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Reaction of chromium(VI) with «a-lipoic acid (re-
duced form, also called 1,2-dithiolane-3-pentanoic
acid) generated Cr(V) and hydroxyl radical ("fOH) as
measured by electron spin resonance and ESR spin
trapping. 5,5-Dimethyl-1-pyrroline was used as a spin
trapping agent. Catalase inhibited the "OH generation
and enhanced the Cr(V) formation. Superoxide dismu-
tase had an opposite effect. H,O, enhanced the "OH
generation and decreased the Cr(V) formation in a
dose-dependent manner. Metal chelators, EDTA, dieth-
ylenetriaminepentaacetic acid, deferoxamine, and
1,10-phenanthroline inhibited "OH radical generation
in the order of EDTA > 1,10-phenanthroline > DTPA
> deferoxamine. Oxygen consumption measurements
indicated that molecular oxygen was used to generate
“OH radical in the mixture of Cr(VI) and a-lipoic acid.
H,O, and superoxide radical (Oz) were involved as re-
active intermediates. The "OH radical was generated
via Cr(V)-mediated Fenton-like reaction (Cr(V) + H,0,
- Cr(VI) + OH™ + "OH). HPLC measurements show that
the "OH radical generated by this reaction is capable
of generating 8-hydroxyl-2’-deoxyguanosine from 2-
deoxyguanosine. Incubation of Cr(VI) with cultured
Jurkat cells resulted in an activation of DNA binding
activity of the nuclear factor (NF)-«B. Addition of a-
lipoic acid enhanced the NF-«B activation, while the
“OH radical scavenger, sodium formate, inhibited it,
showing that a-lipoic acid enhanced Cr(VI)-induced
NF-kB activation via free radical reactions. The results
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indicate that while a-lipoic acid is considered to be an
antioxidant, it may be a cellular one-electron Cr(VI)
reductant and could be involved in the mechanism of

Cr(VI)-induced carcinogenesis. © 1997 Academic Press

Although chromium is necessary for some physiologi-
cal functions, chromium(VI) compounds are generally
considered as human carcinogens (1). They have muta-
genic effects on bacteria (2) and induce transformation
of mammalian cells (3). They caused respiratory can-
cers in humans and animals (4—9). While the detailed
biochemical mechanism of Cr(VI)-induced carcinogene-
sis is unclear, the carcinogenic effect of Cr(VI) is gener-
ally attributed to cellular uptake because Cr(VI) and
not Cr(l11) actively enters cells by the sulfite transport
system (10). Once inside the cell, Cr(VI) is reduced to
its lower oxidation states, such as Cr(l1V) and Cr(V).
These reactive intermediates could directly cause DNA
damage. They also generate hydroxyl radical (TOH)
from H,O, via Fenton-like reactions as follows (11-13):

Cr(lV) + H,0, —» Cr(V) + OH™ + "OH [a]
Cr(V) + H,0, — Cr(VIl) + OH™ + "OH [b]
The “"OH radicals generated can cause cellular damage,
such as hydroxylation of 2’-deoxyguanosine (dG)? and

2 Abbreviations used: dG, deoxyguanosine; NF-«B, nuclear tran-
scription factor-«B; 8-OHdG, 8-hydroxyl-2’-deoxyguanosine; DTPA,
diethylenetriaminepentaacetic acid; PMA, phorbol 12-myristate 13-
acetate; DPPH, 1,1-diphenyl-2-picrylhydrazyl; DMPO, 5,5-dimethyl-
1-pyrroline N-oxide; PMSF, phenylmethylsulfonyl fluoride; DTT, di-
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DNA strand breakage. Very recently, it has been re-
ported that Cr(VI) is able to induce activation of nu-
clear transcription factor (NF)-«B via free radical reac-
tions, which was suggested as an important mecha-
nism of Cr(VI)-induced carcinogenesis (14). It is
generally believed that most of the genotoxic effects of
Cr(VI) are associated with reactive chromium species,
such as Cr(1V) and Cr(V), and oxygen free radicals gen-
erated by these intermediates (6, 7, 15—-20). Pretreat-
ment with certain antioxidants are reported to alter
the genotoxic effects of Cr(VI) (21, 22). Among a variety
of antioxidants, the role of glutathione and ascorbate
in the mechanism of Cr(VI)-induced carcinogenesis is
most intensively studied (10, 17, 23-27).

In this communication, we report our recent studies
on the reduction of Cr(VI) by «-lipoic acid (reduced
form, also called 1,2-dithiolane-3-pentanoic acid) and
related "OH generation, dG hydroxylation, and NF-«B
activation. a-Lipoic acid was chosen because it is con-
sidered as a biological antioxidant via its reaction with
reactive oxygen species (28—30). It also acts as an anti-
oxidant via its weak metal-chelating activity (29). Sec-
ond, a-lipoic acid has —SH thiyl group in its structure.
Most of these thiyl containing molecules, such as gluta-
thione, cysteine, penicillamine, and acetyl-cysteine,
function as Cr(VI) reductants (10, 31). Finally, a-lipoic
acid has been used for the treatment of heavy metal
poisoning (29, 30). Our results show that reduction of
Cr(VI1) by a-lipoic acid in fact generates Cr(V) interme-
diate and "OH radicals. These radicals are able to cause
dG hydroxylation and NF-«B activation. The reduction
of Cr(V1) by a-lipoic acid may represent an important
Cr(V1) reduction pathway and could be involved in the
mechanism of Cr(VI) carcinogenesis.

MATERIALS AND METHODS

Materials. Potassium dichromate (K,Cr,0O,), sodium ascorbate,
sodium formate, EDTA, deferoxamine, diethylenetriaminepentaace-
tic acid (DTPA), a-lipoic acid (reduced form), 1,10-phenanthroline,
H,O,, phorbol 12-myristate 13-acetate (PMA), and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) were purchased from Sigma (St. Louis, MO).
The spin trap, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), was pur-
chased from Aldrich (Milwaukee, WI). DMPO was purified by char-
coal decolorization. This method consisted of successively treating
the DMPO with activated charcoal until all free radical impurities
disappeared as verified by electron spin resonance spectroscopy.
Chelex 100 chelating resin was purchased from Bio-Rad Laboratories
(Richmond, CA). The phosphate buffer (pH 7.4) was treated with
Chelex 100 to remove transition metal ion contaminants.

ESR measurements. Short-lived free radical intermediates were
detected by ESR spin trapping (32, 33). All ESR measurements were
made using an E-4 ESR spectrometer and a flat cell assembly. The
g values and hyperfine splittings were measured (to 0.1 G) directly
from magnetic field separation using DPPH as a reference standard.

thiothreitol; EMSA, electrophoretic mobility shift assay; SOD, super-
oxide dismutase.
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Reactants were mixed in test tubes in a total final volume of 450 ul.
The reaction mixture was then transferred to a flat cell for ESR
measurement. The concentrations given in the figure legends are
final concentrations. All the experiments were carried out at room
temperature.

Oxygen consumption measurements. Oxygen consumption exper-
iments were performed using a Clark oxygen electrode. The sample
contained 10 mm a-lipoic acid and 2 mm K,Cr,O; in a phosphate
buffer (pH 7.4).

HPLC measurements. A BAS 200A HPLC system was used for
HPLC measurements using a biophase ODS C*8 column (4.6 X 250
mm). The solvent used for elution was a mixture of 50 mm KH,PO,/
7% methanol at a flow rate of 1.5 ml/min. The 8-OHdG was monitored
at 254 nm and by an electrochemical detector set at 700 mV and 5—
50 nA full scale. Under these conditions, the retention time for dG
was 8.1 min and that for 8-OHdG was 11.3 min. The identification
of the 8-OHdG peaks in experimental sample was determined by
spiking the sample with synthesized reference 8-OHdG. The HPLC
system was calibrated with standard solution of dG and 8-OHdG.
The detection limit of the HPLC analytical procedure was 0.28 pmol
8-OHdG/ug dG.

Oligonucleotide. Oligonucleotides were synthesized by the phos-
phoramidite method on a DNA/RNA synthesizer (Applied Biosys-
tems, Model 392, Foster City, CA). A NF-«B binding sequence (5'-
GAAATTCCAAAGAGTCATCAGA-3’) from the promoter region of
the human IL-2 gene was used to synthesize a NF-«B binding oligo-
nucleotide. The synthesized single-stranded oligonucleotide were de-
protected at 50°C for overnight, dried in a speed vacuum, and then
dissolved in the TE buffer. Complimentary strands were denatured
at 80°C for 5 min and annealed at room temperature. The double-
stranded probe was labeled with [*?P]JdCTP (Amersham, Arlington
Heights, IL) using Klenow fragment (BRL, Gaithersburg, MD).

Cell lines. Jurkat cells (CD4" human lymphoblast cell line) were
cultured in RPMI 1640 supplemented with 10% fetal calf serum,
2 mm glutamine, and 100 U/ml penicillin—streptomycin (complete
medium). Cells (2 x 10%ml) were used for variety of treatments in
this study.

Nuclear extraction. The nuclear extracts were prepared according
to the method described earlier (34). Briefly, 2 x 107 cells were
treated with 500 ul lysis buffer (50 mm KCI, 0.5% NP-40, 25 mm
Hepes, pH 7.8, 1 mm PMSF, 10 ug/ml leupeptin, 20 ug/ml aprotinin,
100 um DTT) on ice for 4 min. After 1-min centrifugation at 14,000
rpm, the supernatant was saved as a cytoplasmic extract. The nuclei
were washed once with the same volume buffer without NP-40 and
then were put into a 300-ul volume of extraction buffer (500 mm
KCI, 10% glycerol with the same concentrations of Hepes, PMSF,
leupeptin, aprotinin, and DTT as the lysis buffer) and pipetted sev-
eral times. After centrifugation at 14,000 rpm for 5 min, the superna-
tant was harvested as the nuclear protein extract and stored at
—70°C. The protein concentration was determined by BCA (Pierce,
Rockford, IL).

Electrophoretic mobility shift assay (EMSA). The DNA-protein
binding reaction was conducted in a 24-ul reaction mixture including
1 ug poly(dl-dC) (Sigma), 3 pg nuclear protein extract, and 3 ug
BSA, 4 x 10* cpm of **P-labeled oligonucleotide probe and 12 ul of
2X Y buffer (34). This mixture was incubated on ice for 10 min in
the absence of the radiolabeled probe and then incubated for 20 min
at room temperature in the presence of radiolabeled probe. After
the incubation, the DNA—protein complexes were resolved on a 5%
acrylamide gel (National Diagnostics, Atlanta, GA) that had been
prerun at 110 V for 1 h with 0.5X TBE buffer. The loaded gel was
run at 210 V for 90 min, dried, and then placed on Kodak X-OMAT
film (Eastman Kodak, Rochester, NY) for autoradiography. The film
was developed after overnight exposure at —70°C.
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FIG. 1. (a) ESR spectrum recorded from phosphate buffer (pH 7.4)

containing 1 mm K,Cr,0,, 2 mm a-lipoic acid, and 80 mm DMPO.
The spectrum was recorded after 2 min of mixing the components.
(b) Same as a but without «-lipoic acid. (c) Same as a but without
Cr(V1). (d) Same as a but with 50 mm sodium format added. (e) Same
as a but with 20,000 units/ml catalase added. (f) Same as a but with
500 units/ml SOD added. The spectrometer settings were as follows:
receiver gain, 8.0 x 10% modulation amplitude, 1.0 G; field, 3470 +
100 G.

RESULTS
“OH Radical Generation

Figure la shows the ESR spectrum obtained from a
mixture of 1 mm K,Cr,0; and 2 mm a-lipoic acid in a
phosphate buffer (pH 7.4). The spectrum is a composite
of the spin adduct signal (1:2:2:1 quartet) and that of
Cr(V), with a broad peak at g = 1.992 (Fig. 1a). To

167

177G crlv)

FIG. 2. ESR spectrum recorded from phosphate buffer (pH 7.4)
containing 2 mm K,Cr,0,, and 10 mm a-lipoic acid. The spectrum
was recorded after 2 min of mixing the components. The spectrometer
settings were as follows: receiver gain, 1.0 X 10* modulation ampli-
tude, 1.0 G; field, 3470 + 100 G.

verify the assignment of Cr(V), ESR spectrum was re-
corded at a higher gain from the mixture containing 2
mMm K,Cr,0; and 10 mm a-lipoic acid in phosphate
buffer (pH 7.4). The spectrum was shown in Fig. 2,
which exhibited four satellite peaks due to *Cr (9.55%
abundance, | = 3/2) hyperfine splittings. The observed
53Cr hyperfine splittings of 17.7 G are also typical of
Cr(V) species (13), thus confirming the assignment of
Cr(V) intermediate. The intensity of Cr(V) signal de-
creased as a function of time (Fig. 3a), indicating that
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FIG. 3. Time courses of (a) Cr(V) and (b) DMPO/"OH. The experi-
mental conditions were the same as those in Fig. 1a.
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the Cr(V) intermediate was unstable and reactive. The
computer simulation analysis of the 1:2:1:1 quartet
(Fig. 1a) exhibited hyperfine splittings of ay = ay =
15.0 G, where ay = ay represent hyperfine splittings of
the nitroxyl nitrogen and hydrogen, respectively. This
DMPO spin adduct was assigned to DMPO/"OH based
on the hyperfine splittings of this adduct reported in
the literature (32). The time course of DMPO/"OH for-
mation and its decay was shown in Fig. 3b. Omission
of any one component from the reaction mixture elimi-
nated the ESR signal (Figs. 1b and 1c). Addition of "OH
radical scavenger, formate, attenuated the DMPO/"OH
signal with the concomitant generation of a new DMPO
spin adduct signal with hyperfine splittings of ay =
15.8 and ay = 18.8 G (Fig. 1d). These splittings were
typical of those of DMPO/COQO™" (35), providing an ad-
ditional support for the assignment of DMPO/"OH in
Fig. la. Addition of catalase, which removed H,O,,
sharply reduced the DMPO/"OH signal and enhanced
the Cr(V) signal (Fig. 1e). In contrast, addition of SOD,
which removed superoxide radical (Oz) and generated
H,O,, enhanced the DMPO/"OH signal and decreased
the intensity of Cr(V) signal (Fig. 1f).

Figure 4a shows the effect of H,O, on the "OH and
Cr(V) generation from a reaction mixture containing 1
mm K,Cr,0; and 2 mm a-lipoic acid in a phosphate
buffer (pH 7.4). In comparison with Fig. 1a, H,O, sig-
nificantly enhanced the intensity of DMPO/"OH signal.
At 1 mm H,0, Cr(V) signal is nondetectable (Fig. 4a).
When 0.06 mm H,O, was added, DMPO/"OH signal
was less intensive than that in Fig. 4a and Cr(V) peak
became observable (Fig. 4b). On decreasing the H,O,
concentration to 0.03 mm, the Cr(V) signal increased
while the DMPO/"OH signal decreased but Cr(V) signal
was still weaker and DMPO/"OH signal stronger than
those in Fig. 1a.

Figure 5 shows the effect of chelators on the "OH
generation in the reaction of a-lipoic acid with Cr(VI)
with or without H,0O,. EDTA essentially eliminated the
“OH generation and also inhibited the Cr(V) formation
(Figs. 5a and 5b). Similar results were obtained for
DTPA (Figs. 5c and 5d), deferoxamine (Figs. 5e and 5f),
and 1,10-phenanthroline (Figs. 5g and 5h). The inhibi-
tory effect was in the order of EDTA > 1,10-phenan-
throline > DTPA > deferoxamine.

Molecular Oxygen Consumption

The consumption of dissolved molecular oxygen was
monitored to study the role of molecular oxygen in the
“OH radical generation from a mixture of a-lipoic acid
and Cr(VI). As shown in Fig. 6, a mixture of a-lipoic
acid and K,Cr,0; in a phosphate buffer (pH 7.4) rapidly
consumed molecular oxygen. «-Lipoic acid alone or
K,Cr,0; alone did not consume any significant amount
of molecular oxygen (data not shown).
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FIG. 4. (a) ESR spectrum recorded from phosphate buffer (pH 7.4)

containing 1 mm K,Cr,0;, 2 mm e-lipoic acid, 1 mm H,0,, and 80
mm DMPO. The spectrum was recorded after 2 min of mixing the
components. (b) Same as a but using 0.06 mm H,0,. (c) Same as a
but using 0.03 mm H,0,. The spectrometer settings were the same
as in Fig. 1.

dG Hydroxylation

dG hydroxylation by Cr(VI) reaction was measured us-
ing HPLC with electrochemical detection. Table | shows
a comparison of 8-OHdG formation in the incubation mix-
tures. A solution containing dG alone, dG and Cr(VI)
without a-lipoic acid, or dG and a-lipoic acid without
Cr(VI) did not generate any detectable amount of 8-
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FIG. 5. ESR spectra recorded from phosphate buffer (pH 7.4) containing (a) 1 mm K,Cr,0,, 2 mm a-lipoic acid, 1 mm EDTA, and 80 mm
DMPO; (b) 1 mm K,Cr,0;, 2 mm a-lipoic acid, 0.0325 mm H,0,, 1 mm EDTA, and 80 mm DMPO; (c) 1 mm K,Cr,0,, 2 mm a-lipoic acid, 1
mm DTPA, and 80 mm DMPO; (d) 1 mm K,Cr,07, 2 mm a-lipoic acid, 0.0325 mm H,0,, 1 mm DTPA, and 80 mm DMPO; (e) 1 mm K,Cr,0-,
2 mm a-lipoic acid, 1 mm deferoxamine, and 80 mm DMPO; (f) 1 mm K,Cr,0,, 2 mm a-lipoic acid, 0.0325 mm H,0,, 1 mm deferoxamine,
and 80 mm DMPO; (g) 1 mm K,Cr,07, 2 mm e-lipoic acid, 1 mm 1,10-phenanthroline, and 80 mm DMPO; (h) 1 mm K,Cr,07, 2 mm a-lipoic
acid, 0.0325 mm H,0,, 1 mm 1,10-phenanthroline, and 80 mm DMPO. The spectra were recorded after 2 min of mixing the components.

The spectrometer settings were the same as those in Fig. 1.

OHdG. A mixture of dG, Cr(VI), and a-lipoic acid gener-
ated a significant amount of 8-OHdG. H,0O, (0.5 mm)
caused a threefold increase in the 8-OHdG yield. An in-
crease in H,O, concentration further increased the yield.

NF-«B Activation

Jurkat cells were used to detect Cr(VI1)-induced NF-
kB activation. The cells were incubated in the presence

of 1 um K,Cr,0O; for 3 h and then were harvested for
extraction of the nuclear proteins. These nuclear pro-
teins were analyzed by the EMSA for the DNA binding
activity of NF-«B. As shown in Fig. 7, lane 1, the un-
treated Jurkat cells did not exhibit any significant NF-
kB activity. After treatment with Cr(VI), the cells
showed NF-«B binding activity (Fig. 7, lane 2) and this
activity was enhanced upon addition of «-lipoic acid
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FIG. 6. Dissolved oxygen concentration in parts per million (ppm).
The reaction mixture contained 2 mm K,Cr,0,, 10 mm a-lipoic acid
in a phosphate buffer (pH 7.4).

(Fig. 7, lane 3). a-Lipoic acid alone did not exhibit any
observable activity (Fig. 7, lane 4). Sodium formate, an
“OH radical scavenger, blocked Cr(VI)-induced NF-«B
activation (Fig. 7, lane 5). Figure 7, lane 6 shows PMA-
induced NF-«B activation as a positive control.

DISCUSSION

The present study demonstrates that «-lipoic acid is
able to cause one-electron reduction of Cr(VI) leading
to the generation of Cr(V) and “"OH radical. The "OH
generation involves Fenton-like reaction (Cr(V) + H,0,
- Cr(VIl) + "OH + HO™). The following experimental
observations support this conclusion. (a) Catalase in-
hibited "OH generation and enhanced Cr(V) genera-
tion. (b) Addition of H,O, had an opposite effect, i.e.,

TABLE 1
Hydroxylation of dG by Cr(VI) Reaction

8-OHdG
Reaction mixture?® (pmol/ug dG = SD)
dG Nondetectable
dG + Cr(VI) Nondetectable

dG + a-lipoic acid Nondetectable

dG + Cr(VI) + a-lipoic acid 5.6 = 0.18
dG + Cr(VI) + a-lipoic acid + H,0, (0.5 mm) 16.8 = 0.23
dG + Cr(VI) + a-lipoic acid + H,0, (2 mm) 54.2 + 0.56

2 Concentrations in the reaction mixtures were as follows: dG, 0.5
mwm; K,Cr,07, 0.4 mm; a-lipoic acid, 0.5 mm. The reaction mixtures
were incubated in a phosphate buffer (pH 7.4) at room temperature
for 30 min under ambient air.
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FIG. 7. Induction of DNA binding activity of NF-«B protein by
Cr(VI). Jurkat cells were adjusted to a density of 2 x 10%ml and
treated for 3 h with different stimulations and then subjected to
extraction of the nuclear proteins as stated under Materials and
Methods. Cr(VI), a-lipoic, sodium formate, and PMA were applied to
the cells, and DNA binding activity of the NF-«B protein was de-
tected with a probe of 3?P-labeled double-stranded NF-«B binding
oligonucleotide by an EMSA assay. Lane 1, untreated cells; lane 2,
cells + 2 um Cr(VI); lane 3, cells + 2 um Cr(VI) + 4.5 mm a-lipoic
acid; lane 4, cells + 1 mm a-lipoic acid; lane 5, cells + 2 um Cr(VI)
+ 5 um sodium formate; lane 6, cells + 10 ng/ml PMA.

enhancing "OH generation and inhibiting Cr(V) gener-
ation. During the Cr(V1) reduction by «a-lipoic acid, mo-
lecular oxygen was reduced to O3, which then gener-
ated H,0,. This is supported by the following observa-
tions: (i) "OH radical was generated in a mixture of
Cr(VI) and a-lipoic acid without adding H,0,. (ii) A
mixture of Cr(VI) and a-lipoic acid consumed molecular
oxygen. (iii) SOD enhanced "OH generation and inhib-
ited Cr(V) formation.

The result shows that all metal chelators tested,
EDTA, DTPA, deferoxamine, and 1,10-phenanthroline,
inhibited "OH generation in the reaction between
Cr(VI) and a-lipoic acid with or without H,O,. The ef-
fect is in the order of EDTA > 1,10-phenanthroline >
DTPA > deferoxamine. The difference may be due to
the different binding capability of these chelatiors. The
results obtained from the present study indicate that
proper chelation may be used to inhibit Cr(V) and "OH
formation and to prevent or attenuate Cr(VI)-mediated
cellular injury.

The current study shows that "OH radicals gener-
ated by the reaction of Cr(VI) with «-lipoic acid with
or without exogenous H,O, are capable of reacting with
dG to form 8-OHdG. This result is significant because
“OH radicals generated in the reaction of H,O, with



REDUCTION OF Cr(VI) BY a-LIPOIC ACID

some other metal ions, such as nickel (36), copper, or
zinc containing superoxide dismutase (37), exhibit very
limited reactivity. For example, "OH radicals gener-
ated by these systems cannot be scavenged by either
ethanol or formate. The reason for this nonreactivity
is thought to be that "OH radicals are generated within
the domain of certain macromolecules and are not
“free” to exhibit significant activity (36, 37). The pres-
ent study shows that the "OH radicals generated in the
reaction of Cr(VI) with a-lipoic acid with or without
H,O, are free and do have the potential to react with
ethanol, formate, and dG. This observation further sug-
gests that Cr(VI)-generated "OH radicals may cause
DNA damage via hydroxylation reaction.

In this study, we have demonstrated that «-lipoic
acid is able to enhance Cr(VI)-induced DNA binding
activity of NF-«B via enhancement of Cr(VI)-mediated
“OH radical generation. Cr(VI) compounds are widely
considered as human carcinogens. It is generally recog-
nized that chromosome aberration (38), DNA mutation
(39) and DNA—protein cross-linking (40) are associated
with carcinogenic effects of Cr(VI). Using a human Jur-
kat T lymphoma cell line as a model to study Cr(VI)-
mediated oncogene regulation, Ye et al. have reported
that Cr(VI) can activate transcription factor NF-«B
(14). Since activation of NF-«B is associated with for-
mation of lymphoma (49), Cr(VI) may induce overex-
pression of c-myc protooncogene via NF-«B activation.
Because overexpression of the c-myc protooncogene is
associated with carcinogenesis (38, 41), Ye et al. have
hypothesized that NF-«B activation and a subsequent
protooncogene activation might serve as a mechanism
for induction of neoplastic transformation by Cr(VI)
(14). They have shown that Cr(VI) reduction is required
for induction of NF-«B activity (14). In the cellular sys-
tem, certain small molecules such as ascorbate (24, 25,
27) and glutathione (23) and several flavoenzymes such
as glutathione reductase (11) can reduce Cr(VI) with
Cr(V) as intermediate and generate free radicals. The
present study has demonstrated that «-lipoic acid may
be another important cellular Cr(VI) reductant, thus
contributing to the overall mechanism of Cr(VI)-in-
duced carcinogenesis.

Recently, a great deal of attention has been given to
possible antioxidant functions for a-lipoic acid (28—30).
It has been reported to scavenge O, , “OH, and peroxide
radicals (28-30, 42, 43). It also enhances other water-
or lipid-soluble antioxidants (ascorbate, vitamin E, and
GSH) by regenerating them via reduction of their radi-
cals or its oxidized form (GSSG) (44, 45). a-Lipoic acid
has also been considered as a good candidate for the
treatment of heavy metal poisoning due to its possible
chelating effects (28, 29). These metals include arse-
nite, cadmium, and mercury. a-Lipoic acid has been
shown to be a potent inhibitor of NF-«B activation in
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human T cell due to its antioxidant effect (46). It may
be noted that Connett and Wetterhahn (10) proposed
that ascorbate and physiological thiol-containing mole-
cules, i.e., GSH and cysteine, would be the most likely
candidates for nonenzymatic reduction of Cr(VI). Re-
cently, intensive studies have been carried out on the
reduction of Cr(VI) by ascorbate and GSH (17, 24-27,
47). These studies include the generation of chromium
intermediates, ascorbate-derived free radicals, and ox-
ygen free radicals. Although ascorbate and GSH are
well-known antioxidants, reactive chromium interme-
diates and free radicals generated by reactions of
Cr(VI) with these antioxidants cause DNA damage and
may play an important role in the mechanism of Cr(VI)
carcinogenicity. Similarly, a-lipoic acid is also an anti-
oxidant. As shown by the present study, this antioxi-
dant is able to reduce Cr(VI) to generate Cr(V). During
the reduction process, “OH radicals are generated via
Fenton-like reaction. The "OH radicals thus generated
cause dG hydroxylation and NF-«B activation.

In conclusion, the present study demonstrates that
a-lipoic acid reduces Cr(VI) to generate Cr(V). During
the reduction process, molecular oxygen was reduced
to O, and then to H,0,. The Cr(V) reacted with H,0,
to generate "OH radical via Fenton-like reaction.
EDTA, 1,10-phenanthroline, DTPA, and deferoxamine
inhibited Cr(V) and "OH generation. The "OH radicals
generated by Cr(VI) reaction were able to cause dG
hydroxylation and NF-«B activation. Although «a-lipoic
acid has been considered an important cellular antioxi-
dant, it is also an one-electron Cr(VI) reductant and
could be involved in the mechanism of Cr(VI) carcino-
genesis.
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