick, Arch. Biochem. Biophys. 174 Biochem. Biophys. Res. Commun. 208 (1995) 161.

(1976) 13. [42] G.R. Haenen, A. Bast, Biochem. Pharmacol. 42 (1991) 2244.
[14] G.J. Handelman, D. Han, H. Tritschler, L. Packer, Biochem. [43] V.E. Kogan, A. Shvedova, E. Serbinova, S. Khan, C.

Pharmacol. 47 (1994) 1725. Swanson, R. Powell, L. Packer, Biochem. Pharmacol. 44
[15] G.P. Biewenga, M.A. Dorstijn, J.V. Verhagen, G.R. Haenen, (1992) 1637.

A. Bast, Biochem. Pharmacol. 51 (1996) 233. [44] G.R. Haenen, B. De Rooij, N.P. Vermeulen, A. Bast, Mol.
[16] S. Pagani, S. Iametti, G. Cervato, B. Cestaro, Biochem. Int. Pharmacol. 37 (1990) 412.

18 (1989) 923. [45] D. Han, H.J. Tritschler, L. Packer, Biochem. Biophys. Res.
[17] G.P. Biewenga, J. Jong, A. Bast, Arch. Biochem. Biophys. Commun. 207 (1995) 258.

312 (1994) 114. [46] L. Muller, H. Menzel, Biochim. Biophys. Acta 1052 (1990)
[18] S. Matsugo, D. Han, H.J. Tritschler, L. Packer, Biochem. 386.

Mol. Biol. Int. 38 (1996) 51. [47] Z. Gregus, A.F. Stein, F. Varga, C.D. Klaassen, Toxicol.
[19] Y.J. Suzuki, M. Tsuchiya, L. Packer, Free Radic. Res. Appl. Pharmacol. 114 (1992) 88.

Commun. 18 (1993) 115. [48] D. Han, H.J. Tritschler, L. Packer, Biochem. Biophys. Res.
[20] B.C. Scott, O.I. Aruoma, P.J. Evans, C. O’Neil, A. Van der Commun. 207 (1995) 258.

Vliet, C.E. Cross, H. Tritschler, B. Halliwell, Free Radic. [49] P. Ou, H.J. Tritschler, S.P. Wolff, Biochem. Pharmacol. 50
Res. 20 (1994) 119. (1995) 123.

[21] L. Packer, E.H. Witt, H.J. Tritschler, Free Radic. Biol. Med. [50] R. Sumathi, G. Baskaran, P. Varalakshmi, Jpn. J. Med. Sci.
19 (1995) 227. Biol. 49 (1996) 39.



262 H. Kataoka / J. Chromatogr. B 717 (1998) 247 –262

[51] C.K. Sen, S. Roy, D. Han, L. Packer, Free Radic. Biol. Med. [81] R.H. White, Biochemistry 19 (1980) 15.
22 (1997) 1241. [82] A. Mattulat, W. Baltes, Z. Lebensm. Unters. Forsch. 194

[52] H. Scholich, M.E. Murphy, H. Sies, Biochim. Biophys. Acta (1992) 326.
1001 (1989) 256. [83] G. Ph Biewenga, A. Bast, Methods Enzymol. 251 (1995)

[53] M. Podda, H.J. Tritschler, H. Ulrich, L. Packer, Biochem. 303.
Biophys. Res. Commun. 204 (1994) 98. [84] S.C. Howard, D.B. McCormick, J. Chromatogr. 208 (1981)

[54] E. Muller, R. Schmitt, Med. Klin. 71 (1976) 1831. 129.
[55] A.W. Marshall, R.S. Graul, M.Y. Morgan, S. Sherlock, Gut [85] R. Gatti, E. Bousquet, D. Bonazzi, V. Cavrini, Biomed.

23 (1982) 1088. Chromatogr. 10 (1996) 19.
[56] R. Plotzker, D. Jensen, J.A. Payne, Am. J. Med. Sci. 283 [86] G. Niebch, B. Buechele, J. Biome, S. Grieb, G. Brandt, P.

(1982) 79. Kampa, H.H. Rafel, H.O. Borbe, I. Nubert, I. Fleischhauer,
[57] S. Vesconi, M. Langer, G. Iapichino, D. Costantino, C. Busi, Chirality 9 (1997) 32.

L. Fuime, Crit. Care Med. 13 (1985) 402. [87] K. Kamata, K. Akiyama, J. Pharm. Biomed. Anal. 8 (1990)
[58] P. Ou, H.J. Tritschler, S.P. Wolff, Biochem. Pharmacol. 50 453.

(1995) 123. [88] J. Teichert, R. Preiß, Int. J. Clin. Pharm. Ther. Toxicol. 30
[59] C.V. Natraj, V.M. Gandhi, K.K.G. Menon, J. Biosci. 6 (1984) (1992) 511.

37. [89] J. Teichert, R. Preiß, J. Chromatogr. B 672 (1995) 277.
[60] V. Burkart, T. Koike, H.H. Brenne, Y. Imai, H. Kolb, Agents [90] J. Teichert, R. Preiß, Methods Enzymol. 279 (1997) 159.

Actions 83 (1993) 60. [91] D. Han, G.J. Handelman, L. Packer, Methods Enzymol. 251
[61] D. Ziegler, M. Hanefeld, K.J. Ruhnau, H.P. Meissner, M. (1995) 315.

Lobisch, K. Schutte, F.A. Greis, Diabetologia 38 (1995) [92] K.C. Panak, O.A. Ruiz, S.A. Giorgier, L.E. Dioz, Electro-
1425. phoresis 17 (1996) 1613.

[62] A.A. Filina, N.G. Davydova, E.M. Kolmirtseva, Vestn. [93] E.L.R. Stokstad, G.R. Seaman, R.J. Davis, S.H. Hutner,
Oftalmol. 109 (1993) 5. Methods Biochem. Anal. 3 (1956) 23.

[63] N. Ramakrishnan, W.W. Wolfe, G.N. Catravas, Radiat. Res. [94] A.A. Herbert, J.R. Guest, Methods Enzymol. 18A (1970)
130 (1992) 360. 269.

[64] D.J. Carpintero, Medicina 43 (1983) 285. [95] A.A. Herbert, J.R. Guest, Arch. Microbiol. 106 (1975) 259.
[65] H. Altenkirch, H. Stoltenburg-Didinger, M. Wagner, J. [96] M. Nishida, Vitamins 19 (1960) 364.

Herrmann, G. Walter, Neurotoxicol. Teratol. 12 (1990) 619. [97] T. Nakata, Vitamins 26 (1962) 213.
[66] E.H. Harrison, D.B. McCormick, Arch. Biochem. Biophys. [98] M. Koike, K. Suzuki, Methods Enzymol. 18A (1970) 292.

160 (1974) 514. [99] Y. Suzuki, M. Tsuchiya, L. Packer, Methods Enzymol. 234
[67] S. Loffelhardt, C. Bonaventura, M. Locher, H.O. Borbe, H. (1994) 454.

Bisswanger, Biochem. Pharmacol. 50 (1995) 637. [100] A.I. MacLean, L.G. Bachas, Anal. Biochem. 195 (1991)
[68] G. Zimmer, L. Mainka, H. Ulrich, Methods Enzymol. 251 303.

(1995) 332. [101] S. Legastelois, V. Thomas, G. Quash, M.P. Metais, J. Tebib,
[69] G.P. Biewenga, G.R.M.M. Haenen, B.H. Groen, J.E. A. Moreira, J.C. Monier, J. Immunol. Methods 171 (1994)

Biewenga, R.Van Grondelle, A. Bast, Chirality 9 (1997) 362. 111.
[70] S. Iguchi, M. Yamamoto, T. Aoyama, J.Vitaminol. 12 (1966) [102] T. Konishi, G. Handelman, S. Matsugo, V.V. Mathur, H.J.

67. Tritschler, L. Packer, Biochem. Mol. Biol. Int. 38 (1996)
[71] J.C.H. Shih, S.C. Steinsberger, Anal. Biochem. 116 (1981) 1155.

65. [103] L.J. Reed, B.G. DeBush, C.S. Hornberger, I.C. Gunsalus, J.
[72] E. Kozma-Kavacs, A. Halasz, G. Hajos, A. Sass, F. Boross, Am. Chem. Soc. 75 (1953) 1271.

Acta Alimentaria 20 (1991) 151. [104] R.C. Thomas, L.J. Reed, J. Am. Chem. Soc. 78 (1956)
[73] W.A. Konig, S. Lutz, P. Evers, J. Chromatogr. 503 (1990) 6148.

256. [105] H.C. Furr, J.C.H. Shih, E.H. Harrison, H.H. Chang, J.T.
[74] N. V-Liaud, K. Kobrehel, Y. Scuvaire, J.H. Wong, B.B. Spence, L.D. Wright, D.B. McCormick, Methods Enzymol.

Buchanan, J. Agric. Food Chem. 42 (1994) 1110. 62 (1979) 129.
[75] R.H. White, Anal. Biochem. 110 (1981) 89. [106] L.A. Allison, R.E. Shoup, Anal. Chem. 55 (1983) 8.
[76] H. Kataoka, N. Hirabayashi, M. Makita, J. Chromatogr. 615 [107] E.G. Demaster, F.N. Shirota, B. Redfern, D.J.W. Goon, H.T.

(1993) 197. Nagasawa, J. Chromatogr. 308 (1984) 83.
[77] H. Kataoka, N. Hirabayashi, M. Makita, Methods Enzymol. [108] K.P. Mitton, P.A. Dean, T. Dzialoszynski, H. Xiong, S.E.

279 (1997) 166. Sanford, J.R. Trevithick, Exp. Eye Res. 56 (1993) 187.
[78] S. Ogawa, M. Morita, K. Fujisawa, K. Dome, Yakugaku [109] R.H. White, D.M. Bleile, L.J. Reed, Biochem. Biophys.

Zasshi 86 (1966) 960. Res. Commun. 74 (1980) 78.
[79] K.J. Pratt, C. Carles, T.J. Carne, M.J. Danson, K.J. Steven- [110] K. Suzuki, L.J. Reed, J. Biol. Chem. 238 (1963) 4021.

son, Biochem. J. 258 (1989) 749.
[80] S.A. Jackman, D.W. Hough, M.J. Danson, K.J. Stevenson,

F.R. Opperdoes, Eur. J. Biochem. 193 (1990) 91.


