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Abstract
Objectives—The reducing capacity of erythrocytes has been used clinically as to estimate
resistance to oxidant stress. In this work we targeted the antioxidant capacity of pyridine nucleotide
disulfide reductases of these cells by measuring their ability to reduce the disufide α-lipoic acid.

Methods—Erythrocyte reduction of α-lipoic acid and related disulfides was measured as reduction
of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) outside the cells.

Results—Lipoic acid-dependent DTNB reduction by human erythrocytes required D-glucose and
consumed NADPH, but not NADH. This activity was inhibited by carmustine and phenylarsine
oxide, as expected if α-lipoic acid is reduced by the glutathione and thioredoxin reductase systems.
Reduction of hydroxyethyl disulfide, which provides an estimate of total erythrocyte disulfide
reduction capacity, was similar to that of α-lipoic acid. Erythrocytes incubated with α-lipoic acid
also reduced extracellular ferricyanide, although rates of dehydroascorbate reduction were several-
fold greater, probably because intracellular GSH can recycle ascorbate but not α-lipoic acid in
erythrocytes.

Conclusion—These results show that α-lipoic acid-dependent DTNB reduction provides a simple
method to selectively assess the capacity of pyridine nucleotide disulfide reductases of human
erythrocytes. When coupled with other non-destructive assays, such as reduction of hydroxyethyl
disulfide and ferricyanide, this assay provides a comprehensive approach to assessing erythrocyte
reducing capacity in a variety of clinical conditions associated with oxidant stress.
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Introduction
α-Lipoic acid (LA) is an 8-carbon fatty acid containing a thiolane ring with a disulfide joining
carbons 6 and 8. Although the disulfide form can chelate transition metals [1,2], LA is generally
considered an antioxidant primarily in its reduced form, dihydrolipoic acid (DHLA) [3,4].
Since the two thiol groups of DHLA are quite susceptible to oxidation, LA is the form used
clinically or in animal or culture studies. The disulfide LA is rapidly taken up and reduced by
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cells to DHLA, most of which exits the cells [5,6]. This extracellular DHLA can be detected
by its ability to reduce 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), yielding a bright yellow
thiobenzoate anion that can be quantified spectrophotometrically [7]. Within the cell, LA is
specifically reduced by NADH- and NADPH-dependent oxidoreductases [5,6,8], so we
previously suggested that this escaped DHLA can be used to quantify the pyridine nucleotide-
dependent disulfide reductive capacity of cells over a short time period [9].

LA is reduced inside most cells by three enzymes: α-lipoamide dehydrogenase (E.C. 1.8.1.4),
thioredoxin reductase (E.C. 1.6.4.5), and glutathione reductase (E.C. 1.6.4.2). The former is
NADH-dependent, and the latter two derive their reducing capacity from NADPH. In contrast
to other disulfides, LA is not directly reduced by cellular thiols or by GSH [10], and thus its
reduction reflects pyridine nucleotide reserves and not those of cellular thiols [9]. Results from
cultured cells suggest that both NADH and NADPH are used for LA reduction [5,6,8]. Most
studies have used mixed R- and S- isomers of LA, and this may affect which enzymes are used
for its reduction. For example, lipoamide dehydrogenase reduces R-LA 18-fold faster than S-
LA, whereas glutathione reductase reduces S-LA about 2-fold faster than R-LA [11]. Isomeric
preference of thioredoxin reductase has not been described.

If uptake and reduction of LA reflects the pyridine nucleotide-dependent reductive capacity of
cells, it is possible that LA-dependent DTNB reduction might be used as an indicator of this
aspect of the redox “reserve” of cells. In this work we explored the possibility of using this
assay in human erythrocytes. These cells are readily accessible and have been used in the past
as an indicator of redox capacity in various clinical conditions [12-17]. Further, erythrocytes
lack mitochondria and thus lipoamide dehydrogenase, which allows for focus on cellular
NADPH-dependent disulfide reducing capacity.

Materials and methods
Materials

Analytical reagents, including, ascorbic acid, dehydroascorbic acid, DTNB, carmustine (1,3-
bis(chloroethyl)-1-nitrosourea, BCNU), racemic α-LA, racemic α-lipoamide, N-
ethylmaleimide (NEM), phenylarsine oxide (PAO), thorin, and tetrapentylammonium bromide
were supplied by Sigma/Aldrich (St. Louis, MO). The (R) enantiomer of LA was supplied by
Charles Bowman and Company (Holland, MI); other derivatives were synthesized at BioLink
Life Sciences. PAO was initially dissolved in dimethyl sulfoxide, and diluted so that the highest
concentration of the latter was 0.04% (v/v) in cells incubated with 10 μM PAO.

Erythrocyte preparation
Human erythrocytes were obtained by venipuncture from normal human donors typically
taking supplemental vitamin C at doses of 50−100 mg daily. At this level of intake, we observed
no consistent changes in erythrocyte ascorbate contents (results not shown). Erythrocytes were
either prepared immediately or stored less than 24 h as whole blood at 3 °C before use.
Erythrocytes were rinsed three times by centrifugation before use in phosphate-buffered saline
(PBS, consisting of 140 mM NaCl and 12.5 mM sodium phosphate, pH 7.4). With each rinse,
the “buffy” coat of white cells was removed and discarded. Packed cells were diluted with PBS
and the packed cell volume calculated as a percent of the total volume occupied by erythrocytes.
Rinses in the absence of D-glucose did not affect intracellular ascorbate (results not shown).

Erythrocyte assays
Erythrocytes were rinsed twice by centrifugation in PBS prior to assay of intracellular
ascorbate, GSH, and pyridine nucleotides. Ascorbate was measured by HPLC as described
[18], except that tetrapentylammonium bromide was used as the ion pair reagent and ascorbate
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was detected by UV absorbance at 250 nm. GSH was measured by the method of Hissin and
Hilf [19], also as previously described [20]. Erythrocyte contents of NADPH and NADH were
measured with a spectrophotometric recycling assay [21] with minor modifications as noted
[22]. Intracellular concentrations were calculated based on a cytosolic water space of 70% of
the packed cell volume [23]. Ferricyanide reduction was measured as the appearance of
extracellular ferrocyanide according to the ortho-phenanthroline-based assay of Avron and
Shavit [24] and expressed relative to the packed cell volume.

Assay of extracellular DTNB reduction
Erythrocytes at a 1% packed cell volume were suspended in PBS that typically contained 5
mM D-glucose, 0.2 mM DTNB, and the indicated concentrations of LA or its derivatives. After
incubations as noted for 30 min at 37 EC with gentle mixing, erythrocytes were pelleted by
centrifugation, 1 ml of the supernatant was transferred to a plastic cuvette, and the absorbance
at 412 nm was determined in a Beckman DU-640 spectrophotometer. The concentration of the
2-nitro-5-thiobenzoic acid anion of DTNB was calculated based on a molar extinction
coefficient of 13,600 [25]. Results were corrected for absorbance of a reagent blank that
contained the amounts of LA and DTNB used in the experiment without cells. This blank was
usually near zero, indicating that the LA preparations used do not contain contaminants that
can reduce DTNB. Haemolysis was not observed under the conditions of these experiments
with normal erythrocytes, but it should be noted that haemolysis of fragile erythrocytes will
interfere with the assay. Results are expressed relative to the packed erythrocyte volume.

Assay of thioredoxin reductase
Reduction of LA derivatives by purified rat liver thioredoxin reductase (catalogue number
T9698, Sigma/Aldrich Chemical Co, St. Louis, MO) was assessed at 37 EC by following
disappearance of 0.2 mM NADPH spectrophotometrically at 340 nm under in Tris buffer as
described. Substrate concentrations of the LA derivatives were 1 mM. Where indicated,
thioredoxin prepared from E. coli (catalogue number T0910, Sigma/Aldrich Chemical Co., St.
Louis, MO) was added to a concentration of 1.9 μM.

Data analysis
Data are shown as mean ± standard error. Statistical significance was assessed by analysis of
variance with appropriate post-hoc testing using the statistical software package Sigmastat 2.0
(Jandel Scientific, St. Louis, MO).

Results
When incubated with D-glucose as an energy source, human erythrocytes reduced R,S-LA in
a concentration-dependent and saturable manner (Fig. 1, circles). In studies not shown,
reduction of 0.1 mM R,S-LA was linear for at least 30 min with increasing cell numbers (up
to 4% packed cell volume). The apparent saturation with increasing R,S-LA in Fig. 1A was
not due to depletion of D-glucose, since reduction of DTNB by 1 mM R,S-LA was similar at
1, 2 and 5 mM D-glucose (results not shown). However, the saturation may be due to DTNB
depletion at high LA concentrations, since only about 30% of the DTNB remained after a 30
min reaction with 1 mM R,S-LA, assuming generation of 2 moles of the thionitrobenzoate
anion with each mole of DHLA. For comparative purposes, a range of LA-derivative
concentrations were used in this work, but to accurately assess and compare rates of LA-
dependent DTNB reduction in erythrocytes, R,S-LA concentrations 0.1 mM or less or times
of 30 min or less should be used. In the absence of D-glucose, there was little DTNB reduction
by the cells (Fig. 1A, squares), showing that the reducing equivalents for LA reduction derive
from glucose in this cell type. To determine if LA reduction caused a generalized oxidant stress
in human erythrocytes, endogenous ascorbate (Fig. 1B) and GSH (Fig. 1C) concentrations were
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measured. Neither ascorbate nor GSH were affected by reduction of R,S-LA concentrations
as high as 1 mM. Omission of D-glucose also had no effect on steady-state intracellular
concentrations of ascorbate (Fig. 1B, squares) or GSH (Fig. 1C, squares) during incubations
with R,S-LA. This shows that the cells were unable to use reducing equivalents from either
endogenous antioxidant for LA reduction. In cells that were incubated with 100 μM DHA for
15 min, intracellular ascorbate concentrations increased from 70−100 μM to 1.5 mM.
Subsequent treatment of cells with R,S-LA concentrations as high as 1 mM again had no effect
on intracellular concentrations of either ascorbate or GSH (results not shown). This indicates
that even a redox stress from forcing the cells to reduce DHA to ascorbate did not affect pyridine
nucleotide reserve.

NADPH appeared to be a major source of reducing equivalents for LA in these cells. As shown
in Fig. 2A, erythrocyte concentrations of NADPH decreased about 50% in D-glucose-treated
cells incubated with increasing concentrations of R,S-LA for 30 min (circles). On the other
hand, cells prepared and incubated in the absence of D-glucose contained less than 30% of the
NADPH found in D-glucose-treated cells, and this was severely depleted by subsequent
incubation with R,S-LA (Fig. 2A, squares). In contrast, NADH concentrations were unaffected
by LA reduction when D-glucose was present (Fig. 2B, circles), although NADH (squares)
was also severely decreased by lack of glucose.

To examine the mechanisms by which LA is reduced, erythrocytes were treated with thiol
reagents known to affect GSH and NADPH-dependent enzymes capable of reducing LA.
Exposure of erythrocytes to increasing concentrations of BCNU for 5 min at 37 EC, followed
by addition of 0.2 mM DTNB and 0.1 mM R,S-LA for an additional 30 min decreased rates
of DTNB reduction to about 30% of control (circles, Fig. 3A). GSH concentrations were also
reduced to 25% of control in a manner slightly less sensitive than seen with DTNB reduction
(squares, Fig. 3A). The non-specific alkylating agent NEM also decreased the capacity of the
cells to reduce DTNB and decreased intracellular GSH in parallel (Fig. 3B). PAO, which is
reactive with vicinal thiols, was much more potent in inhibiting LA-dependent DTNB
reduction than the other two agents, again with a corresponding decrease in intracellular GSH
(Fig. 3C). Neither NEM nor PAO decreased rates of DTNB reduction below basal rates in the
absence of R,S-LA, however (results not shown). Together, these results indicate that LA
reduction by erythrocytes was very sensitive to thiol reagents, but no more sensitive than the
redox status of the cells as reflected by intracellular GSH concentrations. In results not shown,
the arsine oxide reagent thorin, which does not enter cells because it contains two negative
charges, at concentrations up to 0.2 mM, neither decreased DTNB reduction due to R,S-LA
nor lowered intracellular GSH.

To attempt to separate effects of the thiol reagents on different types of intracellular thiols,
cells that had been exposed for 10 min to either NEM or PAO were then treated with or without
2 mM dithiothreitol for 20 min. The cells were then rinsed to remove intra- and extracellular
dithiothreitol before exposure to R,S-LA. The rationale was to determine whether dithiothreitol
could reverse the effects of either thiol reagent on rates of LA-dependent DTNB reduction or
on GSH concentrations. The ability of NEM to inhibit either LA-dependent DTNB reduction
or to decrease GSH was not affected by dithiothreitol (compare third and sixth pair of bars,
Fig. 4A). Although dithiothreitol did not reverse the ability of PAO to lower intracellular GSH
concentrations, it completely reversed the inhibition of LA-dependent DTNB reduction due to
PAO (compare third and sixth pair of bars, Fig 4B). The latter result suggests that GSH was
not involved in the inhibition of LA-dependent DTNB reduction by PAO. This result supports
the notion that either glutathione reductase or thioredoxin reductase, or both, are responsible
for LA reduction by erythrocytes.
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Since different enzymes may reduce different isomers of LA with varying efficiencies,
reduction of R- and S- LA was compared. Erythrocytes reduced the S-isomer of LA (circles)
about 40−50% more efficiently than the R-isomer (squares) when both were present at low
concentrations (Fig. 5A). We also compared uptake and reduction of the two forms of LA with
that of hydroxyethyl disulfide. This small uncharged disulfide would not be expected to use a
transporter to cross the cell membrane, and should be reduced by GSH- as well as NADPH-
dependent mechanisms to β-mercaptoethanol. The latter will then readily diffuse out of the
cells and react with extracellular DTNB. Rates of reduction of hydroxyethyl disulfide were in
the range observed for R- and S-LA over the same concentration range (triangles, Fig. 5A).

Since movement of LA and its derivatives across the cell membrane might be affected by
charge and lipophilicity of the derivative, we tested DTNB reduction generated by R-
lipoamide, R,S-lipoamide, and N-benzyl-R-lipoamide. As shown in Fig. 5B, both R,S- (circles)
and R-lipoamide (squares) caused higher rates of DTNB reduction at concentrations of 0.2 mM
and less than those found for the different isomers of LA shown in Figs. 1 and 5A. In contrast,
rates of DTNB reduction induced by N-benzyl-R-lipoamide (triangles, Fig. 5B) were about
40% less than those of R-lipoamide.

Inhibitors of likely transport mechanisms for LA were also studied. As shown in Fig. 6,
increasing concentrations of octanoate inhibited DTNB reduction induced by both R- and S-
LA, although the maximal inhibition was only about 16%. Biotin and pantothenic acid are
known to share a transporter with LA in other cells, but neither inhibited LA-dependent DTNB
reduction at concentrations up to 0.5 mM (results not shown). These results suggest that neither
the entry of LA nor the exit of DHLA in erythrocytes is significantly dependent on transporters
known to be used in other cells.

Since the results with PAO suggest that thioredoxin reductase is the major enzyme responsible
for LA reduction in erythrocytes, we tested rates of reduction of purified mammalian
thioredoxin reductase with LA isomers. None of the derivatives were reduced appreciably by
thioredoxin reductase alone. However, when thioredoxin was added to a concentration of 1.9
μM, reduction was readily detected. Reduction was linear for 3 min at 37 EC, with similar rates
for the different derivatives as follows (units are nmol NADPH • (nmol thioredoxin
reductase)−1 • (min)−1 ± SD from 3 experiments): R,S-LA, 216 ± 58; R-LA, 244 ± 75; S-LA,
254 ± 71; and R,S-lipoamide, 263 ± 34.

DHA is also taken up by erythrocytes and reduced to ascorbate. Ascorbate in turn donates
electrons to a trans-plasma membrane oxidoreductase that transfers the electrons to
extracellular ferricyanide. Since DHLA will also reduce ferricyanide, to compare the ability
of erythrocytes to reduce R,S-LA and DHA, we measured rates of ferricyanide reduction in
cells treated with each antioxidant precursor. As shown in Fig. 7, the rate of DHA-dependent
ferricyanide reduction was several-fold higher than that of LA-dependent ferricyanide
reduction across the same concentration range of the agents.

Discussion
As in cultured tumour and endothelial cells [7,9], human erythrocytes took up and reduced LA
to DHLA, which was released and then detected outside cells by its reduction of DTNB. This
reduction was dependent on the concentration of LA and required cellular glucose metabolism.
Similar glucose dependence was previously documented in cultured cell lines [7,9]. Since there
was no LA-dependent DTNB reduction in cells deficient in glucose 6-phosphate
dehydrogenase-deficient cells [7], activity of the pentose phosphate cycle is also likely to be
required, even in cells containing mitochondria and thus lipoamide dehydrogenase. Further
evidence that NADPH derived from the pentose phosphate cycle is required for LA reduction
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in erythrocytes was the finding in the present work that LA depleted erythrocyte NADPH
without affecting NADH. Additionally, reduction of LA concentrations as high as 1 mM did
not cause a significant generalized oxidant stress in these short-term incubations, since neither
GSH nor ascorbate was affected. On the other hand, it has been recently shown that incubation
of human erythrocytes for 4 h or more at 37 °C with 0.1 to 1 mM LA decreased total cellular
thiols [26]. Since DHLA caused only minimal thiol depletion [26], initial reduction of LA and
its continued “redox” cycling with time can cause an oxidant stress in erythrocytes.

The selective depletion of NADPH as a result of LA reduction favors the notion that NADPH-
dependent disulfide oxidoreductases were responsible for erythrocyte LA reduction. This was
further supported by testing thiol reagents with differential selectivity for GSH and the enzymes
presumed to be involved. Of the agents tested, NEM is relatively specific for thiols, although
it is not specific for any type of thiol and will alkylate both protein and low molecular weight
thiols. Whereas BCNU is typically used as an inhibitor of glutathione reductase [27], it also
can carbamoylate active site cysteines of other enzymes, probably including the active selenol
of thioredoxin reductase [28,29]. PAO reacts with nearby or vicinal thiols and probably selenols
[30]. It inhibits thioredoxin reductase at concentrations of 1 μM or less [30,31], which agrees
well with the observed half-maximal effect on LA-dependent DTNB reduction of about 2 μM
in erythrocytes. On the other hand, all three of the agents decreased erythrocyte GSH in concert
with their effects on LA-dependent DTNB reduction. For NEM and BCNU, this likely reflects
direct reaction with GSH or inhibition of glutathione reductase. PAO does not directly react
with GSH [30] or inhibit glutathione reductase ([30] and May, J.M., unpublished observations).
GSSG is not a substrate for thioredoxin reductase [32], and only a poor substrate for the
thioredoxin reductase/thioredoxin system [33]. Nonetheless, inhibition of TR by PAO could
indirectly lower GSH by causing cellular oxidant stress. In this regard, we previously showed
that PAO caused a more severe depletion of ascorbate than GSH in ascorbate-loaded
erythrocytes [31]. Although this was considered to reflect inhibition of thioredoxin reductase-
dependent ascorbate recycling, at least part of the decrease in ascorbate could have been due
to non-specific cellular oxidant stress. Inhibition of the recently discovered enzyme
selenoprotein thioredoxin-glutathione reductase-1 could also have played a role in the decrease
in GSH with the agents. This enzyme can reduce GSSG to GSH [34], although its sensitivity
to thiol inhibitors is not known. However, the enzyme is likely present in very small amounts
in tissues outside the testes [35].

The effect of PAO to inhibit LA-dependent DTNB reduction was completely reversed by
treating the cells with dithiothreitol without reversing its effect on GSH depletion. Given the
selectivity of PAO for thioredoxin reductase, this result strongly implicates the thioredoxin
reductase system in erythrocyte LA-dependent DTNB reduction. This conclusion requires that
the PAO-thiol or PAO–selenol adducts on thioredoxin reductase or PAO-thiol adducts on
thioredoxin are more sensitive to release by dithiothreitol than are those on the GSH-
regenerating enzymes.

The mechanism of LA uptake and DHLA efflux from erythrocytes is unclear. Strong inhibition
of R,S-LA uptake and reduction by octanoic acid implicated a medium chain fatty acid
transporter in endothelial cells [9]. However, octanoic acid had little effect on LA-dependent
DTNB reduction in erythrocytes, irrespective of whether R- or S-LA was used. This suggests
that a medium change fatty acid transporter plays little role in this activity in erythrocytes. As
in cultured endothelial cells [9], neither biotin nor pantothenic acid inhibited LA-dependent
DTNB reduction, making it unlikely that a multivitamin transporter [36] mediates LA uptake
in either cell type. Lipoamide induced DTNB reduction only slightly more effectively than LA
in erythrocytes, and N-benzyl-R-lipoamide was less effective. It might be expected that these
uncharged and more hydrophobic LA derivatives would cross the plasma membrane better
than LA, but this was not a major factor. LA has been reported to readily cross erythrocyte
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ghost membranes, but not to be taken up by phospholipid liposomes [8]. This suggests that
there may be an as yet unknown transporter that facilitates LA entry or DHLA exit from
erythrocytes.

Erythrocytes were modestly more effective in reducing S-LA than R-LA. Mammalian
glutathione reductase reduced S-LA about 2-fold faster than R-LA, which could contribute to
the differences seen here. We found little difference in specificity of the thioredoxin reductase
system for R- versus S-LA, or for R,S-lipoamide. In contrast to published results [37], we
observed little activity of thioredoxin reductase with LA derivatives alone. However, when
thioredoxin, the natural substrate for the enzyme, was included in the reaction mixture, there
was reduction at rates comparable to those measured previously with the enzyme alone [37].
This suggests that thioredoxin could mediate LA and lipoamide reduction in cells.

Erythrocyte ferricyanide reduction was up to 4-fold greater when erythrocytes were pre-
incubated with DHA than with the same concentrations of LA. Ferricyanide remains outside
cells because of its size and negative charge [38]. It is directly reduced by thiols and by ascorbic
acid. However, it is also an electron acceptor for a trans-plasma membrane oxidoreductase
[23] that uses intracellular ascorbate as its primary electron donor [39], generating the ascorbate
free radical within erythrocytes [20]. LA-dependent ferricyanide reduction will occur only with
DHLA that escapes the cells, just as with LA-dependent DTNB reduction. Indeed, rates of LA-
dependent DTNB reduction (Fig. 1A, circles) were comparable to those of LA-dependent
ferricyanide reduction (Fig. 8) under identical incubation conditions. This suggests that both
extracellular agents capture most of the DHLA released from the cells. The markedly greater
ferricyanide reduction due to loading the cells with DHA rather than with LA could be due to
several factors. First, whereas reduction of both DHA and LA occurs within cells, trans-plasma
membrane electron transfer from ascorbate to ferricyanide may be faster than efflux of DHLA.
Second, the cells in dilute suspension may not be able to recover all the extracellular LA
generated by reaction of DHLA with DTNB. Third, the cells may be more efficient at reducing
DHA than LA. This might relate to the observations that both DHA [40] and LA [37] are
reduced by thioredoxin reductase, but only DHA is reduced by GSH and GSH-dependent
enzymes [41]. Whereas ascorbate-dependent ferricyanide reduction has been used as an
integrated measure of the global reduction capacity of erythrocytes [42-44], LA-dependent
DTNB reduction is likely to reflect more specifically the activity and capacity of pyridine
nucleotide disulfide oxidoreductases, and thioredoxin reductase in particular.

In this work we have evaluated the mechanism of LA-dependent DTNB reduction in human
erythrocytes. LA and DHLA readily cross the erythrocyte membrane, but little of this transfer
occurs on the medium chain fatty acid transporter, as it does in other cells. LA is reduced
exclusively by NADPH-dependent disulfide oxidoreductases in erythrocytes. Since human
erythrocytes can be studied ex vivo in different clinical conditions, measurements of LA-
dependent DTNB reduction can be used in combination with assay of hydroxyethyl disulfide
reduction to assess both NADPH- and GSH-dependent disulfide reduction by the cells. Further,
use of these assays in conjunction with measurement of ascorbate-dependent ferricyanide
reduction will provide a global approach to assessing erythrocyte reduction capacity or redox
reserve.
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Fig 1.
LA-dependent DTNB reduction and oxidant stress. Erythrocytes at a 1% packed cell volume
were incubated at 37 °C in PBS with 0.2 mM DTNB and increasing concentrations of R,S-LA
in the presence (circles) or absence (squares) of 5 mM d-glucose. After 30 min, the cells were
pelleted by centrifugation and medium aliquots were taken for assay of DTNB reduction (A).
After two rinses by centrifugation, the cells were taken for assay of intracellular ascorbate (B),
GSH, (C) NADPH (D), and NADH. Results are from at least 4 experiments, with an “*”
indicating p < 0.05 compared to the sample not treated with LA.
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Fig 2.
LA and glucose effects on erythrocyte pyridine nucleotide contents. Erythrocytes were
incubated at 37 °C in PBS with increasing concentrations of R,S-LA in the presence (circles)
or absence (squares) of 5 mM D-glucose. After 30 min, the cells were rinsed twice by
centrifugation in PBS and taken for assay of intracellular NADPH (A, N = 6 experiments) or
NADH (B, N = 4 experiments). An “*” indicates p < 0.05 compared to the sample not treated
with LA.
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Fig 3.
Inhibition of LA-dependent DTNB reduction by thiol reagents. Erythrocytes (1%) were
incubated at 37 °C in PBS containing 5 mM D-glucose and the indicated agent at the
concentrations noted in the 3 panels for 5 min, followed by addition of 0.2 mM DTNB and 0.1
mM R,S-LA. After 30 min, the cells were pelleted by centrifugation and aliquots of the medium
were taken for assay of DTNB reduction (circles) and GSH content (squares). Results from 4
experiments with each agent are expressed as a fraction of the rate of LA-stimulated DTNB
reduction or GSH content in cells not treated with the agent. Control rates of LA-stimulated
DTNB reduction were 2.2 to 3.5 μmol mL−1 (30 min)−1, and GSH contents were 2−2.2 mM.
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Decreases due to the agents were significant at all agent concentrations for both DTNB
reduction and GSH.
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Fig 4.
Reversibility of NEM- and PAO-induced decreases in LA-dependent DTNB reduction and
GSH. Erythrocytes (1%) were incubated at 37 °C in PBS containing 5 mM d-glucose and either
50 μM NEM (A, N = 4 experiments) or 5 μM PAO (B, N = 6 experiments), where indicated.
After 10 min, 2 mM dithiothreitol (DTT) was added where indicated and incubations were
continued for another 20 min. The cells were then rinsed three times by centrifugation in PBS,
and suspended in PBS that contained 5 mM d-glucose, 0.2 mM DTNB, and 0.1 mM R,S-LA,
where indicated. After another 30 min of incubation at 37 °C, the cells were pelleted by
centrifugation. Medium aliquots were assayed for DTNB reduction (open bars) and the cell
contents of GSH (hatched bars) were determined. An “*” indicates p < 0.05 compared to the
sample treated with LA alone.
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Fig 5.
DTNB reduction by lipoic acid derivatives. Erythrocytes were incubated under the conditions
described in the legend to Fig. 1 in the presence of 5 mM d-glucose for 30 min before assay
of DTNB reduction. Panel A: S-LA (circles) or R-LA (squares), or hydroxyethyl disulfide
(triangles). Panel B: R,S-lipoamide (circles), R-lipoamide (squares), or N-benzyl-R-lipoamide
(triangles). Analysis of the results from 4 experiments in panel A showed that the two curves
were significantly different (p < 0.05), and in panel B the analysis of the data from 4
experiments showed that the N-benzyl-R-lipoamide experimental data was significantly
different than that from the other two experiments (p < 0.05).
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Fig 6.
Inhibition of LA-dependent DTNB reduction by octanoic acid. Erythrocytes at a 1% packed
cell volume were incubated at 37 °C in PBS containing 5 mM d-glucose and the indicated
concentrations of octanoic acid. After 5 min, DTNB was added to a final concentration of 0.2
mM, followed by addition of either S-LA (circles) or R-LA (squares) to an initial concentration
of 0.1 mM. After 30 min the cells were pelleted by centrifugation and DTNB reduction
measured in aliquots of the supernatant. Analysis of results from four experiments showed that
the two curves were significantly different (p < 0.05). An “*” indicates p < 0.05 compared to
the sample not treated with octanoate.
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Fig 7.
Ferricyanide reduction of DHA and LA. Erythrocytes (1%) were incubated at 37 °C in PBS
containing 5 mM d-glucose, 1 mM ferricyanide, and the indicated concentration of either
R,S-LA (circles) or DHA (squares). After 30 min the cells were pelleted by centrifugation and
aliquots of the supernatant were taken for assay of ferrocyanide. Results are shown from 3
experiments with an “* indicating p < 0.05 compared to a sample not treated with LA or DHA.
These two curves were different from one another at p < 0.05.
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