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THE REDOX COUPLE BETWEEN GLUTATHIONE AND ASCORBIC
ACID: A CHEMICAL AND PHYSIOLOGICAL PERSPECTIVE

BARRY S. WINKLER, STEPHEN M. ORSELLL and TONIA-S. REX
Eye Research Institute, Oakland University, Rochester, MI, USA
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Abstract—This article provides a comprehensive analysis of the redox reaction between glutathione/glutathione disulfide and
ascorbic acid/dehydroascorbic acid. It includes an historical perspective of the progression of the experiments, first begun more
than 60 years ago and continuing today with heightened importance. Indeed, the antioxidant capacity of glutathione and ascorbic
acid, whether singly or in combination, linked via the redox couple, is a subject of intense interest for studies by bench scientists
and clinicians, particularly because a growing body of evidence suggests that free radicals may be involved in a variety of
diseases. The authors begin with a defailed smmmary of *‘test tube”’ experiments (the chemical peispective) that have revealed
the conditions that regulate the rate of the redox coupling between glutathione and dehydroascorbic actd and that promote or
inhibit the decomposition of dehydroascorbic acid in ordinary, buffered aqueous media; results obtained in the authors® laboratory
are used for ilustration purposes and uniformity of presentation. The authors then proceed to a critical examination of the extent
to which the redox couple between glutathione and ascorbic acid operates in a cell, using the often published antioxidant cascade
(See Fig, 1) as the model for the analysis (the physiological perspective). The evidence for and the evidence against the presence
of the enzyme dehydroascorbate reductase in animal cells is outlined in a balanced way in an attempt to make sense of this
continuing controversy. Next, the authors carefully document the many siudies showing that exogenous deliydroascorbic acid is
transported into cells where it is teduced to ascorbic acid by glutathione. Finaily, they probe the functional significance and
efficiency of the redox couple in monolayer cultures of human retinal pigment epithelial {RPE} cells, as a prototypical celfular
model. The authors include the results of new experiments showing that incubation of RPE cells with a nitroxide, TEMPOL,
leads to the selective oxidation of intracellular ascorbic acid. This approach is desirable because it dissects the cascade at a
specific site and permits measurements of the levels of ascorbic acid and glutathione in the cells before, during, and after

- oxidation. The results show that only partial regeneration of ascorbic acid is obtained when control conditions are restored.
However, if either ascorbic acid or dehydreascorbic acid is added to the media during the recovery period following treatment
of ceils with TEMPOL, then full recovery of ascorbic acid is observed. These results raise certaif concerns whether the activity
of the redox couple between glutathione and dehydroascorbic acid is sufficient to restore the level of ascorbic acid in oxidatively
chaltenged cells, when exogenous dehydroascorbic acid is unavailable. This leads to the suggestion that the transmembrane
uptake of ascorbic acid and dehydroascorbic acid (with sabsequent redox reduction to ascorbic acid) is an important component
in the overall cellular machinery that regulates the intracellular concentration of ascorbic acid.

Keywords—Glutathione, Ascorbic acid, Redox couples, Free radicals, Oxidative stress, Antioxidants

gan.! ““Ascorbic acid and glutathione are the most con-
spicuous and, so far as is at present known, the most
active reducing substances in living tissues. In spite

INTRODUCTION

We begin with several beautifully written statements,
which appeared in a 1936 article by Hopkins and Mor-

Address correspondence to: Barry S. Winkler, Eye Research Insti- sion of Research Grants, National Institutes of Health and currently

tute, Oakland University, Rochester, MI 48309-4401, USA,

Bary S. Winkler received his BA in biology from Harpur College
{now SUNY-Binghamton) i 1965 and conducted his MA and PhD
work at the University of Buffalo Medical School in physiology
under Professor Werner K. Noell, After receiving his PhD in 1971,
Dr. Winkler joined the Eye Research Institute, Oakland University,
Rochester, Michigan, where he is currently professor of Biomedical
Sciences. His research principally involves studies on energy metab-
olism, oxidative processes, light damage, and electrophysiological
responsiveness of the mammalian retina. Dr, Winkler is a regular
member {1991 —1695) of the Visual Sciences C Study Section, Divi-

333

serves as chairperson of this review panel.

Stephen M. Orselii received his BS in biology from Oakland
University in 1990, Foliowing graduation, Mr. Orselii worked in the
quality assurance depmtment at Perrigo Co., Allegan, Michigan.
Since 1991, Mr. Orselli has been a research assistant in Dr. Winkler’s
laboratory, He is currently pursuing his MS in hazardous waste
managesment.

Tonija 8, Rex is an undergraduate in the Honors College of Oak-
land University. She combines major studies in biochemistry, while
continuing to perform in the modem dance and ballet programs at
the University. She plans to go to medical schoel.




134 R B. 5. WINKLER el al.

Pentose
G-6-P NADP
Glucose

Membrane Transport

TLoss

co, NADPH GSSG6
+

A
X X A~radncX
aSH DHA /

Vit, E quinone

TL.oss

A vit. E-radical

H vit. E

| oss

' Diketo~-L-gulonic acid

Fig. 1. The main features of the cellular antioxidant cascade are shown, with emphasis on the cyclical redox reactions, which

link glutathione (GSH), ascorbic acid (AA), and vitamin E

(VitE). The oxidized forms of these compounds, Tespectively, are

glutathione disulfide (GSSG), semidehydroascorbate radical (A-radical) and dehydroascorbic acid (DHA), and vitamin B-radical
(Vit. B radical). The reduction of GSSG requires NADPH as a cofactor (which is produced by cellular glucose metabolism) and
is catalyzed by glutathione reductase (not shown). The reduction of DHA to AA oceurs nonenzymatically; as discussed in the
text, it is by no means certain whether in animal tissues this reaction is catalyzed by an enzyme. There is aiso nncertainty
whether the reduction of Vit. B-radical by AA is enzyme-catalyzed. Also shown are several nodal sites where the oxidized forms
of the compounds may be lost from the cycles: GSSG may exit from cells; DHA may be irreversibly degraded to diketo-L-
gulonic acid; and Vit. B-radical may be converted to the relatively nonreactive Vit. E quinone.

of the fact that their fundamental constitutions and
physiological functions are so different they have cer-
tain qualities in common. Both agree for instance in
the circumstance that though their reduced and oxi-
dized forms may co-exist in a tissue, they form redox
systems which are not thermodynamically but only
chemically reversible. Meanwhile, the question arises
whether, as reducing substances with different redox
potentials, they can exert combined activities, or dis-
play interrelations of importance’” {p. 1446). The par-
tial redox reactions that underlie the energeticaily fea-
sible coupling between glutathione and ascorbic acid,
and that are the focus of this article, are:

2GSH — GSSG + 2H" + 2e™ (+0.23V) (1)
DHA + 2H* + 2¢” — AA (+0.08V) (2}
2GSH + DHA — GSSG + AA (+0.31V) (3)

Today, nearly 60 years later, the guestion posed by
Hopkins and Morgan is largely unanswered, This arti-
cle attempts to provide some answers to this question.
Our approach includes a refrospective analysis of pub-
lished accounts, together with prospective speculations
that have emerged as a resuli of recent and novel exper-
_iments in our laboratory.
Szent-Gyorgyi® was the first to show that the oxi-
dized form of hexuronic acid (the earlier name for
ascorbic acid) is reduced by glutathione. Hopkins and

Morgan extended this result and provided extensive
guantitative data on the rate of oxidation of ascorbic
acid in agueous medium under different conditions, for
example, different pHs, on the catalytic role of copper,
and on the reduction of the oxidized form of ascorbic
acid (now called dehydroascorbic acid) by glutathione.
Borsook et al.? also published a comprehensive series
of experiments onthe redox coupling between glutathi-
one and dehydroascorbic acid (interestingly, this article
was submitted on June 8, 1936, whereas Hopkins and
Morgan submitted theirs on June 30, 1936!). Borsook
et al.® emphasized that dehydroascorbic acid is unstable
and that its half-life at physiclogical pH and 37°C is
only a few minutes. Moreover, they conducted the first
major set of physiological expetiments by following
the fate of dehydroascorbic acid and ascorbic acid
when these were added to blood, plasma, and intact
jsolated tissues, and also after ingestion. In 1941,
Crook” wrote that “‘the ability of tissue extracts from
plants and animals, either to inhibit the oxidation of
ascorbic acid or to reduce added dehydroascorbic acid
(‘DHA’) is well known’” (p. 226). Work over the past’
50 years in many laboratories,’™ including our
own, > using a variety of plant and animal tissues,
has confirmed and extended these early observations.
The first part of this article (the chemical perspective)
examines the dependence of the reaction between glu-
tathione and dehydroascorbic acid in agueous media
on the physicochemical conditions, such as reactant
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concentrations, p, and temperature. This description
sets the stage for the second part of the article (the
physiological perspective), which deals with the inter-
action between glutathione and ascorbic acid under
very specific physiologically relevant conditions in
cultured cells and intact tissues.

Interest in the interaction between glutathione and
ascorbic acid relates directly to their roles in biological
oxidations, a point that was well recognized by Szent-
Gyorgyi.® It is undisputed that a trilogy of naturally
occurring compounds is central to the intracellular anti-
oxidant defense systems of mammalian cells. These
compounds are glutathione, ascorbic acid, and vitamin
E. Glutathione and ascorbic acid are water soluble and
carry out their roles principally in the cytoplasm and
mitochondria, whereas vitamin E is the principal chain-
breaking, lipid soluble antioxidant in membranes, Each
compound is a major free radical reductant in cells;
these actions are distinct from the scavenging of oxi-
dants and free radicals by enzymes like catalase, gluta-
thione peroxidase, and superoxide dismutase. For re-
views on the antioxidant roles of glutathione, ascorbic
acid, and vitamin E, the reader is urged to consult the
references,*®

What makes glutathione, ascorbic acid, and vitamin
E special is that they interact in a series of coupled
oxidation—reduction reactions. These cyclical reac-
tions are iltustrated in Figure 1 (see legend for defails),
with apologies to the many authors who have pre-
viously published this scheme in one form or another
over many years. [t nevertheless is worth emphasizing
that the regeneration of the reduced forms of the com-
pounds by the set of coupled reactions provides for
amplification of the antioxidant capacities of each com-
pound. In the absence of redox coupling, the quenching
of oxidants would be limited by the intracellular con-
centration of each compound. Although there is con-
siderable experimental evidence linking the oxidation
of glutathione to glutathione disulfide (GSSG) with
stimulation of the glucose-dependent hexose mono-
phosphate pathway, which yields the NADPH used by
glutathione reductase in the regeneration of glutathi-
one, =2 there is virtually no information on the ex-
tent to which the other cyclical reactions in Figure 1
(glutathione and ascorbic acid, and ascorbic acid and
vitamin E) are linked in cells exposed to an oxidative
insult. Indeed, Melhorn® recently stated that ‘‘the ef-
ficiency of vitamin C (ascorbic acid) regeneration has
not been resolved’’ (p. 2724), although he concluded
that the coupling is adequate, becanse following an
oxidative challenge, red blood cells fed dehydroascor-
bic acid were able to again form ascorbic acid. To
evaluate the physiological significance of the redox

couple between glutathione and ascorbic acid (the in-
teraction between ascorbic acid/vitamin E will be left
to others® %), we have followed the approach of Mel-
horn® and have employed a nitroxide, 4-OH Tempo
(TEMPOL),%* " to specifically oxidize ascorbic acid in
cells and tissues with the goal to answer the following
question: To what extent can endogenous ascorbic acid
be regenerated following an oxidative challenge? Our
results with cells and tissues support our earlier experi-
ments”* in simple buffered solutions: following an
oxidative challenge, the reduction of dehydroascorbic
acid is not fast enough to offset its irreversible degrada-
tion under physiological conditions of temperature
(37°C) and pHl (7.4). Thus, the regeneration of endoge-
nous ascorbic acid in cells is incomplete. The conse-
quences of the inadequacy of this regeneration are ad-
dressed more fully in the physiological perspective sec-
tion. Our intent is not to convince the reader that we
have solved the question regarding the efficiency of
redox coupling between glutathione and ascorbic acid,
but rather to emphasize that new approaches are
needed to provide unambiguous answers to the ques-
tion posed by Hopkins and Morgan' many years ago.

THE CHEMICAL PERSPECTIVE

For the sake of clarity, all the results were obtained
in experiments performed in our laboratory, and they
are displayed in the figures in a standardized fashion.
This is intended simply to facilitate their presentation.
As noted in the introduction, there is already an exten-
sive literature that deals with the direct chemical reac-
tion between dehydroascorbic acid and glutathione,
and our findings should not be viewed as novel. Rather,
they serve as an excellent summary composite of the
many different investigations over the years, For con-
venience, the structures of the compounds are shown
in Figure 2, along with their abbreviations, which wiil
be used in the text that follows: glutathione, GSH;
glutathione disulfide, GSSG; ascorbic acid, AA; dehy-
droascorbic acid, DHA; semidehydroascorbic acid, A-
radical.

There are probably few experiments that are easier
to perform than mixing GSH and DHA together and
monitoring the formation of AA in an aqueous me-

~ dium. In part, this is because a simple spectrophoto-

metric method is available for monitoring AA fotma-
tion, which is based on the change in absorbance at
265 nm; absorbance units are converted to concenira-
tion units using a molar extinction coefficient of 12.5.
The results of a typical set of experiments of the sort
just noted, as a function of the pH of a 0.1 M sodium
phosphate solution, are demonstrated in Figure 3. At
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Fig. 2. The structures of the pertinent compounds discussed throughout the text,

the start of the experiment, each 1-ml cuvette contained
5 mM GSH. The DHA was always freshly prepared
as a concentrated solution in distilled water.and kept
on ice, both the low pH and low temperature serving
to stabilize the compound.’* After 2 min (at the arrow),
0.1 mM DHA. was added. It is clear that the rate and
amount of AA formed is dependent on pH. At pH =
8.1, the reaction was fastest, and more than 90% of
the DHA was converted to AA. Reaction rates were
slower, and the steady-state amount of AA formed was
lower as the pH was decreased. Indeed, at pH = 6.15,
there was virtually no reaction between GSH and
DHA, although at this pH the DHA is quite stable.
The dependence of the reaction on pH suggests that
the GS™ muoiety is the form of GSH that reacts with
DHA. Consistent with this suggestion is the finding
that the rate of AA formation at pH = 8 is about 10-
fold greater than the measured rate at pH = 7.0. Figure
4 is a summary graph showing averaged data from
many experiments in which the initial rate of AA for-
mation is plotted against the concentrations of GSH

and DHA. The féilily of curves shows that the reaction
rates are directly related to the concentrations of re-
actants. These rates were low, for example, less than
2 nmol/min, when the starting DHA concentration was
< (.02 mM for all GSH concentrations (15 mM)
tested. On the other hand, the initial velocity was about
17 nmol/min with 0.2 mM DIA and 5 mM GSH.

Figure 5 compares the effectiveness of several com-
pounds that, from redox potential considerations alone,
might be expected to reduce DHA to AA. Of the com-
pounds shown, neither a-ketoglutarate nor lactate re-
duce DHA, whereas lipoic acid reduces DHA at a con-
siderably faster rate than does GSIL Although we show
here that lipoic acid at < 1 mM rapidly reduces DHA,
this concentration is orders of magnitude greater than
its cellular content, which is primarily found bound to
protein complexes. Therefore, it is reasonable to assume
that lipoic acid is not likely to participate to any significant
extent in the reduction of DHA in cells. Other compounds
that were tested and that failed to directly reduce DHA
include NADH, NADPIH, and ethanol,
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Fig. 3. Spectrophotometric recordings (265 nm) of the production
of ascorbic acid that result from the dizect, nonenzymatic reaction
between dehydroascorbic acid {DHA) and glutathione, At the stast,
cuvettes contain 5 mM GSH in 0.1 M sodium phosphate buffered
media at the different pHs illustrated. At arrow, 0.1 mM DHA is
added (from concentrated solution), Upward-going tracings show
increase in absorbance at 265 nm and, thus, formation of ascorbic
acid, expressed in mM., Hach curve represents the average of five
individual experiments.

It has long been known that DHA is very unstable
at physiological pH and irreversibly decomposes.' Its
decomposition product, diketogulonic acid, does not re-
act with GSIP and, as we have found, fieither do the
subsequent breakdown products, oxalic acid and threo-
nic acid. Thus, it is the irreversible hydrolysis of DHA
that is responsible for the failure to convert 100% of
the starting amounts of DHA to AA at any of the pHs
tested in Figure 3. The greater the rate of hydrolysis
relative to the rate of reduction, the lower will be the
final percentage recovery of AA. Conversely, the lower
the rate of hydrolysis, the greater will be the extent of
recovery. Indeed, it was Borsook et al.” who so carefully

documented that “‘the irreversible change in dehy-’

droascorbic acid begins at about pH = 4 and becomes
progressively faster with increasing pH above this
point’® (p. 245). We have addressed this issue with the
following sets of experiments whose results are shown
in Figures 6—8. In the protocols 0.1 mM AA was added
to 1 mi of phosphate buffered media at different pHs
(Fig. 6, pH = 7.4; Fig. 7, pH = 8.1; Fig. 8, pH = 6.15}.
As others have done, we added 0.001 mM cupric ions

to promote the autoxidation of AA in these room tem-
perature experiments.”’ The decrease in AA concentra-
tion due to cupric ion catalyzed autoxidation was fol-
lowed over time, In Figures 68, this decrease is repre-
sented as the continnous downward tracing. A
comparison of these tracings reveals that the rate of
autoxidation is increased with increasing pH. The rate
of reappearance of AA following the addition of 5 mM
GSH (at arrows) at various times during the ongoing
process of autoxidation is also shown in Figures 6-8.
At pHs 7.4 and 8.1, the addition of GSH led to recovery
of AA, but the extent of recovery was decreased the
longer the elapsed time between the inclusion of cupric
ions and the addition of GSH. The magnitude of recov-
ery was also less when the expeximent was carried out
at pHl = 8.1 in comparison to pH = 7.4. Thus, when
GSH was added back after 15 min, about 30% of AA
was regenerated at pH = 8.1, but more than 60% was
recovered at pH = 7.4. These are but two of many
examples in the literature showing that DHA hydrolysis
is a significant variable in the ability of GSH to regener-
ate AA. Interestingly, at pH = 6.15, the addition of
GSH slowed the ongoing rate of autoxidation, due to

-
=1

mM DHA

Initial Rate of Ascor:bate Formation
{nmoles/min) -

GSH (mM)

Fig. 4. A summary graph of the initial rates of ascorbic acid that is
formed, expressed as nmol/mig, as a function of the concentrations
of glutathione and dehydroascorbic acid. Initial rates were obtained
typically during the first minute following addition of dehydroascor-
bate to the glutathione-containing media. During this period, the
rates were linear, Phosphate-buffered medium at pIf = 7.4. Bach
point is the average of at least 5 experiments.
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Fig. 5. A graph of the effectiveness of various compounds in reacting
with 0.1 mM dehydroascorbic acid to form ascorbic acid, expressed
in mM. Clearly, lipoic acid is more effective than glutathione, but
neither a-ketoglutarate nor lactate reduce dehydroascorbic acid (n
= 4 for each compound, except GSH where r = 10).

chelation of the cupric ions,'**! but failed to increase
the level of AA. This is consistent with the results in
Figure 3 showing that GSH and DHA do not react at
any significant rate at this low pH. So, although it is
well known that low pH protects DHA from hydrolysis,
it also inhibits the direct reaction between GSH and
DHA,; perhaps other reducing agents are more effective
in an acidic environment and could be used to reduce
DHA, although the physiological relevance of such a
result would be uncertain, at least for mammalian tis-
sues.

In addition to a dependence on pH, the stability of
DHA in aqueous medium is influenced by temperature.
‘The results presented in Figures 3—8 were carried out
at room temperature (20—22°C), but we were also in-
terested to evaluate these effects at 37°C, the tempera-
ture most relevant to the physiology of mammalian
tissues. Figure 9 illustrates the results of an experiment
in which the autoxidation of AA, catalyzed by 0.5uM
cupric ions, was followed at 37°C, and 5 mM GSH
was added to the media exacily in the same manner
as in the room temperature experiments.’ Because the
PH of this medinm was 7.4, these results are directly
comparable to the curves in Figure 6. Clearly, at 37°C
the regeneration of AA by GSH is considerably less

than at 23°C, consistent with a greater rate of DHA
hydrolysis, and thus, greater irreversible loss at the
higher temperature.

The oxidation of ascorbic acid proceeds in one-
electron steps via an intermediary A-radical, which
subsequently disproportionates yielding DHA and AA.
Indeed, A-radical is enzymatically reduced to AA in
plants and animal tissnes by an NADH-dependent en-
zyme, that is, semidehydroascorbate reductase.”™* As
indicated earlier, NADH does not directly reduce
DHA. From thermodynamic considerations, GS7
would not be expected to react to any significant extent
with A-radical {(46). We thought, nevertheless, that it
would be worthwhile to directly visualize whether any

" reaction occurs to diminish A-radical. Our approach

involved adding ascorbate oxidase to phosphate buf-
fered medium (pH = 7.4) containing 1 mM AA. This
combination of enzyme and substrate led to the produc-
tion of a steady level of A-radical, which was detected
by ESR (Fig. 10). After 10 min, 5 mM GSH was added
to the medium, and changes in the A-radical were sub-
sequently monitored at I, 5, and 15 min. Tt is clear
that despite a nearly 1000-fold excess of GSH relative
to A-radical, that is, mM vs. uM, the A-radical per-
sisted. In fact, although not shown, the ESR signal was

010
0.08
=
E
w 0.06
|_
<
(11}
o
Q 0,04
O
4]
<
0.02
pH=7.4 1\
Al arrows: 5mM GSH added
0.00 1 I3 L L L1 1 1 1 L] k L[] 3
Q 10 20 30
TIME ({min)

Fig. 6. The effects of adding 5 mM glutathicne (arcows) at different
times to media containing 0.1 mM ascorbic acid and 0.001 mM
cupric ions. Media conditions: Phosphate-buffered, room tempera-
ture, pH = 7.4. Note rate and extent of recovery of ascorbic acid
following the addition of glutathione. See text for details.




Glatathione and ascorbic acid 339

0.10 T
At arrows
5mM GSH added

0.08 |
< !
£ 0.06 |
w
L I
o
@ 0.04 |
o
9 .
0
< 0.02

0.00 | f 4 pH=8.1

0 10 20 30

TIME (min)

Fig. 7. Identical procedures as deseribed in Figure 6, except experi-
ment was conducted at pH = 8.1.

virtually unchanged 60 min later. Thus, no significant
reaction was ohserved between GSH and A-radical, in
accord with the approximate k., = 2 X 107°. The two
bottom tracings in Figure 10 show that the A-radical
is not produced when only DHA is present or when
DHA and GSH are mixed together, This latter finding
may seem surprising, because AA is produced in this
condition and it is believed that A-radical is generated
in the presence of AA and DHA.” Experiments in
which either 5 mM AA alone or a mixture of 5 mM
AA and 2 mM DHA was tested (room temperature,
air, pH = 7.4) showed that there was no significant
difference in the A-radical that was formed (data not
shown). Thus, under these conditions, there is no reac-
tion between AA and DHA to form A-radical, its pro-
duction depending only on the rate of oxidation of
AA. Becanse GSH prevents the oxidation of the newly
formed AA by chelating cupric ions,”**! this would
seem to be the most likely reason why the A-radical
signal is not cbserved.

Mechanistic considerations: One-electron vs. two-
electron transfer

One might consider the mechanism of the reaction
between (GS~ and DHA. The overall reaction was given
in the introduction. It is interesting to evaluate if this

reaction could occur in two one-electron steps, as
shown later.

Keq
GS~ + DHA — GS + Atad™ 3 X 107 (4)
GS' + GS™ > GSSG™ )
GSSG™ + DHA - GSSG + A-rad™ (6)
2A-ad™ + 2H' > AA + DHA o

2G5™ + DHA + 2H" - GSSG + AA 32 x 10 (8)

It is clear that the first step is thermodynamically
improbable based on the electrochemical potentials
(46) of the partial reactions that lead to a calculated
K., = 3 X 107", Although the overall reaction rate is
favored because K., = 3.2 X 10, if the mechanism
involves these sequential steps, then the net rate would
be very slow. It is possible to estimate the maximum
rate of reaction (4) above for the condition where GS™
= 5 mM and DHA = 0.1 mM. With these concentra-
tions and an estimated maximum forward rate constant
(kp) of 3 % 107" M~'s™! (this rate constant was ob-
tained using a maximum value for the reverse reaction
(k,), that is, the maximum diffusion controlled rate of
10 M~'s™", and K,,), we calculate the rate of the for-
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Fig. 8. Identical procedures as described in Figore 6, except pH =
6.15.
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ward reaction {4) torbe 1.5 X 107'° Ms™". The data in
Figure 3 (for pH = 7.0) show, however, that the initial
rate of the formation of AA when the starting concen-
trations of GSH and DHA were 5 and 0.1 mM, respec-
tively, amounted to approximately 8 nmol/min. Be-
canse the reaction was run in a total volume of 1 ml,
this value converts to 1.3 X 1077 Ms™. The fact that
the measured rate of the reaction is much faster than
can be accounted for by one-electron chemistry sug-
gests that a two-electron transfer is a more likely possi-
hility for the reaction between GS™ and DHA. A rea-
sonable and comparatively simple possibility for the
two-electron reduction of DHA by GSH is as follows:

OH OH
0. 0. | w00 )
XICHCHEOH +G68 — X—Z—CHCHZOH
additior Gs
0] 0 on O

DHA
Reduction | + GSH

on
0.0

|
CHCH,0H
GSSG+  \__ ‘

HO OH
AA

The initial step is nucleophilic addition of the conju-
gate base of GSH to the central carbonyl of DHA
followed by a reduction step by GSH that results in
the formation of AA and GSSG.

Because lipoic acid has a lower pKa than GSH, it
is perhaps not surprising that it is more reactive than
GSH in reducing DHA (see Fig. 5). Given the argu-
ments presented earlier, it also seems reasonable to
suggest that reduction of DHA by the intramolecular
dithiol lipoic acid is favored by enfropy.

THE PHYSIOLOGICAL PERSPECTIVE

The major question under consideration concerns
the efficiency of the redox couple between GSH and
DHA in the regeneration of AA in cells exposed to an
oxidative challenge. Burton et al.* recently cautioned
“‘that even the most carefully modeled in vitro systemn
may fail to reproduce the in vivo reality”” (p. 205). In
their particular case, they had failed to find evidence
for an interaction between vitamin C and vitamin E in
vivo, a conclusion that is completely at odds with the
substantial in vitro data®™ % showing that vitamin C
reacts directly with the free radical form of vitamin E.
In contrast, an interaction between GSH and AA is
supported by both in vitro and in vivo studies. Indeed,

010
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Fig. 9. Identical procedures as described in Figure 6, except tempera-
ture is 37°C.

Meister and colleagues,* in a continuing series of

in vivo experiments that manipulated independently
the cellular levels of GSH and AA, provide strong
evidence that GSH and AA function together as antiox-
idants. The particular term used by Meister to describe
the interaction between GSIL and AA is “‘sparing™ (the
same term is used’to describe the interaction between

_ vitamins C and E), Meister defines “‘sparing’’ in two

ways: (1) the reaction of GSH and AA with common
cellular oxidants, for example, H;O,, thus the dis-
playing of overlapping functions; and (2) promotion
of the reduction of DHA to AA by GSH. Alihough
not meant as a criticism of Meister’s in vivo studies,
there is, in fact, little direct evidence in his studies to
support either of these possibilities. This is because
there are no measurements of the levels of putative
cellular oxidants under the different manipulative regi-
mens, although it is recognized that this may not be
feasible. With respect to the second sparing action,
namely, the reaction between GSH and DHA, Mér-
tensson and Meister®” report that following GSH deple-
tion there is a marked decrease in AA and increase of
DHA. However, there is some question regarding the
validity of the DHA measurements. A spectrophoto-
metric method was used that relies on measurements of
AA and of total ascorbate (AA + DHA), the difference
representing the level of DHA; HPLC methodology
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would be a better choicé for measurements of DHA.?
In particular, they report that DHA accounts for 40%
of the total ascorbate in a normal, clear lens, for exam-
ple, 0.31 ymol/g DHA vs. 0.78 pmol/g total ascorbate
in Figure 6 of reference 87. They raise the possibility
that this oxidation may have occwred during surgical
isolation of the lens. Yet, measurements of total lens
glutathione over many years using surgical procedures
probably very similar to those employed by Mir-
tensson and Meister reveal a high concentration of
GSH and virtually no GSSG.***' Despite these few
concerns, it is clear that the studies of Meister and
colleagues have provided significant, new information
that in vivo GSH can spare ascorbate and that ascorbate
can spare GSH.

One factor that would certainly influence the valid- ~

ity of applying conclusions from measurements of the

.1 mM ASCORBATE
ASCORBATE OXIDASE

+ 5 mM GSH

5 min 15 min

Mrm Yy \J

2mM DHA
2mM DHA smM GSH

Mot I\ ity b

Fig. 10. First derivative ESR spectra of semidehydioascorbate radical
(A-radical) under various conditions. Top trace: A-radical signal that
is produced in the presence of 1 mM ascorbate and ascorbate oxidase,
Middle three tracings: represent signals obtained 1, 5, and 15 min
after 5 mM GSH was added to the sample. Bottom left fracing: 2
mM DHA alone does not produce A-radical. Bottorn right fracing:
A mixture of 2 mM DHA and 5 mM GSH does not produce A-
radical. T'wo hypexfine components separated by 1.8G at g = 2.005
are characteristic of the A-radical,

rate of the nonenzymatic reaction between GSH and
DHA in test tube experiments to events in cells is
whether this reaction is catalyzed by an enzyme. Inso-
far as animal tissues are concerned, there is lingering
uncertainty over this issue. For example, nearly 30
years ago, Schneider and Standinger” wrote that
‘“‘whereas in plant cells there exists an enzyme system
(dehydroascorbate reductase) catalyzing the reduction
of dehydroascorbic acid to ascorbic acid, thus preserv-
ing the supply of ascorbic acid in the cell, an analogous
enzyme does not occur in the animal cell”” (p. 158).
More recently, Melhorn® states that ‘‘although several
mammalian tissues appear to contain semidehydroasc-
orbate reductase, I am not aware of any convincing
evidence for mammalian DHA reductase’ (p. 2724).
On the other side of the ledger, Rose and Bode,'® in
discussing an essentially identical version of the
scheme shown in Figure 1 of this article, state that
“‘one aspect that could be considered speculative is
the indication that regeneration of ascorbic acid from
dehydro-L-ascorbic acid by GSH is nonenzymatic™’ (p.
282), Although at face value, in view of the over-
whelming evidence showing the direct, chemical reac-
tion between GSH and DHA, the statement of Rose and
Bode makes little sense, we interpret their statement to
mean that they believe that the enzymatic reaction is
much faster than the directly coupled reaction. A faster
enzymatic reaction would thus reduce the contribution
of the direct reaction, but it would most certainly not
render it “‘speculative.’”” Rose and colleagues have
evaluated the reduction of DHA by GSH in homoge-
nates of a variety of ‘animal tissues and reported the
process ‘‘had several characteristics of being enzyme-
mediated”’ (p. 277).'"

To make sense of this apparent controversy over
the direct vs. enzymatic reaction between GSI and
DHA, it seems prudent to take a closer look at the
literature. DHA reductase activity was detected in
haemolysates of human erythrocytes by Hughes.® This
is a widely quoted article by investigators who favor
the existence of the enzyme. Yet, it has been com-
pletely overlooked that Hughes noted that “‘activity
measurements above pH = 7.0 were difficult because
of the increasing rapidity of the chemical (that is non-
catalyzed) reaction with increase in pH above 7.0”° (p.
1069). Essentially the same problem was encountered
by Bigley et al.,'"* who wrote that “‘the pH optimum
of the enzymatic reaction is close to 7.4. Since the
rapidity of the nonénzymatic reaction increases mea-
surement error in the higher pH range the standard
assay was performed at pH = 6.85”" (p. 18). In fact,
a careful inspection of Figure 1 (p. 18) of the Bigley
et al. article shows that at pH = 7.4 there was no
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significant difference between the direct and catalyzed
reaction rates. Stahl et al.'’ reported that detection of
DHA reductase activity depended on the method used
to measure the activity. When a coupled assay monitor-
ing the oxidation of NADPH by glutathione reductase
(340 nm) was used, evidence for an enzyme-catalyzed
reaction was obtained. In contrast, when Stahl et al.
used a direct spectrophotometric assay (265 nm), no
evidence was found for an enzyme. In their article,
they write that “‘although the discrepancy between the
direct and coupled assays remains unresoived, the pos-
sibility exists that with the coupled assay GSSG gener-
ation by another pathway in homogenates accounts for
an apparent reaction rate above that of the nonenzy-
matic blank> (p. 121). It has recently been proposed
that GSH-dependent reduction of DHA is catalyzed by
glutaredoxin and protein disulfide isomerase.” There
are two aspects of the article by Wells et al.”* that
deserve comment. First, the maximum velocity of the
reaction catalyzed by porcine recombinant liver thiol-
transferase was higher when the coupled assay rather
than the direct assay was employed; this supports the
comment of Stahl et al.'” Second, and more important,
is the pH data of Wells et al. They report that the
optimum pH was 6.8 “‘in agreement with the studies
of Bigley et al.”’ (p. 15362; see reference 14), But, in
fact, Wells et al. misquote Bigley et al. (see previous
text for correct pH optimum). Thus, the extent to which
glutaredoxin catalyzes the reduction of DHA at pl1 7.4
remains unclear, This leaves the recent reports of Choi
and Rose,” Rose,?* Bode et al.,” and Rose and Bode'®
as the only other studies presenting evidence in support
of DHA reductase in animal tissues. It should be em-
phasized that, on a quantitative basis, the optimum
enzyme-catalyzed reaction rates reported in these sev-
eral articles ate typically less than 1 nmol/min/mg pro-

tein, a very low rate of activity, indeed, and consider-

ably below the nonenzymatic rate under comparable
conditions. In contrast, the work of Coassin et al.”
(pig tissues) and Melhorn® (human erythrocytes) find
no evidence for DHA reductase activity. Furthermore,
work in our laboratory,™ with cytosolic supernatants
of a variety of ocular tissues from rat and rabbit, has
also failed to detect the presence of DHA reductase.
An example of our experiments, using rat retina, is
shown in Figure 11. It can be seen that the nonenzy-
matic rate of AA formation from the reaction between
GSH and DHA continues (pH = 7.4) unchanged fol-
lowing the addition of the retinal supernatant. The
same result, that is, no difference in reaction rate before
and after retinal supernatant, was obtained when the
experiments were conducted at pH = 6.8 and when
either 0.2 mM NADPH or 0.2 mM NADH was in-
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pH = 7.4
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Fig. 11. A comparison of the averaged rate of production of ascorbic
acid due to the reaction between 5 mM glutathione and 0.1 mM
dehydroascorbic acid before and after the addition of a cytosolic
supernatant of rat retina (n = 8). The graph reveals that there is no
significant difference in the rate of reaction, The assay conditions
are as shown in the graph; the buffer was 0.1 M sodium phosphate.
Preparation of retina was as follows: a rat retina was homogenized
in 0.5 ml of buffer, centrifuged at 10,000 g for 15 min, and the ciear
snpematant was used in the assay. Aliquot size ranged from 50 to
200pl. Toial volume in cuvette was 1 mi One rat retina contains
approximately 1.2 mg protein.

ASCORBATE PRODUCED (nmoles)

. cluded in the assay medium. Taken together, the avail-

able evidence leads us to conclude that the nonenzy-
matic, direct reaction between GSH and DHA is the
major physiologically relevant reaction undetlying the
reduction of DHA to AA in mammalian tissues.

In the long history of studies involving incubation
of cells and tissues with DHA, a clear-cut and repro-
ducible result has been reported, almost without ex-
ception: celis rapidly take up DHA and reduce it to
AA,1—4,6—17,20.21.25,27.3(},93—105 Many Of theSﬂ Studif:s, as
well as others,'®"!® have also shown that AA is taken
up by cells, but generally at a slower rate in comparison
to the rate of uptake of DHA under similar conditions.
The one exception cited earlier is found in the study
of Hornig et al.”* in which it was reported that guinea
pig erythrocytes took up DHA but did not convert it
to AA in any appreciable amount, that is, mainly DHA
was found in the cells. We note that Hornig et al.
carried out their incubations at pH = 63—6.4. As
shown in Figure 3, at this low pH there is virtually no
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reaction between GSH7and DHA. We believe this is
the reason why Hornig et al. found little AA in the
cells fed DHA. Indeed, we suggest that incubations at
this low pH may be an excellent way to “trap”” DHA
in cells! With respect to the mechanism of DHA up-
take, Vera et al.'® provide direct evidence, which con-
firms and extends earlier suggestions,'®"!* that DHA
is transported into cells by the glucose transporters. In
the case of AA uptake, its transport has been reported,
depending on the tissue, to be Na-dependent,®*'**117
Na-independent,® or sugar-dependent.’®

That cells take up DHA and readily convert it to
AA is a significant experimental advantage for several
reasons. First, the experimentalist has the opportunity
to manipulate the intracellular levels of these com-
pounds using straightforward procedures: cells are
simply incubated in the presence of DHA for variable
periods of time, and then the levels of DHA and/or AA
are measured. Second, when the incubation mediom
contains only DHA, the subsequent measurement of
AA in the cells reflects the unambiguous intracellular
reduction of DHA to AA, essentially uncontarninated
by the external environment. This set of circumstances
can be contrasted with the situation involving GSH/
GSSG, because, as Meisier™ has carefully docu-
menied, neither of these compounds is efficiently trans-
ported into cells. It is for this reason that Meister chose
an inhibitor of GSH synthesis, L-buthionine-SR-
sulfoximine, and a GSH analogue, GSH monoethyl
ester, respectively, to decrease or increase the intracel-
lular level of GSH.

We are now in a position to close this discussion
by focusing on an evaluation of the physiological effi-
ciency of the redox coupling between GSH and DHA.
Let us consider an hypothetical cell that contains
known amounts of GSH and AA. The function of the
redox couple is best probed using an agent that spe-
cifically oxidizes AA to DHA and that has no direct
interaction with GSH. Following the oxidizing epi-
sode, the level of AA and GSH is measured over time.
A comparison of the concentrations of GSH and AA
pefore and after the oxidative insult vields an estimate
of the efficiency of the couple, full recovery of AA
reflecting 100% efficiency. The first guestion is
whether there are available agents with the required
specificity. The more commonly employed cellular ox-
idants, such as H,O, and t-butylhydroperoxide (tBHP),
react nonenzymatically with both GSH and AA and,
therefore, are poor choices in this experimental para-
digm. A better choice, as reported by Melhorn,” in-
volves the use of nitroxides that are reduced intracellu-
larly by AA. Indeed, Melhorn used nitroxide reduction
kinetics and spin trapping to evaluate the free radical
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Fig. 12. A comparison of the rate of loss of ascorbic acid in a 0.1
M sodium phosphate (pH = 7.4) solution (room temperature) that
contains either 1.0 mM tertiary butylhydroperoxide (tBHF), 1.0 mM
hydrogen peroxide (H,0;) or 0.5 mM TEMPOL.

scavenger role of AA in human red blood cells. We
can confirm that the nitroxide, 4-hydroxy fempo
(TEMPOL), effectively oxidizes AA but spares GSIL
In Figure 12, we show that TEMPOL oxidizes AA at
a rate that is considetably faster than the oxidation of
AA by either 11,0, or tBHP. That TEMPOL does not
oxidize GSH in a phosphate buffered medium (pH =
7.0—-7.4) was shown in other experiments in which
ImM GSH and 3mM TEMPOL were incubated to-
gether for 5—60 min. Subsequent measurements of
GSH?! (essentially a set of standard curves) revealed
that the concentration of GSIH was unchanged over the
duration of the experiment (data not shown).
Melhorn® cartied out clever and highly original ex-
periments that showed that human erythrocytes could
be depleted of AA using the nitroxide DMTA
(N,N,~dimethylamino-2,2,6,6-tetramethyl piperidine-
N-oxyl). The level of AA was not directly measured
in his study but, rather, was inferred from the rate of
reduction of DMTA. For example, Melhorn stated that
“repeated washing of the cells in the presence of 1
mM DMTA substantially decreased intracellular ascor-
bate, as judged by the greatly diminished initial ni-
troxide reduction rate’” {p. 2726). Furthermore, and
most relevant to this discussion, Melhorn reported that
“treatment of ascorbate-depleted cells with DHA re-
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stored nitroxide rediiction activity and yielded a mark-
edly nonlinear relationship between DMTA rednction
rates and DELA concentrations” (p. 2726). This result,
however, does not address the issue of the efficiency
of the redox couple between GSH and DHA, because
the cells were resupplied with DHA after incubation
with DMTA. Rather, the correct implication of the
finding as stated by Melhomn (and with which we
agree), is that ‘‘the restoration of nifroxide reducing
activity when ascorbate-deplete cells were incubated
with DITA indicates that thiols are not depleted and
the pentose phosphate pathway is not substantially im-
paired by the procedure’” (p. 2729). We wish to be
very careful in our interpretation of the experiments
of Melhorn, because his article is the seminal and, to
date, only publication to our knowledge that uses a
nitroxide to specifically oxidize AA inside a living cell.

We have both followed and extended in several
important ways the example of Melhorn™ to further
dissect and probe the physiological interaction between
GSH and AA in control and oxidatively challenged
monolayer cultures of human retinal pigment epithelial
(RPE) cells. Measurements were made of the celular
levels of AAM! and GSH>® before, during, and after a
15-min exposure of the cells to 1 mM TEMPOL, a
nitroxide analog of DMTA that rapidly penetrates and
exits from cells.” The results of these experiments,
conducted at 37°C and pH = 7.4, are displayed in
Figure 13A—F (see legend to Fig. 13 for methodologi-
cal details). At the start of the experiments, these 2nd—
4¢h-passaged, confluent cell cultures contained no de-
tectable AA, whereas the GSH content at t = ( was
68 = 3 nmol/mg protein (n = 15 = SD). We therefore
incubated the cells for 30 min with either 2 mM DHA
(panels A—C) or 2 mM AA (panels D-F) to promote
the uptake and, in the case of DHA, its reduction to
AA. It can be seen that incubating the cells in serum-
free MEM containing 2 mM DHA led to the rapid
appearance of AA, 200 nmol AA/mg protein being
formed, and that much of this AA was retained in these
cells when they were subsequently incubated in DHA-
free MEM medium (control; open bar above each
graph). In panel B, we show that a 15-min exposure
to 1 mM TEMPOL caused nearly a 75% loss in the
cellular content of AA. Based on the known chemistry
and thermodynamic properties of the reaction between
TEMPOL and AA (46), it is reasonable to assume that
DHA is a product of this reaction in the cells, although
direct measurements of DHA have not yet been made.
When these cells were returned to DHA-free MEM
mediurm, there was only a small, incomplete recovery
of AA over the next 60 min. To our knowledge, this
represents the first attempt in the literature to measure

the extent of the endogenous recovery of AA in oxida-
tively challenged cells. The poor recovery of AA under
this condition suggests a low efficiency in the redox
regeneration of AA in human RPE cells. In contrast to
the incomplete recovery shown in panel B, resupplying
DHA (panel C) to AA-depleted cells (the Melhorn
experiment) led to full recovery of AA, that is, the
ievels of AA were the same before and after exposure
of the cells to TEMPOL. This shows that TEMPOL,
like DMTA,” does not-disrapt GSH-dependent reduc-
tion of exogenously supplied DHA. Although not
shown, the GSH content of the cells was not signifi-
cantly different from the averaged t = 0 value at all

_time points during the experimental paradigms. Essen-

tially the same observations were made when AA was
supplied to RPE cells (panels D-F). Thus, RPE cells
took up AA, TEMPOL caused a decline in its concen-
tration, recovery of AA was incomplete when cells
were returned to MEM, but it was complete when cells
were resupplied with AA.

That GSH is required in RPE cells for the reduction
of exogenous DHA was shown in separate experiments
in which cells were pretreated with 1,3-bis {2-chloro-,
ethyl)-1-nitrosourea (BCNU),’? which irreversibly in-
activates glutathione reductase, prior to incubating the
cells with 2 mM DHA., In this case, we found that less
than 20 nmol AA/mg protein were formed, and GSH
content declined by approximately 75% after 30 min
in DHA-containing medium. A substantial loss of GSH
has also been found in lens epithelial cells treated in
a similar way, that is, pretreatment with BCNU fol-
lowed by exposurg;to DHA."'? As expected, treatment
of RPE cells with BCNU did not prevent the cells from

. accumulating AA, when the cells were incubated in

the presence of 2 mM AA.

An assumption in the foregoing discussion is that
DHA is produced intracellularly as a result of treatment
of RPE cells with TEMPOL. Thus, the failure to regen-
erate AA (panels B and B) when cells are returned to
MEM suggests that the coupling between GSH and the
endogenously produced DHA is inefficient, probably
because the rate of reduction is slower than the rate of
hydrolysis of DHA. However, we have not yet mea-
sured the DHA. content in TEMPOL-treated cells, We
have tried to obtain some information on this point in
test tube experiments similar to those shown in Figure
6. We have found that when TEMPOL, instead of
cupric ions, is used to promote the oxidation of AA,
the addition of GSH leads to partial recovery of AA.
Because GSH does not react with A-radical (Fig. 10),
the observed recovery of AA must be due to reaction
with the DHA that was formed during the TEMPOL-
induced oxidation of AA. Still, measurements of the
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Fig. 13. Levels of ascorbic acid, expressed as nmol/mg protein,

in monolayer cultures of human retinal ptgment epithelial (RPE)

cells. In panels A—C, cells are incubated in MEM medium containing 2 mM DHA (solid bar) for 30 min. Following this load-
up perod, the ceHs are incubated as follows: Panel A, cells are returned to control, MEM media (open bar); panel B, cells are

incubated with 1 mM TEMPOL (Tmpl) for 15 min (cross-hatched bar) and then returned to ¢
are incubated with 1 mM Tmpl for 15 min and then incubated with MEM media containing 2

1, MEM media; Panel C, cells
wlvl DHA, Panels D-F: sequence

is similar to that described for panels A—C, except ascotbic acid is present in MEM media where noted. Methods are as follows:

RPE cells are grown to confluency in MEM media containing 10%
4 ml medja per dish), the growth media is replaced with serum-free
Dehydroascorbic acid (DHA) is freshly weighed out 5 min

fetal calf serum. When confluent (60 mm culture dishes, 3—
MEM media, which is then used thronghout the incubations.

befors needed, while ascorbic acid (AA) is made as a 100-fold

concentrated solution and diluted to appropriate concentration just before use. All incubations are performed at 37°C in the
presence of 20% Oy75% N,/5% CO,, and pH of all media is 7.4. At any given time in the experiment, the culture dishes are
rinsed 3 times with ice cold 0.9% NaCl, and the cells (typically 2 X 10° cells/dish) are scraped into a total volume of 0.5 ml ’
of 5 mM EDTA. Then ¢.1 ml of 20% TCA is added. The suspension is sonicated for 1—2 min, centrifuged at 10,000 g for 10
min. Ascorbic acid in the clear supetnatant is defermined according to the method of Omaye, Turnbull, and Saubetlich.”! The
most important pare of the assay is the inclusion of PCMB to tie up SH groups, because otherwise the assay reads SH as well

as ascorbic acid, and this may fead to a serious overestimate of the concentration of ascorbic acid. Ascorbic acid standards are
fun each and every experiment, Glutathione is measured using the standard DTNB reaction.’ The nambers next to the data
points represent the number of individual culture dishes that are analyzed. Although not shown, standard deviations are all less
than 10% of the averaged value at any given time point. Micrascopic evaluation of the confluent RPE cells revealed that the

cells were normal at the end of each experimental regimen,

oxidation products of AA in TEMPOL treated cells
are needed. For example, it was originally assumed
that DHA was produced as a consequence of the trans-
formation of dopamine into norepinephrine by the ac-
tion of dopamine-B-hydroxylase in chromaffin gran-
ules, but it is now very well accepted that the product
is, in fact, A-radical.””’®"*~™ It was previously re-

ported that semidehydroascorbate reductase activity
was detected in a variety of bovine ocular tissues, in-
cluding RPE-choroid.” In this mixed tissue prepara-
tion, the specific activity was 0.75 nmol/min/mg pro-
tein. In our experience using homogenates (not super-
natants) of human RPE cells (n = 6) incubated under
standard assay conditions for measuring this enzyme,
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for example, AA, ascorbate oxidase, H,0, and NADH,
we are unable to consistently detect its presence. More
work on this enzyme may be needed, especially in
conjunction with guantitative ESR measurements of
the A-radical in cells.

CONCLUDING REMARKS

We hope the reader understands and better appreci-
ates the long history of experimental investigations that
have focused on the question of the importance of the
redox couple between GSH and AA. This body of
work has unequivocally established that GSH directly
and nonenzymatically reduces DHA to AA in simple
solutions and in animal cells and tissues. Indeed, this
result is the basis for the inclusion of the GSI/GSSG
and AA/DHA redox cycles in the antioxidant cascade
shown in Figure 1 in this article, and in couniless other
articles. So, in the grand tradition of *‘I'm okay, you're
okay,” the redox couple is alive and well, because
cells take up exogenous DHA and in the presence of
GSH convert it to AA in the cytoplasm. But, herein
lies a problem. The scheme shown in Figure 1 assumes
that the oxidized and reduced pools of both GSH/
GSSG and AA/DHA are in the cytoplasm, It follows
that the only source of DHA for reduction by GSH is
from the oxidation of the intracellular pool of AA.
When we used TEMPOL to specifically oxidize the
intracellular AA in cultured human RPE cells, only
partial regeneration of the AA was observed when the
cells were returned to TEMPOL-free media. These re-
sults raise concerns regarding the efficiency of the
GSIVDHA redox couple, when DHA comes exclu-
sively from oxidation of intracellular AA. These con-
cems, expressed previously’' on the basis of results
obtained in test tube experiments and expressed again
here on the basis of experiments with living cells, lead
us to suggest that the cellular reduction of DHA under
this condition is insufficient to offset its decomposi-
tion. The problem arises because of the marked insta-
bility of DHA at physiological temperature (37°C) and
pH (7.4) of mammalian cells, as noted in the earliest
publications in this field.'™* On the other hand, the fact
that AA could be recovered fully when TEMPOL-
treated RPE cells were subsequently bathed in TEM-
POL-free media containing DHA or AA supporls our
carlier suggestion’ that transmembrane fransport pro-
cesses play an important role in regulating the level of
AA in normal and oxidatively challenged cells. We
therefore suggest that the antioxidant cascade (Fig. 1)
be amended to include two additional arms to illustrate
entry of exogenous AA and DHA. into the cytoplasm.
With this amendment, AA can be formed by reaction

between GSH and intracellularly derived DHA
whether the DHA comes from oxidation of AA or from
uptake of exogenous DHA. Clearly, the intracellular
AA pool can also be replenished by uptake of exoge-
nous AA, without involvement of redox cycling. Sort-
ing out the relative contributions of these pathways, in
the context of the typical extracellular concentrations
of AA (mM) and DHA (uM), is a challenge for the
future.
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