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Abstract—Redox state is a term used widely in the research field of free radicals and oxidative stress. Unfortunately,
itis used as a general term referring to relative changes that are not well defined or quantitated. In this review we provide
a definition for the redox environment of biological fluids, cell organelles, cells, or tissue. We illustrate how the
reduction potential of various redox couples can be estimated with the Nernst equation and show how pH and the
concentrations of the species comprising different redox couples influence the reduction potential. We discuss how the
redox state of the glutathione disulfide-glutathione couple (GSSG/2GSH) can serve as an important indicator of redox
environment. There are many redox couples in a cell that work together to maintain the redox environment; the
GSSG/2GSH couple is the most abundant redox couple in a cell. Changes of the half-cell reduction potentél (E

the GSSG/2GSH couple appear to correlate with the biological status of the cell: prolifergtica E240 mV;
differentiation g, ~ —200 mV; or apoptosis £ ~ —170 mV. These estimates can be used to more fully understand
the redox biochemistry that results from oxidative stress. These are the first steps toward a new quantitative biology,
which hopefully will provide a rationale and understanding of the cellular mechanisms associated with cell growth and
development, signaling, and reductive or oxidative stress. © 2001 Elsevier Science Inc.
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INTRODUCTION do not know on a quantitative basis the “redox environ-
ment” needed to initiate a particular set of cellular sig-
I often say that when you can measure what you are speakingnals. In this work we (i) provide a definition for redox
about and express it in numbers you know something about it; environment; (ii) provide a definition of redox state; (iii)
but when you cannot measure it, when you cannot express it in show how the Nernst equation can be a tool to provide

E#]rgbers, your knowledge is of a meagre and unsatisfactory quantitative estimates of redox state; (iv) review impor-

—Lord Kelvin in Popular Lectures and Addresses, lecture tant biological redox couples that play a role in deter-
on Electrical Units of Measurement, 1883 mining the cellular redox environment; (v) illustrate how

glutathione uniquely contributes to the cellular redox
It is now realized that the direction of many cellular environment; (vi) examine how protein sulfhydryl
processes depends on “redox state.” But at present thegroups participate in these processes; and (vii) present a
termredox statds not well defined. The research in this framework for how the redox state of the GSSG/2GSH
area is mostly observational in that cells or tissues are couple and the biological status of a cell are linked. This
subjected to an oxidative or reductive stress and then theframework leads to the proposal that the biological status
effects are observed. The research community has not yetof a cell is intertwined with its redox environment.
related the applied stresses to quantitative changes in
redox environment, only to qualitative changes. Thus, we REDOX STATE AND REDOX ENVIRONMENT,

DEFINITIONS
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For humans, this is achieved by capturing the energy where, Eis the half-cell reduction potential for a given
released in oxidation processes to: (i) build cellular and redox pair and [reduced specigis]the concentration of
organismic structures, (ii) maintain these structures, and the reduced species in that redox pair. It may be imprac-
(iii) provide the energy for the processes they support. tical to measure all linked redox couples present in
The energy comes from the movement of electrons from biological settings to determine the redox environment.
oxidizable organic molecules to oxygen. This results in Instead, a representative redox couple could be used as
an overall reducing environment in cells and tissues. indicator for changes in the redox environment. For
Redox couples in cells are, of course, responsive to example, in the cell the GSSG/2GSH couple provides a
electron flow, that is, changes in the reducing/oxidizing very large pool of reducing equivalents. It is considered
environment. Some of these redox couples are linked to to be the cellular redox buffer. Therefore, the redox state
each other to form a set of related couples. Sets of of this couple could be used as an indicator for the redox
couples can be independent from other sets if activation environment of the cell.
energies for reactions are high and there are no enzyme As mentioned above, the term redox state has been
systems to link them kineticly. The redox environment of hijstorically used to describe the ratio of the interconvert-
a cell is a reflection of the state of these couplextgn jple oxidized and reduced form of a specific redox cou-
was the originator of studies that addressed cellular re- ple, for example, [free NAD]/[free NADH]. However,
dox biochemistry [1]. His laboratory developed ap- thjs definition needs to be broadened so that it is appli-
proaches to determine the states of various redox couplesgple to all redox couples, such as the GSSG/2GSH
in cells and was the first to estimate the actual cellular couple. As discussed below, to have full knowledge of
reduction potentiald§t-Potentia) for the NAD*/NADH the redox state of the GSSG/2GSH couple, absolute
and NADP'/NADPH couples. concentrations are needed. This is in contrast to the
Redox state is a term that has historically been used to NyAD*/NADH or NADP/NADPH couples where only
describe the ratio of the interconvertible oxidized and e ratio of the interconvertible oxidized and reduced

reduced form of a specific redox couple. For example, t5m of these redox couples is enough. Thus, the defini-
Sir Hans Krebs focussed on the NAD"AD.H couple tion of the term redox state needs to contain reduction
and defmeij the redox state of this couple in a cell to be qtential. Another important factor for the redox state is
[free NAD"}/[free NADH] [2-4]. In recent years, the e requcing capacity of the redox couple, that is, how

term redox state has been used not only to describe thelarge is the pool for the redox buffering system. Com-

state of a particular redox pair, but also to more generally bining both reduction potential and reducing capacity, a
describe the redox environment of a cell. This more definition for redox state would be:

general use of the term redox state is not very well

defined and differs considerably.from historical uses. We The redox stateof a redox couple is defined by the
suggest that the_term redqx environment be used Whe?‘ half-cell reduction potential and the reducing capacity of
general description of a linked set of redox couples is that couple.

intended. A definition would be:

A convenient notation for the status of a redox pair, such
as GSSG/2GSH, would be {HGSH); [GSH]}, e.g.,
{—180 mV (GSH); 3.5 mM}.

Theredox environmenof a linked set of redox couples

as found in a biological fluid, organelle, cell, or tissue is
the summation of the products of the reduction potential
and reducing capacity of the linked redox couples

present. HOW TO CALCULATE REDUCTION POTENTIALS OF

i i REDOX REACTIONS
Reduction potential can be thought of as a voltage and

reducing capacity would be total charge stored, that is, The Nernst equation

number of electrons available. Reducing capacity would

be estimated by determining the concentration of the In 1889 Walter H. Nernst investigated the theory of
reduced species in a redox couple; the reduction potentialgalvanic cells and developed what is now known as the
can be estimated with the Nernst equation. In mathemat-Nernst Equation The Nernst equation allows one to

ical terms this could be represented by: determine the voltage of an electrochemical caE)
taking the Gibbs energy changdG) and the mass
n (couple) action expression (Q) into account (Reactions 2-5). The
redox environment >, E X [reduced species] Nernst equation has broad applications in biology be-
-1 cause much of biology involves electron transfer reac-

D tions. These reactions are responsible for producing en-
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ergy and for building and maintaining structures needed
by an organism.
The voltage of an electrochemical cell is directly
related to the Gibbs energy change.
AG° = —

NFAE®, )
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61.5 mV

AE = AE° — - log Q (6¢)

Thus, with the Nernst equation the reduction potential
between two redox couples (electrodes) in an electro-
chemical cell can be estimated.

where n is the number of electrons exchanged in the Redox reactions and equilibrium

chemical procesd; is the Faraday constant, aidE® is

the electromotive force under standard conditions, that

is, the difference in the standard reduction potentials of
the two half-cells involved in the process. The super-
script ° implies the thermodynamic standard statéfe,

however, occurs under nonstandard conditions. Under"' * .
nonstandard conditions the relationship can be derived Pair (E

from a process such as:

aRed + bOx, = cOx, + dRed 3)

AG = AG° + RTInQ (4)
[Ox,]° [Red)]’

~ [Red]* [Ox,]° ®)

where Q is the mass action expression; RT In Q is the
“correction” factor for being at nonstandard conditions.

UsingAG = —nFAE, AG° = —nFAE®, and Eqgns. 4
and 5, the voltage of an electrochemical cell can be
expressed as:

RT
AE = AE° — E InQ Nernst Equation
(62)

where R is the gas constant (R8.314 J K mol™%), T
the temperature (in Kelvin), anfd the Faraday constant
(F = 9.6485x 10* C mol™%). This will yield results in
volts. The Nernst equation at ¥ 25°C (298.15 K),
using 2.303 as the conversion factor for In into,lggan
be written as:

59.1

mVI
— 0 logQ

AE = AE° — (6b)

The Nernst equation at ¥ 37°C (310 K) is:

1Standard conditions: E°, G..° imply 1 molal solution (unit
activity); 1 atm pressure for gases;=1298 K or 25°C and pH= 0. If

a nonstandard condition is to be used as a reference state, such as th

pH being 7, then a prime mark)(is added to these notations, i.e., E°
G, etc. All E®° and E® are measured against the normal hydrogen
electrode. This electrode by convention is defined to have E° ahd E°
= 0 mV. A potential for the half reaction: O% ne" — Red is a
reduction potential; an oxidation potential corresponds to-Re@x +

ne  as a half reaction (see reference [9]). In this work all values of E
are reduction potentials unless otherwise noted.

From a thermodynamic point of view, a cell is clearly
not in equilibrium with the environment. Equilibrium
with the environment will be achieved when a cell dies,
AE = 0. That is, the reduction potential of all redox-pairs
in the cell will shift to the potential of the £H,0 redox
= +0.82 V at pH 7.0). Inside a cell the
chemical reactions attempt to achieve equilibrium. Only
selected reactions are allowed freely to proceed toward
equilibrium, for example, sugars O, — CO, + H,0.
However to maintain structure and function many pos-
sible reactions are not allowed to proceed toward equi-
librium; they are maintained in a nonequilibrium steady
state. Therefore, over short periods of time, the concen-
trations of these redox pairs and the ratios [Ox]/[Red] do
not change, and the Nernst equation can be applied:

Redox-pair1 Red— Ox; + e~
Redox-pair2 Ox+ e — Red
Redox-reaction Rgd+ Ox, = Ox; + Red,

The electromotive force from these redox pairds =

E, — E, (E, will be the reduction potential for the
half-reaction of the species that is reduced andsEhe
reduction potential for the half-reaction of the species
that is oxidized in the overall reaction).

. 59.1mV [Red]
AE:(EZ‘ n [OXJ)
. 59.1mV [Red]
‘(El‘ n o0 [0x11> @

Each redox pair forms an electrochemical half-cell. The
electromotive forcé\E is the difference in the reduction
potential of the half-cells of a system. WhAE is zero,
there is no net electron flow.

We do not have a definite battery in biology and we
really are not at equilibrium. But by using the Nernst
equation we can still make estimates of the half-cell
reduction potentials for various redox couples in biolog-
ical settings.

Redox processes and pH

Many redox reactions are pH-dependent. Thus, the
concentration of H needs to be considered, as it can
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Fig. 1. The reduction potential of redox couples can be pH dependent.
Shown are two examples of how the reduction of two different redox
pairs change versus pH. The two examples have quite differegs, pK
but the half-cell potentials at pH O are the same. Data were derived
from Eqn. 10 using a half-cell potential ¢f350 mV at pH 0.

change the half-cell potential dramatically. For example,
for the half-reaction:

A+e +H =AH (8)
if the species AHis an acid, then:
AHE AT 4+ 1 9)

If [total radical] = [A""] + [AH"], then the pH depen

dence can be demonstrated by a simplified Nernst equa-

tion:

Em

E, — 59.1 mV Io< ) at 25°C

(10)

1
Ka+[H]

where E, is the midpoint potential for the redox-couple
A/A"", that is, when [oxidantf [reductant], E is the
potential with [H"] = 1 M, and n= 1. Figure 1shows
this pH dependency for two different couples, one where
AH" has a pK of 5 and the other where pKs 9. Note,
that if the pK, is above physiological pH (pH 7.4), then
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presentation of the influence of pH on reduction potential
see the discussion by Wardman [5].) For simplicity, the
most practical approach for using the Nernst equation to
estimate E. at different pH values is to adjust the 'H®

the value at the pH of interest. For example, for a
two-electron reaction:

A+ 2H" + 26 = AH, (11)
the Nernst equation can be written as:
E o _E 59.1 mV [AH ] dne 2
P = n C9QarHT AT
(12)

where, E,, is the half-cell reduction potential at a par
ticular pH. There are two ways to calculate,F For
example, if we assume standard-state concentrations for
A and AH,, that s 1 M and standard temperature 25°C
(298 K), then the two approaches are:

1) E°is the potential at standard conditions (pH0), so
the actual [H] is inserted into Egn. 12 and then
solved. For example the;ﬁ:0 for the GSSG/2GSH
couple is approximately-180 mV. At pH 7, that is,
[H'] =107, Epyy (Or E”)is =240 MV, By 4 =
—264 mV, and ,,—g = —299 mV.

2) Because for biological compounds the values of E°
(pH = 7) are commonly tabulated, the calculation of
Eyn is easily achieved using E°

En = E* + ((pH — 7.0) X (AE/ApH)) mV
(13)

where, AE/ApH is the change in E if the pH is increased
by 1 unit, Table 1.

Using the GSSG/2GSH couple again as an example,
at 25°C:

E, .= —240+[(7.4—7.0)x—59.1] mV = —264 mV

(14)

The value of AE/ApH is dependent on the number of
electrons and the number of protons involved in the

changes in pH can bring about changes in the reductionprocess (see Table 1). Thus, pH must be considered
potential for a couple. But if the couple has no acid when estimating the redox state of a redox couple. Shifts
hydrogens involved or if the pKis significantly below in pH can have different consequences in cells: (i) if the
physiologic pH, then reasonable changes in cellular pH cellular pH shifts, then to maintain a given value of the
will have no influence on [E for this redox couple. The  reduction potential the ratio of the concentration of pH-
example above, Eqns. 8—-10, has only one proton and, ofdependent redox couples would have to change; or (ii) a
course, one pKinvolved in the prototropic equilibrium.  shift in pH could be counterbalanced by an appropriate
There are other scenarios, such as two protons with two shift in the reduction potential of certain redox couples,
different pK;s, for example, ascorbic acid and catechols so that important ratios such as [NAP[NADH] can

or two protons with one pKsuch as the glutathione remain unchanged. For example, if the pH increases,
disulfide/glutathione couple. (For an excellent concise then a decrease in the ratio of [lactate]/[pyruvate] can
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Table 1. Changes in E if the pH is Increased by 1 uAE/QApH)

AE/ApH? AE/ApH?

Number (mV) (mV)
of H* Reaction 25°C 37°C Example pK Ref.
0 Ox + 26~ <> Red™ 0 0 none
1 Ox+ e + H" < Red —59.1° -61.8 AsC ™, H/AscH™ —0.7/4.2/11.8 [150]
1 Ox + 2 + H" < Red” —29.6 —30.8 NADP*, H*/NADPH >10.5 [20,151]
2 Ox + 2 + 2H" < 2Red —59.1 —61.5 GSSG, 2R/2GSH 8.9Z7 [65]

Ox + 2e + 2H" < Red -59.1 —-61.5 TrxSS, 2H/Trx(SH), if pK gy >
2 physiol pH

@Keep in mind that the pH of interest must be less than the applicablémplse these values, otherwid&/ApH = 0, see Fig. 1.
b These values foAE/ApH will hold in the physiological pH range for ascorbate, the example, i.e. >p#H2.
¢ These pKs are for the species As¢HAscH,, and AscH, respectively.
dThis is deduced from the data of Rodkey and Donovan in that there is no evidence gfrath& curve of E vs. pH over the range 6.2 to 10.5,
a straight line with slope= —30.3 mV per pH unit (30°C).
¢ This pK, is for the SH-group of GSH; it is dependent on ionic strength. Both the amino and carboxyl groups are involved. At physiological pH
the carboxyl groups are ionized while the amino group is mostly protonated; thiopte thiol is 8.92 at ionic strength of 160 mM [152,153].
The more commonly quoted pkof the thiol group is 9.2. The value 9.2 is the p#f 8.92 extrapolated to zero ionic strength.
This table was adapted with minor changes from ref. [6].

counterbalance the pH shift, preserving the important is a candidate redox pair. This couple may be a source of
ratio of [NAD")/[NADH] [6]. superoxide production in cells and tissues [10—-12]. The
reaction would be:

REDOX REACTIONS IN BIOLOGY, SOME EXAMPLES CoQ~ + 0,=CoQ+ O, (16)

le -process E°(CoQ/CoQ ") = —40 mV [5] (17)

The redox reactions of superoxide in typical biologi-
cal settings are Ieprocesses. The Nernst equation for The Nernst equation for this system is:
the O/O," redox pair would be:

E.. = E* — 59.1 log [Q)/[O,] mV
at 25°C, pH 7.0 (15a)

AE = { =160 mV — 59.1 log ([Q" /[O4])}
—{ —40 mV — 59.1 log ([CoQ]/[CoQ])} (18a)

, _ B [0, ] [CoQ]
where, E° 0~ = —160 mV* [7,8,9] and K, is the AE = —120— 59.1 Iogmm

half-cell reduction potential. For example, if the steady- (18b)
state level of superoxide in a cell is 78 M and dioxy:
gen is 10uM (10~° M), then: . . .
If the ratio of [O," J/[O,] is 10 %105, then a ratio
Enc = —160 mV — 59.1 log (10'Y107°) of [CoQJ/[CoQ ] of 1000/1 would yieldAE ~ 0. The
at 25°C, pH 7.0 (15b) reac;t_ior? would be at thermodyngmic equili.brium;. the
E — 1136 mV. eql_J|I|br|um c_onstant for the _reacUon, as Wr|tten,ws.
he 10 2. According to Le Chatelier’s principle, decreasing
the steady-state level of O in the mitochondria by
increasing manganese superoxide dismutase levels will
increase the flux of @ produced in the mitochondria.
That this could indeed happen was shown in intact mi-
tochondria using dihydroorotic acid as a source gf O
2Two different thermodynamic reference states are used for the [13]. Antimycin A and thenoyltrifluoroacetate reduced
0,/0,"~ couple. In this equation we have chosen to use the aqueous the flux of G,"~ below the limit of detection; addition of

concentration of oxygen, the appropriate reference state is a solution SOD to this incubation resulted in an increased flux of
that is 1 molal €1 M) in O, and E° = —160 mV. The second

reference state often used is 1 atmosphere,0EY is then—330 mV. _02 . An '_ncrease in the flux Of. 9_ WOUld result in an
A pressure of 1 atmosphere of, @ill result in [O,] = 1.25 mM in increase in the flux of kD,. Using dichlorofluorescein

room temperature aqueous solutions. If this reference state is used, therf|,orescence as an indicator of intracellulang in-

in the Nernst equation &3 replaces [Q] in all equations. The same .
value for E will result. The pK of HO; is 4.7; thus, there is no creased levels of 4D, have been observed in cells that

significant pH dependence of Eih the region of pH= 7.4. overexpress MnSOD when compared to controls [14,15].

This positive potential implies that this half-reaction
could easily push toward forming superoxide by another
redox pair. The ubiquinone (CoQ)/ubisemiquinone radi-
cal (CoQ") in the mitochondrial electron transport chain
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2e -process The change in the Gibbs energy for the overall reaction
will determine if the reaction of NADPH with another
redox pair is thermodynamically favorable. One-electron
oxidation to form NADP is avoided since NADPis a
very reducing radical, E°= —910 mV. If dioxygen is
present, NADP will react very rapidly (k= 1 x 10°

M~ 1s71[21]) to form superoxide. The energetics of each
step of the oxidation of NADPH appear to be ideal for
catalysis by enzymes. The first step would be facilitated
by an enzyme with the second step providing the driving
force, both thermodynamically and kinetically, for the

The nicotinamide adenine dinucleotide phosphate sys- ©%idation. _ _
tem: NADP*/NADPH NADPH is a major source of elec- As shown above, the real—wor'ld reduction potential
trons for reductive biosynthesis. As such, it is an important fOr the NADP/NADPH half-cell is dependent on the
electron source for the glutathione system. It provides two "atio of the reduced and oxidized forms. A change in
electrond as it is oxidized from NADPH to NADP. Each  this ratio will change the potential of this redox cou-
one-electron process has its own reduction potential. ThePle, Fig. 2. The half-cell potential for the NADP
one-electron steps have been studied for the related™MAD NADPH couple is independent of the absolute con-

Most redox reactions in biology are two-electron pro-
cesses. This ensures that the majority of products from
these reactions are closed-shell molecules, thereby
avoiding potentially dangerous free radical processes.
There is, of course, a thermodynamic hierarchy for these
two-electron redox reactions [16—-18]. Examples for the
use of reduction potentials in understanding redox pro-
cesses in the free radical/antioxidant network of biolog-
ical fluids, cells, and tissues follow.

NADH couple [5,19]: centration of either species, only the ratio is needed to
estimate the reduction potential. In cells and tissues

a. NAD" + e —NAD® E” = —913mV the [NADPH]/[NADP™] ratio tends to be approxi-

b.NAD' + e +H" — NADHE® = +282mV mately 100:1, while the [NADH]/[NAD] ratio tends

c. NAD" + 26" + H* - NADH E®’ = =316 mV to be between 1:10 and 1:1000 [22]. NADPH is, in

at 25°C, pH 7.0 general, a cofactor in reductive (biosynthe;ic) reac-
tions and serves as a source of electrons, while NAD
The value of the Es for the one-electron steps cannot dependent reactions are, in general, oxidative (cata-
simply be added to estimate the overall reduction poten- holic) reactions and NAD serves as a sink for
tial because the value of E for a process depends on theglectrons. These couples are maintained many orders
number of electrons; the Gibbs energy changes for eachof magnitude away from equilibrium with each other,

step must be added: allowing them to fulfill these functions. There appear
AG, + AG, = AG, tq be cytosolic binding sites Fhat favor the binding of
either NADH or NADP', helping to keep the couples
or so far from equilibrium [6]. Beher et al. showed that
—nFE, + —n,F E, = —nF E; in rat liver approximately 80 nmol NADH/g wet
(=930 + 282) mV= —631 mV weight are bound to these cytosolic binding sites [23,

24]. In rat liver [NADPH]/[NADP'] has been esti-
Here,n = n, = 1, butn = 2. Thus, E = —316 mV. mated to be on the order of 100:1 [25]. Plugging this
As would be expected, this value is very similar to that of ratio into the Nernst equation results in a half-cell
the NADP"/NADPH couple, as determined by Rodkey, potential of —374 mV, which is quite reducing. This
E* = —315 mV [20]. For the NADP/NADPH couple potential is quite similar to-390 mV determined in
in an organism the half-cell potential is: liver cytosol [24,26,27]. This reducing nature of the
_ NADP"/NADPH couple in cells makes it an excellent
Ene = —315 - (59.1/2) log ([NADPHJ/[NADP']) mv source of electrons. NADPH is considered the primary
at 25°C,pH 7.0 (19) source of reducing equivalents for the glutathione
system, which is especially important to meet an ox-
3The oxidation of NADPH occurs in the nicotinamide moiety: idative stress.

The glutathione system: GSSG/2GSElutathione is

H o (0}
H__ &NH H M (”;\ considered to be the major thiol-disulfide redox buffer of
| > . D+ H s :[fj[ NH, the cell [28]. On average, the GSH concentration in the
H \1‘\? H H™ N7 H cytosol is 1-11 mM [29]. This is far higher than most
R R other redox active compounds. Measurements of total
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Fig. 2. The reduction potential of the NADINADPH half-cell be-
comes more positive with increasing NADPThe midpoint potential

of this couple is taken as 315 mV at 25°C and pH 7.0. The linear and
log plots provide quite different perspectives on the behavior of this
redox pair. Data points are derived from calculations using Egn. 19.

GSH* and/or GSSG levels have been used to estimate the
redox environment of a cell. Many researchers estimate
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Fig. 3. The reduction potential of the GSSG/2GSH half-cell is depen-
dent on both the ratio of [GSH])/[GSSG] and the concentration of GSH.
The ordinate represents the percent GSH that has been oxidized to
GSSG. The 10, 3, and 1 mM GSH are initial concentrations of GSH
before any is oxidized. For example, if 10% of the GSH for the 3 mM
line is oxidized, then [GSH¥ 2.7 mM and [GSSG¥ 0.15 mM. These
plots show that the same ratios of [GSH]/[GSSG] will result in different
reduction potentials as the concentration of GSH changes. For example,
if 1% of the GSH is oxidized to GSSG, then if we started with 10 mM
GSH, E,. = —250 mV; but if we start with only 1 mM GSH, then

E,. = —220 mV. These plots show how the concentration of GSH
influences k. and how [GSH] contributes to the buffering of the
cellular redox environment. Data points are derived from calculations
using Eqn. 21.

concentration. A measurement jirg/mg protein, arbi-
trary fluorescence units, or the area under an HPLC peak
can be entered into the ratio and a useful estimate made.

In contrast to the NADPH system however, the abso-
lute concentrations of the components of the GSSG/
2GSH redox pair have an impact on the reduction po-
tential. The half-cell reaction is:

GSSG+ 2H" + 2e” — 2GSH. (20)

Thus, the Nernst equation for the reduction potential of
the GSSG/2GSH half-cell will have the form:
En. = —240 — (59.1/2) log ([GSHY[GSSG]) mV

at 25°C, pH 7.0.  (21)

the redox state of the system by taking the ratio of _
[GSH[GSSG]. This is convenient as the units divide Note that [GSH] enters as a squared term. This means
out, so it is not necessary to determine an absolute that the reduction potentlal IS dependent on the GSH/
GSSG ratio and the absolute concentration of GSH, Fig.
“Total glutathione is traditionally considered to be a measurement of 3. If [GSSG] remains constant but the absolute concen-
the complete pool of GSH. For the measurement, GSSG is usually tration of GSH changes by a factor of 10. there will be a
reduced to GSH, and then total glutathione is determined. Because 1 h in th ducti .’l fth /
GSSG molecule forms 2 GSH upon reduction, total glutathiene 59.1 mV change in the reduction potentla_ of the GSSG
GSH + 2 GSSG where GSHand GSSGare the initial levels before  2GSH couple. A good example for the importance of
reduction. On_e often sees i_n the Iit_grature total _g_Iutath'rQr@_SH + calculating Fo rather than estimating onIy the GSH/
1/2 GSSG This expression is specific to the traditional kinetic assay in GSSG ratio, is provided by Kirlin et al. [30]' Colon
cancer cells were differentiated with sodium butyrate and

which GSH is used to construct a standard curve for the determination
of GSSG.
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then exposed to benzene isothiocyanate, a compound that S SH

induces detoxifying enzymes. Sodium butyrate brought T< | +2e +2H" —> T< ) (22)
about a 3.6-fold decrease in the GSH to GSSG ratio; S SH

addition of benzene isothiocyanate decreased the ratio

3.7-fold. Sodium butyrate changed by 14 mV while The Nernst equation for the thioredoxin half-cell poten-

benzene isothiocyanate changeq, by 40 mV. The tial has the same form as that of NADPH:
difference of 26 mV in k. resulted because when cells

were treated with benzene isothiocyanate they had aE,. = E° — (59.1/2) log ([T(SH)/[TSS]) mV
much smaller GSH pool due to the pretreatment with at 25°C, pH 7.0 (23)
sodium butyrate. ' ’
Thus, in contrast to the estimation of, Efor the
NADP*/NADPH couple where absolute concentrations Interestingly, the value of E¥or the various thioredox-
are not needed, that is, only the ratio of concentrations is ins can vary over a wide range-270 to—190 mV) [38],
required for the Nernst equation, the estimation of the depending on the environment of the thiol groups in the
redox state of the glutathione couple requires absolute protein. This variation in E°reflects the ease of oxida-
concentrations, that is, molarity of GSH and GSSG. tion of the thiols in the molecule, which is a function of

Therefore, the volume of the cells must be determined, the PKs of the thiol(s). The pK of cysteine is about 8.5,
which brings with it more work and many new labora- but the amino acids in the immediate environment of a

tory challenges cysteine in a protein can change this considerably, to as
The plots in Fig. 3 show not only how the concentra- low as 3.5 [39]. Basic amino acids can enhance ioniza-

tion of GSH influences £, but also how [GSH], that is, tion of the thiol, that is, lower the pKBecause, it is the

reducing capacity. contributes to the buffering of the thiolate anion, RS, that controls the oxidation of thiols,
g capactty, erng lower pK,s result in a more positive E&nd in general a
cellular redox environment. For example, if 1% of the

X -~ ) ) faster rate of oxidation.
GSH is oxidized to GSSG, then if we sta.rted with 10 mM The three redox systems NADRNADPH, GSSG/
GSH, B,. = —250 mV; but if we start with only 1 MM 5551 and TrxSS/Trx(SH)are not isolated systems.
GSH, then F; = —220 mV. A cell with 10 MM GSH g, the Trx and GSH-systems use NADPH as a source
might be more resistant to oxidative stress than a cell that o reducing equivalents; thus, they are thermodynami-
contains 1 mM GSH. This figure demonstrates that re- cally connected to each other. The redox environment of
ducing capacity is important in maintaining the redox cells and tissues is influenced by the half-cell potentials
environment. of these linked redox couples, Fig. 4. This figure clearly
shows why NADPH is the thermodynamic driving force
for the GSH and thioredoxin systems. Because the con-
The thioredoxin system: TrxSS/Trx(SHphioredoxin is centration of GSH is so much higher than that of the
another important thiol-system in the cell. It reduces other two systems, it is often considered the principal
cystine moieties in the DNA-binding sites of several redox buffer of the cell. This is seen when applying the
transcription factors and is therefore important in gene definition of redox environment. If GSH and NADPH are
expression [31,32]. Intracellular concentrations of thiore- the dominant source of reducing equivalents for deter-
doxin range from approximately 1 to 0M in bovine mination of the redox environment, then if we assume
tissue [33] and up to 1M in bacteria [34]. Thus, that in a typical cell [GSH]~ 5 mM, E,. (GSSG/
thioredoxin levels are 100- to 1000-fold less than GSH. 2GSH)= —240 mV, and [NADPH]~ 0.1 mM [6] and
The thiols of mammalian thioredoxin serve as electron Enc (NADP", H"/NADPH) = —370 mV, then from
donors (hydrogen atom) for ribonucleotide reductase as Edn- 1 above:
well as for methionine sulfoxide reductase. It also facil- Redox Environment
itates the refolding of disulfide-containing proteins and
regulates the DNA binding activity of some transcription (5 MM X =240 mV) + (0.1 mM X —370 mV)
factors [35].

In contrast to the small-molecule antioxidant glutathi-
one that forms inter-molecular disulfides, thioredoxin is a [(=1200)+ (—=40)] mV mM = —1240 mV mM
protein that usually forms intra-molecular disulfides. The
reduction of th(-a disulfide back to the dithiol form is SThis value is a middle value from estimates in various tissues. For
catalyzed by thioredoxin reductase, the source of elec- example, skeletal muscle has 27 nmol/g. Liver has a higher Ie\/el of
trons being NADPH [36,37]. NADPH, 428 nmol/g wet weight) (see ref. [6]).

Redox Environmen&
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Table 2. Compartmentation of GSH

Cellular Redox Systems

Location [GSH]/mM Ref.
100 Extracellular 0.010 [29]
0.8 [154]
0.002 [155]
€75 Cytosol 1-11 [28,156,157]
o Mitochondria ~5-11 [47,158]
- O Nucleus Approx. same or greater [29,49,159]
3 50 F ——10mM GSH | than cytosdl
S —=3mM GSH .
= 2 Alveolar lining fluid.
3 25 —A—1mMGSH ® Human plasma.
© —o— Thioredoxin ©The GSH level in the nucleus is, in general, 5-10% of total cellular
e —o—NADPH GSH. 10-20% of this GSH appears to be independent from the
— ; cytosol.

-400 -300 -200 -100 0
Ehc / mV hepatocyte has a diameter of about At while the
Fig. 4. The NADP /NADPH couple provides the reducing equivalents diameter of the cell is approxmately 4m [401' As-

needed for the thioredoxin and GSH system. The data are derived from SUmMing that the volume of each can be estimated by a
Figs. 2 and 3 and Eqgns. 19, 21, and 23. The thioredoxinsgaken as sphere, the nucleus is approximately 10-15% of the cell

—240 mV. For the NADP/NADPH couple to be an efficient source of . 0
reducing equivalents for the GSH system, these two systems should notVO|ume’ in & nerve cell the nucleus can el% of the

be at thermodynamic equilibrium. This clearly is the case as the Cell volume [41]. At the other extreme, the nucleus in

potential of the NADP/NADPH couple is considered to be on the T_|ymphocytes occupies a |arge portion of the cell vol-
order of —375 mV in the cell while that of the GSSG/2GSH couple is ume, as much as 50% or more [42]'

on the order of-240 mV (Table 4). Thus, these two redox pairs, which ‘
are connected by glutathione disulfide reductase (GR, Fig. 5), appearto ~ GSH and GSSG are found outside cells, but generally

be out of equilibrium by a factor of 1000 or more. Whether thisis truly  jn low amounts, Table 2. Extracellular glutathione is
the situation needs further investigation. thought to function in detoxification processes as well as
in providing protection against oxidant injury, but its

As seen in this example, the overall redox environment concentration is usually 100 to 1000 times less than
results principally from the contribution of the GSSG/ intracellular glutathione.

2GSH couple, demonstrating why glutathione is consid-  1he majority of GSH in cells is usually found in the
ered to be the major redox buffer in the cell. cytosol, 1-11 mM [29]. The cytosol also appears to be
the principal location of GSH biosynthesis. GSH is syn-

thesized from L-glutamate with the help of two enzymes,
GSH AND THE CELLULAR REDOX ENVIRONMENT y-glutamylcysteine synthetasg-GCS) and glutathione
; g synthetase (GS), Fig. 5. GSH synthesis can be decreased
[C;c;Tpartmentatmn of GSH and redox-environment by BSO, which inhibitsy-GCS [43—45].

The cytosol exchanges GSH with intracellular com-
When dealing with homogeneous fluids such as partments [46—48]. Some organelles however, appear to

plasma, the assessment of the redox environment is rel-have their own GSH pools that are independent of the
atively uncomplicated because the determination of the GSH of the cytosol. For example, part of the GSH pool
molar concentrations of GSH and GSSG is straightfor- in the nucleus is independent from the cytosol [49]. The
ward. But when dealing with cells or tissues, compart- independence of this GSH pool from cytosolic GSH is
mentation of GSH and GSSG may pose a problem, as allsupported by the fact that BSO does not deplete the
compartments may be at a nonequilibrium steady-statenuclear GSH pool completely [50,51]. GSH in the nu-
with respect to each other. A measurement of total con- cleus maintains the redox state of critical protein sulfhy-
tent of GSH and GSSG in cells would represent an dryls, which are necessary for DNA repair and expres-
overall redox environment, not the redox environment of sion [52].
the various compartments such as the endoplasmic retic- In contrast to the mitochondria and the nucleus, the
ulum, nucleus, or mitochondria (see Table 2 as example). endoplasmic reticulum is more oxidizing than the cy-
For many cell types, this overall measurement will rep- tosol. The ratio of GSH/GSSG appears to range from 1:1
resent principally the redox environment of the cytosol, to 3:1 [53]. This is quite low compared to the overall
as it is often the largest compartment in a cell, assuming ratio in a cell, which is typically greater than 30:1 and
that there are no large gradients of total glutathione usually= 100:1. For example, Hwang et al. report that in
between compartments. For example, the nucleus of aCRL-1606 cells (murine B-lymphocytes) the Hor the
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Fig. 5. The GSH system as we know it. This schematic shows the relationships between antioxidant enzymes and glutathione.
Compounds shown in italic (with fuzzy arrows) are inhibitors of the GSH system (AT, BCNU, BSO, DHEA, deoxyglucose).
Abbreviations: AT= 3-amino-1,2,4-triazole; BCN&- carmustine; BSG= L-buthionine-SR-sulfoximine; CAT catalase; DHEA=
dehydroepiandrosterone; G-6-Rbglucose-6-phosphate dehydrogenas&CS = y-glutamylcysteine synthetase; GSglutathione
synthetase; GPx glutathione peroxidase; GR glutathione reductase; SOB superoxide dismutase.

GSSG/2GSH couple in the endoplasmic reticulum is
—180 mV, while the cytosol has a value 6232 mV
[53]. The more oxidizing environment of the endoplas-

developed to modulate the cellular GSSG/2GSH redox
system; examples are presented in Table 3 and Fig. 5.
A recent forum on glutathione iRree Radical Biol-

mic reticulum appears to be needed to produce proteinsogy and Medicingorovides more information on GSH
that have necessary disulfide bonds. Thus, compartmen-and its cellular functions [59], regulation of GSH syn-

talization of GSH can result in different redox environ-

thesis [60], gene expression and thiol redox state [52],

ments in these compartments when compared to that ofBCL-2 and GSH [61], glutathione peroxidases [62],

the cytosol.
Some cells also export GSH [54]. The liver, for ex-

ample, is the major organ for synthesis and export of

thiol-dependent hydroperoxide metabolism in parasites
[63], and export pumps for GSH S-conjugates [64].

GSH into the plasma [55]. Also, when cells or tissues are ROLE OF PROTEIN SULFHYDRYLS IN THE CELLULAR

subjected to an oxidative stress, export of GSSG has
been observed [56]. Oxidative stress results in the for-

mation of GSSG at the expense of GSH. This shift in the
ratio of [GSH]/[GSSG] would change the redox state to
a more positive potential; if the potential rises too much
this would clearly be detrimental. Export of GSSG would
prevent this shift. The ability to export GSSG could be an
important factor in the sensitivity of cells to oxidative
stress. It has been shown that induction of oxidative
stress by perfusion of isolated heart widrt-butylhy-
droperoxide results in the rapid efflux of GSSG [57,58].

REDOX ENVIRONMENT

Numerous proteins contain sulfhydryl groups (PSH)
due to their cysteine content. In fact, the concentration of
PSH groups in cells and tissues is much greater than that
of GSH [65]. These groups can be present as thiols
(-SH), disulfides (PS-SP), or as mixed disulfides, for
example, PS-SG when conjugated with GSH). Proteins
can bind GSH, cysteine, homocysteine, gaglutamyl-
cysteine to form mixed disulfides, but GSH is the dom-
inant ligand [66]. The oxidation of the thiol form of an
enzyme or the reduction of the disulfide form of an

This efflux appears to be a part of the protection of cells enzyme can result in activation or inactivation of enzyme
and tissues from oxidative stress. A potential reason for fynction [67,68]. Protein S-thiolation-dethiolation is a
the efflux of GSSG may be to maintain the half-cell dynamic process that occurs under physiological condi-
reduction potential of the GSSG/2GSH couple and a tions in cells. This process is reversible and occurs at
favorable redox environment in the cell. By removing different rates depending on the protein and the nature of
GSSG, the denominator in the Nernst equation becomesthe thiol groups in the protein [69]. The protein S-
smaller, thereby maintaining a more negative reduction glutathiolation/deglutathiolation status should, in some
potential. way, be a reflection of the redox state of the GSH-system
In both the research lab and the clinic there is often a in the cell. The oxidation of protein sulfhydryls to mixed
need to alter the GSH pool. Many tools have been disulfides is an early cellular response to oxidative stress
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Table 3. Modulation of GSH and NADPH
Name Structure Function Ref.
Tools to increase the GSH pool
GSH, glutathione o o o GSH is taken up only in sm:_:lll amounts by [47,160-162]
+ Il I y most cell types. Thus, feeding GSH to
HsN?HCH2CH2CNHCHCNHCH2C\ o rodents increases their blood and urine
oy CH3;SH levels but not their tissue GSH.
o o ) Glutathione has to be broken down into its
glutathione amino acids, transported into the cell
and then resynthesized. Cysteine is not
a good GSH source either, as it can be
toxic.
(o]
o ] P ¢ P
H3N(|3HCNHCH20\O_ ——> H3NCHC__ __
CH,SH CHySH
cysteine-glycine cysteine
GSH-ester N ‘C‘) ‘? P GSH-esters enter the cell and increase the [163]
H3NC‘:HCH2CH2CNHCHCNHCHZC\ GSH level.
C. CH,SH O—CH,CHs Monoethy! ester is hydrolyzed to GSH and
o o ) ethanol.
glutathione monoethyl ester GSH diethyl ester transports more
? <H) o) efficiently into cells where it is rapidly
H31<ICHCHQCHZCNHCHCNHCHQC/< hydrolized to GSH monoethyl ester and
& CH,SH O—CH,CHj then to GSH.
d “O—CH,CHj
glutathione diethyl ester
NAC (H) NAC is hydrolyzed t teine inside th [164]
, I _ is hydrolyzed to cysteine inside the
N-acetyl-L- H3C—C—HNCHCOO cell.
cysteine, CH,SH It is also an antioxidant and can scavenge
L-a- various ROS and RNS such as hydroxyl
acetamidog- radicals, hypochlorous acid, and
mercapto- peroxynitrite.
propionic It has limited toxicity and is used for
acid treatment of various respiratory
disorders and overdose of
acetaminophen in humans.
oTC, S 5-oxo- OTC is a precursor for cysteine. [165,166,167]
L-2-0XO- )\ H prolinase
thiazolidine o g CcoO™ It is transported into the cell and

4-carboxylate
L-2-oxothiazolidine-
4-carboxylate

S CHj3 HS——CHs
‘ - COq
COO [CHCOO’ ’ ?HCOO‘
*NH3 “NHjz
L-cysteine

Tools to decrease the GSH pool

BSO, 0
L-buthionine- H3C—CH,-CHy-CH,-S=NH
SR-sulfoximine, (IiH
Amino acid [ 2
sulfoximines CHz

CH-NH,
G
(0] (0]

metabolized forming cysteine.

It improves arterial dilation in patients
with documented coronary artery
disease, suggesting that intracellular
GSH status is an important determinant
of endothelial function.

BSO selectively inhibitsy-glutamyl-
cysteinesynthetase/{GCS) thereby
inhibiting the synthesis of-
glutamylcysteine, a precursor of
glutathione. BSO mainly decreases the
cytosolic GSH.

Although GSH synthesis is blocked, the
cell's use of GSH, the export of GSSG,
and the reduction of GSSG to GSH by
glutathione reductase continues.

[43-45,168]

(Continued)
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Table 3.Continued
Name Structure Function Ref.
EA, Ethacrynic OCH,COOH Ethacrynic acid conjugates GSH via
acid glutathione-S-transferase. EA prevents
the use of GSH, but not its synthesis.
EA reduces the cytosolic and [169]
mitochondrial GSH pool.
‘C‘fﬁfCHszHs
O CH,
BCNU, BCNU carbamoylates the lysine residue in [170]
Carmustine 1?70 the active site of glutathione reductase
(1,3-bis(2- Cl-CHo,- CHoy-N— C—NH—CH,-CHo-Cl (GR). This NADPH-dependent reaction
chloroethyl)-N- 2 2 I 2 2 is fast and inhibits GR, thereby
nitrosourea) preventing the recycling of GSSG to
GSH.
Tools to decrease NADPH
2-Deoxy-D- CHL,OH 2-Deoxy-D-glucose interferes with glucose [171,172]
9 0 ; -
glucose utilization, reducing the formation of
H o gy glucose-6-phosphate. Glucose-6-
OH H phosphate is the substrate for glucose-6-
HO OH phosphate dehydrogenase, the enzyme
H U that recycles NADP to NADPH. Thus,
2-deoxy-D-glucose decreases the
cellular NADPH pool and subsequently
GSH.
DHEA, o DHEA inhibits glucose-6-phosphate [173]
Dehydroepian H3C dehydrogenase thereby preventing the
drosterone, recycling of NADP" to NADPH.
Dehydroiso CH
androsterone
HO
Xenobiotics Cytochrome P-450 Xenobiotics that increase the flux through [174,175]
the P-450 system
[70]. The formation of mixed disulfides can occur by 'PSH+ PS-SG— 'PS-SP+ GSH (28)
several mechanisms:
PSH+ 'PS-SG— PS-SG+ 'PSH (29)

Two-electron oxidation of a protein-thiol, followed by
reaction with GSH

PSOH + GSH—> PS-SG+ H,0 (24)

or one-electron oxidation of PSH or GSH, then formation
of a disulfide

PS + GS + O, — PS-SG+ O, (25)

PS + GS + O, > PS-SG+ O, (26)
or by thiol, disulfide exchange reactions

PSH+ GSSG— PS-SG+ GSH (27)

5The formation of the sulfenic acid, PSOH, is a two-electron oxida-
tion of a thiol, PSH. This intermediate is often written as'PS

These reactions demonstrate that PSH can play a role in
the antioxidant network of cells and thereby influence the
redox environment of the cell. It has been demonstrated
that during the respiratory burst of neutrophils, up to
17% of the GSH can become protein-bound [66]. Reac-
tions 27 and 28 however, restore GSH in the cell; reac-
tion 27 not only restores GSH but removes GSSG. This
will increase the value of the numerator and decrease the
value of the denominator in the Nernst equation as writ-
ten above (Eqn. 21), maintaining the reduction potential
for the GSSG/2GSH half-cell. This reaction will preserve
glutathione in the cell and serve as a buffer for the
reduction potential. In contrast, the efflux of GSSG to
maintain the redox status during oxidative stress will
result in the loss of glutathione from the cell, thereby
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decreasing the reducing capacity, which can only be
replaced by synthesis of new GSH. Once the oxidative

stress has been met and the restoration of an appropriate

[GSHJ/[GSSG] ratio is underway, PSH can be returned
to the cellular thiol pool by the reaction of GSH with
PS-SG:

PS-SG+ GSH—> PSH+ GSSG (30)

GSH will be regenerated from GSSG through the gluta-
thione reductase (GR) enzyme system:

GSSG+ NADPH + H' 25 2GSH+ NADP*  (31)

Dethiolation of proteins, reaction 30, also seems to be

an enzyme-dependent process. Glutaredoxin, protein
disulfide isomerase, and thioredoxin reductase are can-

didate enzymes to facilitate this reaction [66,71]. In a
mixture of S-thiolated proteins from hepatocytes, glu-
taredoxin reduced the protein disulfides more effec-
tively than the other two enzymes [72]. Thioredoxin

was efficient only in combination with glutaredoxin,

suggesting that it first reduces glutaredoxin, which
then reduces the S-thiolated protein. On the other

hand, thioredoxin has been shown to reduce glyceral-
dehyde-3-P-dehydrogenase in endothelial cells ex-

posed to HO, [73]. Thus, glutaredoxin and thiore-

doxin may have different substrate preferences.
How well protein sulfhydryls serve as a redox buffer

will depend on their reactivity with GSH. In erythrocytes

it has been found that the reactivity of PSHs depends on

the pK, of the thiol and structural features, such as
accessibility [69]. For example, in response to oxidative
stress thg8125-SH residue in rat hemoglobin is oxidized
more rapidly than GSH, resulting in a mixed disulfide

(PS-SG), reaction 24. Seres et al. found three different

classes of protein-thiols in monocytes that varied in their
levels of S-thiolation before, during, and after the respi-
ratory burst [66]. These results show that S-glutathiola-
tion of proteins is reversible after oxidative stress.

1203

THE CELLULAR REDOX ENVIRONMENT THROUGHOUT
THE LIFE OF A CELL

Two of the major pathways for signaling in cells
involve: (i) phosphorylation of proteins, or (ii) changes
in the thiol status of proteins due to changes in the redox
environment of the cell. Both oxidative and reductive
stress can trigger redox cascades that bring about
changes in the thiol status of the cell. Changes in the
cellular redox environment can alter signal transduction,
DNA and RNA synthesis, protein synthesis, enzyme
activation, and even regulation of the cell cycle [31,52,
74—82]. Activities such as ligand binding, DNA binding,
and nuclear translocation have been shown to be under
redox control [83,84]. Most eukaryotic transcription fac-
tors have been found to be active only in the reduced
form. Translocation of transcription factors to the nu-
cleus is often redox-dependent [85]. It has been shown
that the nuclear translocation of the glucocorticoid recep-
tor was inhibited in the presence of 0.5-2 mM®J [86].

High concentrations of thiols have been shown to stim-
ulate proliferation of some tumor cells [87—89], consis-
tent with a more reducing environment being a factor for
increased proliferation. In contrast, cell death is initiated
by oxidizing environments. For example, pro-oxidants
such as certain arachidonic acid metabolites [90], lipid
hydroperoxides [91], redox cycling compounds such as
bleomycin [92] and quinones [93], reactive aldehydes
[94], and dithiocarbamates [95] increase the intracellular
concentration of reactive oxygen species that can induce
apoptosis. Antioxidants that serve as reducing agents,
such as NAC, GSH, and thiol-containing proteins (e.g.,
thioredoxin), have been shown to prevent apoptosis [96—
98]. Thus, the redox environment of the cell might de-
termine if a cell will proliferate, differentiate, or die
[30,99-104].

Proliferation and differentiation

Development of an advanced organism starts with the

Because the redox environment of a cell depends bothdivision of a single cell. The progeny of this cell must

on its reduction potential and reducing capacity, protein

turn into a multi-cell, multi-tissue, and multi-functional

sulfhydryls could be very important in maintaining the entity. This development occurs in a relatively reducing
redox environment of a cell; PSH can serve as a buffer to environment. In prenatal tissue GSH levels are relatively
maintain the reduction potential of the GSSG/2GSH high while antioxidant enzyme levels (SOD, GPx, and
half-cell; the large pool of PSH in cells will maintain the catalase) are low, consistent with a reducing environment
capacity of the GSH system to meet an oxidative stress.[105-107]. During the last few days in utero, rabbit
PSH might also be responsible for the lower ratio of lung-SOD and catalase levels increase 2-fold; GPx in-

GSH/GSSG in endoplasmic reticulum. Similar to the
NADPH binding sites, there might be more PSH in the
endoplasmic reticulum to bind GSH, shifting the ratio
resulting in a more oxidizing potential. The importance
of the protein thiol pool in the antioxidant network is an
active area of investigation.

creases 4-fold and GSH appears to decrease [108,109].
These changes appear to be preparations for higher ox-
ygen levels to be encountered after birth. But they also
suggest a general change to a more oxidized redox en-
vironment.

A clear example of the changes in redox environment
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during differentiation is provided by Allen et al. in a Death

study of a slime moldRhysarum polycephaluni110].

A sequential change in the antioxidant profile was ob- ~ On the other end of life, oxidizing environments can
served upon providing a stimulus for differentiation. resultin apoptosis or necrosis. Apoptosis may occur with
First, a substantial decrease (75%) in GSH was observedgmoderate, but lethal oxidative stimuli; whereas necrosis
followed by a 7-fold increase in MnSOD:; this increase would result from severe oxidative challenges. This is
appeared before the progression to a differentiated form 09ical because apoptosis requires energy in the form of
was observed morphologically. In sea urchin eggs, fluc- ATP 10 carry out the organized program of cell death
tuations of cellular thiols during development were also [128-132]. A severe oxidative stress would deplete en-
noted [111-114]. Rapkine found that trichloroaceticacid- €9y Stores and damage the machinery that produces the
soluble thiol groups decrease during the preparatory energy qeeded to |mplement the structural chapges asso-
stages of the first division, then increase during forma- ciated with apoptosis. For example, apoptosis in various

tion of the mitotic apparatus [115]. Kawamura and Dan rc]_e”s ISI md:]CEd by exp O_SLére t?j I(iv;/sle\llggs ?quﬁ? Et .
investigated the mitotic cycle in a sea urchin egg and igher levels necrosis is induced [133-135]. In leukemia

found that fertilization increased protein sulfhydryl qu|$ 9-30 uM H,0, |.nduces apoptosis; concentra-
LT . . tions = 100 uM result in necrosis [136,137]. Cai and
groups, resulting in high concentrations in prophase,

metaphase, and anaphase, and then disappearing in teIO\]ones found that apoptosis was associated with a change

phase [116]. Sandritter and Krygier found in HelLa cells Ilg rei:éjr(:;osneg?:sml_azlsgﬂ— +7 26 TOV_|26H7L;68 (rf\lg (()Ir'eé’

that protein-bound sulfhydryl groups increased in the (2 ¢ a6 v in 14729 cells [102], Table 4. There
pre-mitotic §tage, decreaged as the mitotic appgrgtusare different stages in the apoptotic pathway:

forms, and increased again at the end of cell division

[117]. More recent data indicate that intracellular GSH 1) initiation, where a signal is received,

levels fluctuate during the cell cycle [89,114]. Li and 2) the effector phase, where the signals are integrated
Oberley suggest that changes in the redox environment ~and the decision to live or die is made; and

are necessary for a cell to successfully progress through3) the irreversible execution phase with digestion of
the cell cycle [118]. They found that during the M phase ~ DNA and proteins.

of the cell cycle of NIH/3T3 cells, total glutathione and .
glutathione disulfide levels were greatly increased com- |t has been suggested that Bcl-2 could be the final
pared to quiescent cells and cells in S phase. Also, Atzori determinant as to whether cells enter the execution phase
et al. have reported that after the seeding of cells for O NOt [138]. Cytochrome c release precedes a decrease
tissue culture experiments, GSH levels increase during N 9lutathione [102]; Bel-2 can block cytochrome c re-
the lag phase, are high during the initial exponential lease. In faqt, ove.rexpre.ssmn of_BcI—2 can makg the cell
growth phase, and then fall as cells become confluent Mmore reducing without influencing overall antioxidant

[119]. These reports are consistent with the redox envi- en?;]me staltluis. q . ; b ted t
ronment of a cell having a significant role in prolifera- Us, cefiliiar recox environment can bé connected to

tion Bcl-2 and appears to be the factor that brings about the
: S . . . transition from stage 2 to stage 3, as outlined above
Induction or inhibition of proliferation due to oxi- :
. . [61,139]. We suggest that the redox environment may be
dative stress seems to be dependent on levels of oxi- . . i . )
: . the final determinant for the execution of apoptosis. This
dants in the cell. Low levels of oxidants appear to

stimulate proliferation while higher levels inhibit [93, Is supported by the finding that a decrease in GSH levels

S ] correlates with apoptosis in lymphoid cells [140].
120-123]. Oxidative stress might also select between Necrosis is thought to occur at a more oxidizing redox
cells needed for development and those that are re-

environment. Because cells literally fall apart and both

_dundant. Pierce .et _al. proposed that_ hYdroge” peroxideGSH and GSSG leak into the extracellular environment
in blastocele fluid induces apoptosis in redundant re- during necrosis, E will increase. The actual cellular

trophectodermal inner cell mass cells. Cells with em- o4y environment would be difficult to measure.
bryonic potential that will continue development into

the embryo and placenta are protected againgd,H

induced apoptosis due to their glutathione content Thiols and disulfides as nano-switches

[124]. These observations are consistent with a more

reducing environment being associated with prolifer-  The reduction potential of various redox couples in
ation [101,115,125,126] and a more oxidizing envi- the cell could be viewed as trigger to activate a cellular
ronment initiating differentiation [30,127]. switchboard. By changing the reduction potential of re-
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Table 4. Reduction Potential and Biological Status of Cells
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EnJ/mV for GSSG/2GSH (pH)

Cell line Treatmerit Proliferating Confluent Differentiating Apoptotic Ref.
HL-60 1uM —239+ @° -167 + Q° [102]
staurosporine
HL-60 Overexpressing —230° to —20%° no apoptosis at [102]
Bcl-2 + 1 uM E = —20%
staurosporine
Normal Untreated —222 (7.0y —188 (7.0y¢ [103]
fibroblast —247 (7.4) —213(7.4)
Fibrosarcoma Untreated —213(7.0y —213 (7.0y¢ [103]
—238(7.4) —238(7.4)
HT29 5 mM sodium —258 (7.39) —201 (7.40) [30]
butyrate
HT29 25 uM benzyl- —244 (7.30) —160 (7.45) [30]
isothiocyanate
Murine —23%° -170° [30,176]
hybridom&
CRL-1606 Untreated —232 (7.0y [53]
murine —257(7.4)
hybridom&
Jurkat Untreated —24@F [177]
WAL-2A Untreated —237 [177]
human
lymphocyte
WAL-2A p° (no mMitDNA) —232 [177]
human
lymphocyte

aChanging cells from proliferation to another biological state.

P The data were adjusted to the measured cellular pH, but the pH was not reported.

¢ This reported k. assumed pH= 7.0. The E. below is adjusted to pH 7.4 with Egn. 14.
4 These cells were contact-inhibited.

¢These cells were not contact-inhibited, thus, they continue to proliferate.

fThis pH was determined experimentally.

9 These cells are a fusion product of a myelomd arB lymphocyte.

dox couples, a series of nano-switchage activated that  biological status of cells. Individual molecules can have
move the cell from proliferation through various stages their switches either on or off. But, because a cell has an
of differentiation and, when stressed or damaged in such ensemble of such molecules, the change from one state to
a way that the redox environment cannot be maintained, another will look much like a titration curve of a weak
into apoptosis. Necrosis is the complete loss of the ability gcid or base. During proliferation (A) the switch for
to activate and/or respond to changes in these nano-gjfferentiation is essentially off. A change in,&oward
switches. more positive values will result in a shift in the equilib-
We hypothesize that GSH plays an important role in rjym from the thiol form to the disulfide form of enzymes

controlling these nano—switchgs. As the most abundant 5 proteins. Once a certain, Bs reached (B), differ-
redox buffer in the cell, GSH will control the status of the o ytiation is initiated and some cells will take this course.

protein thiol/disulfide equilibrium and thereby drive the Th
status of the switches as if they are rheostats. Figure 6 is
a simplified schematic of how g of the GSSG/2GSH

couple and this cellular switchboard may connect to the

e more positive f, the higher the number of cells that
will differentiate. When the differentiation switch turns
fully on (C), the proliferation switch is turned down and
finally off (D). If E,. becomes too positive, cell death
switches are activated and apoptosis can be initiated (E).
If E is very positive, programmed cell death cannot be
carried out and necrosis results (F). Note, if proliferating

“A nano-switch is a very small switch that operates on a nanometer
scale. For example, the distance between two sulfhydryls in a protein
with two intervening amino acids, such as in thioredoxin.
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S
|

apoptosis necrosis

Switch status

off

= Ehc/mv +

Fig. 6. Reduction potential-driven nano-switches move cells through different biological stages. The redox environment of a cell
changes throughout its life cycle. During proliferatiop. Eor the GSSG/2GSH couple has the most negative value. (A) The switches
for proliferation are fully on. (B) When E (GSH) becomes more positive, the differentiation switches can be turned on while
proliferation decreases. (C) The more positiyg &SH) becomes, the more differentiation switches are turned on until they reach a
maximum where nearly all cells are differentiating. (D) While cells undergo differentiation, proliferation switches are turned down and
finally turned off. Cells that are not terminally differentiated could undergo proliferation with an appropriate signal and associated
redox environment. We would expect that these partially differentiated cells might shift to a more negative reduction potential, i.e., to
the left. (E) If B,. (GSH) becomes too positive, then death signals are activated and apoptosis is initiated. This mechanism provides
for the orderly removal of cells that have lost their ability to control their redox environment and therefore, are not functioning
normally. It should also coincide with signaling pathways to purposely dispose of unneeded cells. (F) Very high valu¢e S,

resulting from severe oxidative stress, leave only necrosis as a path to cell death.

cells suffer a very large change in,Ethey could be ratio by a factor of 16. Thus, a Type Il switch translates
pushed from proliferation directly into the apoptotic or changes in reduction potential into a 2-fold greater

necrotic area. change in the status of the nano-switch, compared to a
In general there are two types of thiol/disulfide Type | switch.
switches. The Type | switch is: As another example, if the difference in reduction

potential for GSSG/2GSH for apoptotic vs. proliferating

GSSG+ PSH= PSSG+ GSH (Type ) cells is+75 mV (Table 4), then from the Nernst equa-

The equilibrium constant for this switch will be:

tion, the change in this couple would be:
+75mV = —30.8 mV log [GSHY[GSSG] (36)
H] [P : :
= w] (33) This +75 mV change corresponds to a 1/300 change in

[GSSG] [PSH] the [GSH/[GSSG] ratio. If the glutathione system is in
equilibrium with a Type Il switch, then a 300-fold

For example, if [GSH}= 5 mM and [GSSG}= 25 uM, change will occur in this nano-switch. This large change
then using equation (21),g = —240 mV. If [GSH] could shift cells from a proliferating state into apoptosis.
decreases to 2.5 mM and [GSSG] increases toili0 The GSSG/2GSH couple is clearly important in the

a +35 mV change will occur resulting infg = =205  gntrol of the biological state of a cell, but it is not the
mV (the redox environment associated with differentia- e determinant. Signaling events can bring about

tion, Table 4). The [PSSG]/[PSH] ratio will change by a changes in metabolism that will change the [G3H]

factor c_>f 8, resulting in an 8-fold change in the status of [GSSG] ratio. But this couple will initiate its own sig-

the switch. o ) . nals. The chemistry of the GSSG/2GSH couple could
If the nano-switch is driven by a Type Il reaction: a6 jt an important “effector” for determination of the

GSSG+ P(SH), = PSS+ 2GSH (Type II) biological state of a cell.
(34)

One must be mindful that oxidative stimuli need not
always move a cell to a more oxidized biological state,

then, the equilibrium constant will have the form: for example, from proliferation to differentiation (to the

) right in Fig. 6). It has been shown that stimulation by
[GSHJ [PSS] mild oxidants can induce normal cells to divide. Oxida-

= 35 X S
[GSSG] [P(SH)] (35) tive stimuli seem to be normal regulators of cellular
transcription. However, when the capacity to detoxify
Using the example for the Type | switch, this samg5 the oxidants produced is exceeded, then a series of events

mV change will result in a change of the [PSS)/[P(gH) is triggered that can induce cell death [141,142]. For
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example, increased hydrogen peroxide production in vas-
cular smooth muscle cells is associated with increased
proliferation [121]. Another example is the increased rate
of proliferation observed by Ras-overexpressing cells
[143]. This appears to be the result of increased produc-
tion of superoxide and hydrogen peroxide. As first sug-
gested by Oberley et al. [120], oxidative stimuli may

result in signaling pathways leading to proliferation. The

increase in oxidant production should not be interpreted
as necessarily resulting in a more oxidative environment.
Rather the cellular response may result in an overall
more reducing environment because of the production of
reducing equivalents in response to an oxidative stress.

Cancer can be viewed as a state where the balance

between cell proliferation and cell death has shifted
inappropriately toward excess proliferation, suggesting
that cancer tissue would have a more reducing environ-
ment.

As emphasized above, the concentration of GSH is an
important factor in determining the reduction potential
for the GSSG/2GSH couple. Depending on the total
concentration of GSH in a cell, the magnitude of an
oxidative event associated with the initiation of differen-
tiation or cell death will vary. As seen in Fig. 7, for the
cell to change from proliferation through the full range of
differentiation =250 mV to—190 mV), the cell with 1
mM GSH needs to have only 18M GSH oxidized to
GSSG, whereas a cell with 10 mM GSH will require that
380 uM GSH be oxidized. This clearly demonstrates the
role of “reducing capacity” in maintaining the redox
environment of the cell. This also explains, in part, why
different cells can react quite differently to similar oxi-
dative insults.

SUMMARY

It is now realized that redox changes in the cell will
initiate various signaling pathways [144-149]. Re-
search in this area is in its infancy and is mostly
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Fig. 7. Model of how E for the GSSG/2GSH couple may be associ-
ated with the different physiological states and changes in a cell or
tissue. The model is derived from Table 4; data points are derived from
calculations using Eqgn. 21. The proliferating state is shown with a
reduction potential of the glutathione half-cell somewhere in the range
of E,. = —260 to —210 mV (I). Differentiation is associated with a
more positive potentiak-210 to—180 mV (ll). If E; . rises from—180

to —160 mV (lll), then apoptosis is triggered. If,Erises above
approximately—160 mV (IV), then necrosis will be the dominant route

to cell death. The change-over from apoptosis to necrosis at around
—160 mV was chosen on the basis of the shape of the curves shown in
this figure. These curves show that at arountb0 to —150 mV the
redox-buffering capacity of the GSH system is essentially lost. If the
cell is unable to restore the GSH redox buffer, it will not be able to
produce the energy needed to repair the damage to continue living or
even to carry out the apoptosis program. As seen in Table 4, few studies
have made exact estimates of concentrations of GSH and GSSG, so
exact borders between various states are as yet unknown. Syr#bols:
= 10 mM GSH;m = 3 mM GSH; A = 1 mM GSH; | = range of
proliferation; Il = range of differentiation; Ill= range of apoptosis;

IV = range of necrosis.

when is the redox environment the cause, an effect or
a co-conspirator in the biological events occurring in
an organism?

Because the redox state for a redox pair depends on
both the reduction potential and reducing capacity, both
should be specified. A convenient notation for the status

observational, in that cells and tissues are subjected togf 3 redox pair, such as GSSG/2GSH, would be

an oxidative or reductive stress and the effects ob-
served. The research community, in general, has not

{Ec (GSH); [GSH]}, for example, {180 mV (GSH);
3.5 mM}. Here —180 mV is the half-cell reduction

yet related the applied stress to quantitative changes inpgtential of the couple of interest; (GSH) denotes the
cellular redox environment or quantitative changes in particular redox couple, and 3.5 mM is the concentration
the redox status of specific redox couples, but only of the reduced species of that couple. This approach
qualitative changes. We do not know, on a quantitative represents a first step into a new area of quantitative
basis, the “redox environment” and the redox state of biology that will be of utmost importance in this new

specific couples needed to initiate a particular set of centyry of scientific endeavor. An understanding of the
cellular signals. We need numerical indicators of the cg|jylar redox environment will allow us to address is-

redox state of specific redox pairs as well as redox gyes in health and disease with the insight and rigor
environment. In the next decades, research in this areapeeded for the advances we want to make.

will need to become more quantitative so maximal
unders_tandmg Of the_ ubiquitous term “red_ox state” can Acknowledgement— This work was supported by NIH grants CA
be achieved. This will help answer questions such as: 66081 and CA 81090.
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