
INTRODUCTION

AEROBIC LIFE DEPENDS upon controlled combustion for
energy supply. Controlled combustion is catalyzed and

regulated by metabolic machinery that can be damaged by
uncontrolled oxidative reactions associated with energy pro-
duction. Because of the extreme threat of such uncontrolled
oxidation, aerobic life evolved a complex set of antioxidant
systems to control these reactions and repair or replace the
damaged machinery. At the same time, enzyme systems
evolved to produce reactive species for biologic signaling,
biosynthetic reactions, chemical defense, and detoxification
functions. The presence of both toxic and beneficial conse-
quences of reactive species precludes a simple definition of ox-
idative stress. In the following, I will present an argument that
the time has arrived to redefine oxidative stress from that pro-
vided in 1985 by Helmut Sies (57) as “a disturbance in the pro-
oxidant–antioxidant balance in favor of the former.” Whereas

this definition was a useful beacon for research for two
decades, the accumulation of data on redox signaling path-
ways, antioxidant intervention trials, and oxidative stress mark-
ers, indicates that a more useful contemporary definition is “a
disruption of redox signaling and control.”

Abundant circumstantial evidence indicates that oxidative
reactions contribute to many consequences of aging and
major disease processes, including cardiovascular disease
(60), pulmonary diseases (12), diabetes (10), neurodegenera-
tive diseases (63), and cancer (9). Plausible oxidative mecha-
nisms have been proposed and supportive data are available
from chemical and biochemical systems, a broad range of
studies in model organisms, and observational studies in hu-
mans. However, despite this amassed wealth of scientific evi-
dence, large-scale interventional studies with antioxidants,
based on the concept that oxidative stress is an imbalance
between pro-oxidants and antioxidants, have often been in-
consistent in demonstrating health benefits in terms of quan-
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titative measures of disease outcome (11, 14, 19, 41, 42, 49,
55, 62, 67).

Although many have argued that more or better antioxi-
dants are needed, our research on thiol/disulfide redox states
suggests that a better clinical definition and/or redefinition of
oxidative stress may be needed to resolve this apparent con-
tradiction. In this review, I first describe our studies on the
use of GSH/GSSG redox and cysteine/cystine (Cys/CySS)
redox to quantify oxidative stress. With this assay (31), as
well as other quantitative measures of oxidative stress, pre-
screening to detect oxidative stress could be used to study an-
tioxidant interventions in individuals who have a quantifiable
oxidative stress. This would allow testing of antioxidants sim-
ilarly to that used in drug development (e.g., where an experi-
mental anticancer drug is tested in individuals with cancer
rather than in the population in general). Use of parameters
such as plasma GSH redox and Cys redox to characterize
oxidative stress can potentially provide a rational basis to
identify individuals who may benefit from strategies de-
signed to protect against oxidative stress. 

Second, I describe studies showing that redox signaling
and control occurs through discrete redox pathways within
cells (18, 21, 47). This creates the possibility that oxidative
stress involving the disruption of redox circuitry could occur
without an overall imbalance of pro-oxidants and antioxi-
dants. Recognition of the critical roles of redox signaling and
control in fundamental homeostatic mechanisms (16) forces
the conclusion that damage to macromolecular machinery is
not the only way that oxidative stress can cause disease;
rather, the disruption of homeostatic control and signaling
can lead to metabolic pathway and organ specificity in oxida-
tive diseases. Thus, oxidative stress can cause organ-specific
and pathway-specific toxicity related to processes such as
embryogenesis and development, inappropriate apoptosis, al-
tered cell cycle control, immune dysfunction, uncontrolled

fibrotic processes, altered membrane permeability, and bar-
rier functions. The definition of oxidative stress must eventu-
ally shift from the view of a global imbalance of pro-oxidants
and antioxidants to one that addresses disruption of specific
redox signaling and control pathways. Because the latter can
occur without a global imbalance, a re-definition of oxidative
stress can be expected to enhance development of therapeutic
strategies for targeted control of oxidative stress in disease
prevention. 

PLASMA GSH/GSSG AND CYS/CYSS
REDOX STATES PROVIDE USEFUL

CLINICAL MEASURES OF THE BALANCE
OF OXIDATIVE REACTIONS AND

ENDOGENOUS ANTIOXIDANT DEFENSES

Extensive research on products of oxidative damage and
protective antioxidant systems has provided multiple assays
that are useful to characterize oxidative stress. Despite consid-
erable effort to validate these assays, consensus is not available
concerning which is most suitable for routine clinical assess-
ment of oxidative stress. A major difficulty is that most do not
assess the balance of pro-oxidants and antioxidants, but rather
focus on either oxidants and oxidation products or antioxidants
and antioxidant systems. A simple classification of assays into
five different types is given in Fig. 1. These include (clockwise
from lower left) antioxidant enzyme systems, small molecule
antioxidants, antioxidant/oxidant balance, reactive oxidants,
and products of oxidative damage. 

Disease-oriented research more frequently uses assays
from the pro-oxidant side, while nutrition research is more
often focused on the antioxidant side. On the pro-oxidant side
of the balance, assays are available to measure reactive oxy-
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FIG. 1. Measurement of plasma
GSH/GSSG redox is an example
of one of five general approaches
for clinical assessment of oxida-
tive stress, including measure-
ment of (A) antioxidant enzymes,
(B) low molecular weight antioxi-
dants, (C) the balance between
pro-oxidants and antioxidants,
(D) oxidants, and (E) products of
oxidative damage. The GSH/GSSG
redox state is calculated from mea-
sured concentrations of GSH and
GSSG using the Nernst equation
and expressed in mV. Cysteine
redox state (Cys/CySS redox) is an
analogous measure of balance be-
tween oxidants and pro-oxidants
(central panel). GSH redox and Cys

redox are not equilibrated; GSH redox is a more proximal indicator of tissue oxidative stress, while Cys redox more directly re-
flects oxidative processes in the extracellular fluid (32). In principle, an estimate of the antioxidant/oxidant balance could also be
obtained using potentiometric electrodes.
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gen species and products of lipid peroxidation, protein oxida-
tion, and DNA damage. Free radicals can be measured by
spin-trapping and electron spin resonance spectroscopy, but
this is not convenient for clinical studies. On the other hand, a
simple colorimetric assay to measure preformed reactive
species in the blood (d-ROMs and related proprietary forms
of this assay) provides a rapid and sensitive means to quantify
oxidants that react with phenylenediamine (4). This assay
could allow on-site screening of individuals for experimental
antioxidant trials. Assays for products of oxidative damage
include those for lipid peroxidation. These measure aldehyde
products [e.g., colorimetric assay for TBARS (15)], im-
munoassays for MDA-modified proteins, HNE-modified pro-
teins, and characteristic hydrocarbons (gas chromatography
of ethane, pentane; mass spectrometry of F2�-isoprostanes)
(40, 45). Protein carbonyls formed by oxidative reactions can
also be measured following derivatization with hydrazine
(3, 39). A well-characterized method using stable isotopic
dilution mass spectrometry provides accurate quantitative
measures of nitrotyrosine residues in proteins (56), which
are formed by reaction of proteins with peroxynitrite. Ox-
idative DNA damage is often measured by HPLC or ELISA
of 8-hydroxyguanine or 8-hydroxydeoxyguanosine and by
measurements of damage to mitochondrial DNA. 

On the antioxidant side, numerous assays are also available
for a broad range of antioxidants and antioxidant systems.
Principal among these are analytic procedures for the dietary
antioxidants vitamin C and vitamin E (tocopherols and to-
cotrienols). Assays are available for many other dietary chem-
icals that can function as antioxidants, including large groups
of carotenoids and polyphenols, with hundreds of different
chemical species. Assays are also available for a large number
of endogenous enzymatic antioxidant systems. These include
systems for elimination of peroxides (GSH peroxidases, per-
oxiredoxins, and catalase) and enzymes to eliminate superox-
ide (MnSOD, CuZnSOD). A range of endogenously gener-
ated small molecules that function as antioxidants, including
coenzyme Q, glutathione, bile pigments, and uric acid, can
also be measured. However, the large number of antioxidant
systems limits the utility of antioxidant assays for assessment
of oxidative stress under clinical conditions. This may be re-
solved with newer, high throughput systems, linking antioxi-
dants to protection of specific redox-sensitive components.

Use of GSH/GSSG redox to measure the balance of
pro-oxidants and antioxidants 

Because the above assays do not provide a measure of the
balance of pro-oxidants and antioxidants, we focused on
quantification of oxidative stress in terms of the balance of
the endogenous GSH/GSSG antioxidant system (31). GSH is
used to eliminate peroxides, maintain thiol/disulfide redox
state of proteins, and maintain the redox state of ascorbate
and (indirectly) vitamin E in their reduced and functional
forms. Thus, GSH has a very central role as an antioxidant.
The product of GSH oxidation, GSSG, is reduced back to
GSH by GSSG reductase, an NADPH-dependent enzyme that
is ubiquitously distributed in tissues. Release of both GSH
and GSSG from tissues to extracellular space occurs as a

function of the respective tissue concentrations. Under condi-
tions where GSH concentration is low in tissues, GSH release
into the plasma decreases. Conversely, under conditions where
GSSG is increased in cells, GSSG release into plasma in-
creases. Although the steady-state concentrations of both GSH
and GSSG in the plasma are not simple functions of tissue
concentrations, tissue steady-state balance of GSH and GSSG
in plasma can provide a useful indicator of oxidative stress
because this balance contains components directly reflecting
the availability of GSH to protect against oxidative reactions
and the generation of GSSG from oxidative reactions. 

Methodology for determination of GSH/GSSG
redox in human plasma

GSSG concentration in plasma is very low (<200 µM) and
difficult to measure. A commonly used GSSG reductase-de-
pendent enzymatic assay for GSSG in plasma does not dis-
criminate between GSSG and the cysteine–glutathione disul-
fide (CySSG), which is also present in plasma. To allow more
direct measurement of plasma GSSG, we developed an HPLC
method with fluorescence detection that has adequate sensi-
tivity to measure low nanomolar concentrations of GSSG
(33). Using the measured GSSG and GSH values in plasma,
we calculate the redox potential (Eh) of the GSH/ GSSG cou-
ple using the Nernst equation; we often refer to the Eh as the
“redox state” in place of “redox potential” to emphasize that
these are steady-state estimates and not equilibrium values.
The Eh, rather than the GSH/GSSG ratio, is a preferred ex-
pression because the stoichiometry for 2-e� transfers, such as
the reduction of H2O2, is 2GSH:GSSG. The use of this value
for GSH redox allows comparison of the reducing force (Eh)
available from the GSH/GSSG couple to any other biologic
redox couple. The redox state values give no information con-
cerning the kinetics of interaction of redox systems but do
provide an indication of the direction of electron flow and
whether systems are close to equilibrium. Sample collection,
storage, and processing have been extensively studied and are
described in detail (31, 33). The calculated redox potential for
plasma GSH/GSSG in healthy individuals aged 25–35 years
was �137 ± 9 mV (32). Measurement of week-to-week varia-
tion within young healthy individuals showed a standard devi-
ation of 3.2 mV. 

GSH/GSSG redox association with age

In a study of age-related macular degeneration (AMD),
we made the surprising finding that substantial oxidation
(approximately 25 mV) was apparent in individuals >60 com-
pared to <43 years old (51). A non-AMD control group had a
large number of individuals being treated for diabetic
retinopathy and these individuals were about 20 mV more ox-
idized than similarly aged individuals without known disease.
The magnitude of difference is remarkable in that a 30 mV
change is sufficient to result in a 10-fold change in ratio of a
protein dithiol/disulfide motif (31) and could have significant
impact on protein function.

In a follow-up study, we examined GSH/GSSG redox in
125 individuals aged 18–93 years, with approximately 20
individuals per decade and equal distribution of males and
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females (35). The results showed that GSH/GSSG redox was
oxidized in association with age after 45 years (Fig. 2). The
average rate of change was 0.7 mV/y (31).

GSH/GSSG redox association with oxidative stress

Examination of plasma antioxidant status and GSH/GSSG
redox after high-dose chemotherapy and bone marrow trans-
plantation (29) showed that plasma tocopherols and GSH
concentration decreased, and GSH/GSSG redox became more
oxidized acutely and during the 3 weeks after treatment. The
principal therapeutic agent in these studies was cyclophos-
phamide, an agent known to decrease GSH and cause oxida-
tive stress. The extent of oxidation was greater with standard
high-lipid parenteral nutrition (PN) than with the identical
PN with low lipid content. The study showed that the oxida-
tive stress induced by high-dose chemotherapy caused a sig-
nificant oxidation of GSH/GSSG redox and that the lipid-rich
PN preparation may induce a further oxidation. Thus, the re-
sults directly show that plasma GSH redox is oxidized during
oxidative stress in humans.

Independent evidence that plasma GSH/GSSG redox state
is a marker of oxidative stress in humans comes from a study
of cigarette smoking (43). We examined the redox states of
the GSH/GSSG and Cys/CySS couples in plasma of smokers
and nonsmokers between the ages of 44 and 85 years (n = 78
nonsmokers, n = 43 smokers). The GSH concentration was
lower in smokers (1.8 ± 1.3 µM) than in nonsmokers (2.4 ±
1.0; p < 0.005), and GSH/GSSG redox was more oxidized in
smokers (�128 ± 18 mV) than in nonsmokers (�137 ± 17
mV; p = 0.01). Cys was also decreased in smokers (9 ± 5 µM)
compared to nonsmokers (13 ± 6 µM; p < 0.001), and the
Cys/CySS redox in smokers (�64 ± 16 mV) was also more
oxidized than nonsmokers (�76 ± 11 mV; p < 0.001). While

the oxidation of GSH/GSSG can be explained by the role of
GSH in detoxification of reactive species in smoke, the more
extensive oxidation of the Cys pool shows that smoking has
additional effects on sulfur amino acid metabolism. Together
with the data on oxidation following chemotherapy, the re-
sults support the interpretation that plasma GSH/GSSG and
Cys/CySS redox states provide useful measures of oxidative
stress in vivo in humans. 

GSH/GSSG interaction with Cys/CySS

To determine the interactions of the GSH/GSSG and
Cys/CySS pools, thiol and disulfide forms were measured in
plasma from 24 healthy individuals aged 25–35 years (32). In
this study, GSH concentration correlated with Cys concentra-
tion, but no correlations were observed between GSSG and
CySS or between the reduced and oxidized components.
Redox state values (Eh) calculated using the Nernst equation
showed that the plasma GSH/GSSG redox state (�137 ± 9
mV) was considerably more oxidized than values for tissues
and cultured cells (�185 to -258 mV). The redox state for
Cys/CySS (�80 ± 9 mV) was 57 mV more oxidized than that
for GSH/GSSG. The lack of equilibration between the
GSH/GSSG and Cys/CySS pools supports the interpretation
that these plasma redox values are dynamic indicators of the
systemic balance between oxidative and antioxidant pro-
cesses (32). Because the GSH and Cys redox systems are
not in equilibrium, the data suggest that the concept of a
single balance between pro-oxidant and antioxidant sys-
tems is an unacceptable simplification for consideration
of oxidative stress.

Definition of oxidative stress in terms of GSH
redox or Cys redox

For young healthy individuals, 2 standard deviations is
about 18 mV for both GSH and Cys redox. Thus, as a starting
point for discussion, one may select a value ��119 for GSH
redox or a value ��62 mV for Cys redox to identify individ-
uals with oxidative stress (Fig. 3). Adoption of such criteria
will require additional research on this concept and critical
evaluation. In addition, there will be a struggle against the
point of view that oxidative stress is not quantifiable (59).
However, common quantitative standards would advance
clinical utility of oxidative stress markers; based upon avail-
able data, GSH/GSSG and Cys/CySS redox state values pro-
vide a reasonable place to begin. 

The values suggested as initial criteria are based upon a
small number of studies on a small number of individuals
using only one method for analysis. Clearly, additional stud-
ies are needed to obtain consensus. For instance, values of
��119 for GSH redox and ��62 mV for Cys redox may be
too conservative in that only about half of healthy 70-year-old
individuals would be categorized as having oxidative stress.
On the other hand, essentially all smokers and type 2 diabet-
ics older than 45 years would be classified by at least one
of these criteria as having oxidative stress. An alternative ap-
proach would be to establish age-specific criteria for oxida-
tive stress. Collection of additional data from representative
populations under controlled conditions will allow better cri-
teria to classify individuals based upon redox measurements.
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FIG. 2. Mean plasma GSH redox becomes progressively ox-
idized with age after 45 years. Measurements in healthy in-
dividuals show that little variation occurs among younger indi-
viduals, but after 45, oxidation occurs at about 0.7 mV per year
(35). Cys/CySS redox also becomes progressively oxidized
with age, but this oxidation occurs throughout the age range
from 18 to 93 years and at a slower rate (0.2 mV per year).
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Nutritional and therapeutic control of plasma
redox states

The more reduced redox state of the plasma GSH/GSSG
couple indicates that this pool more directly reflects pro-oxidant/
antioxidant balance in tissues, while the more oxidized Cys/
CySS couple more directly reflects oxidative processes ongo-
ing in the extracellular space. Stress hormones stimulate GSH
release from liver (58) and transport into circulation from the
intestinal lumen (7, 20); however, there is no information on
whether hormonal effects on transport could be therapeuti-
cally useful to control plasma GSH redox or to improve in vivo
protection against oxidative stress. On the other hand, oral
supplementation of Cys at three times the Recommended
Dietary Allowance caused the plasma Cys to increase and the
calculated redox state to become more reduced (61). Other
studies show that plasma GSH can be increased by supply of
Cys precursors, glutamine, and inducers of GSH synthesis,
and studies are needed to determine whether these could be
useful to improve plasma GSH and Cys redox states. Conse-
quently, available data indicate that maintenance of optimal
sulfur amino acid supply, as well as other nutritional factors,
may be an important factor in regulation of redox state.

Studies of Bannai and co-workers (8) have provided impor-
tant insight into the function of the transport system, xc

�, in
cellular Cys supply. Cells require a constant supply of Cys for
protein synthesis. The liver can convert Met to Cys by the
transulfuration pathway, but other cells must be supplied with
either Cys or CySS. xc

� exchanges Glu for the anionic form
of CySS. The system is composed of two proteins, xCT and
the heavy chain of the 4F2 cell surface antigen (64), with the
former inducible by oxidants (52) and amino acid deprivation

(53). Thus, in cells expressing xc
�, either oxidative stress or

amino acid deprivation cause increased uptake. CySS taken
up by fibroblasts and macrophages is rapidly reduced to Cys
and used for GSH synthesis. The combination of CySS up-
take and release of Cys or GSH provides a means to reduce ex-
tracellular thiol/disulfide redox state, a process earlier termed a
Cys–CySS shuttle mechanism (13, 48). Recent studies (54) of
an xc

� knockout mouse showed that plasma Cys/CySS redox
state was more oxidized and that fibroblasts were impaired in
capability to maintain GSH. Thus, the results show that the
CySS transport system xc

� is a critical transport system con-
tributing to regulation of plasma thiol/disulfide redox state.

SYSTEMATIC VARIATION OF
EXTRACELLULAR CYS/CYSS REDOX
STATE CAN ALTER FUNDAMENTAL

BIOLOGIC PROCESSES

Regulation of extracellular Cys/CySS redox state

Based upon the knowledge that the Cys/CySS redox cou-
ple quantitatively represents the largest pool of low molecular
weight thiols and disulfides in plasma, and that Cys and
CySS are used as sulfur amino acid precursors in cell culture
medium, we designed experiments to determine the effects of
variation in Cys/CySS redox on cell functions over the physi-
ologic range found in vivo in human plasma. The experiments
used total Cys and CySS at concentrations typically present
in cell culture (200–400 µM) and varied the concentrations of
each so that the total pool size was constant in terms of cys-
teine equivalents and the thiol/disulfide redox potential was
varied from �150 to 0 mV. The measured Cys/CySS redox
range in human plasma is �120 to �20 mV (35, 44), so that
this experimental range from �150 to 0 mV covers the entire
physiologic range and extends to somewhat more reducing
and oxidizing conditions. 

Studies to evaluate the stability of Cys redox state in
the culture medium showed that cells were able to control
extracellular redox state over time, adjusting the redox state
to a value approaching �80 mV, that is, the average value
found in human plasma (30). The rate of approach to the
steady state Cys/CySS redox varied considerably. Under con-
ditions known from empirical data to promote growth, most
cells achieve a steady state in the range of �60 to �100 mV
within 24 h. 

These observations provide strong evidence that the redox
potential of the Cys/CySS pool in human plasma, which aver-
ages �80 mV, is a fundamentally important parameter for cell
functions (44). At present, the only system known to function
in a quantitatively important way to control extracellular redox
regulation is the xc

� system described above (54). This sys-
tem is an example of one of at least four processes that could
contribute to plasma GSH/GSSG and Cys/CySS redox states,
which include transport of disulfides in and out of tissues,
transport of thiols in and out of tissues, extracellular oxida-
tion of thiols, and reduction of disulfides to thiols on the ex-
tracellular surface of cell membranes. A number of Cys and
CySS transport systems are known (8), and GSH and GSSG
transport systems have been described (50). Considerable
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FIG. 3. Classification of oxidative stress in individuals. At
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are needed. As a starting point for discussion we may consider
individuals oxidized more than 2 standard deviations from the
mean of young healthy individuals to have oxidative stress.
This is equivalent to ��119 mV for GSH/GSSG redox state or
�� 62 mV for Cys/CySS redox state in a small study of indi-
viduals aged 25–35 years (32). Chemotherapy, type 2 diabetes,
and cigarette smoking have been associated with oxidation of
GSH redox state or Cys redox state. Recent data also show that
early signs of cardiovascular disease are associated with oxida-
tion of GSH and/or Cys redox (2, 6).
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attention has been given to the possible role of GSH efflux as
a means to reduce CySS to allow uptake of Cys in cells with-
out CySS uptake. The latter cannot provide a complete expla-
nation for extracellular redox regulation, however, because
extracellular Cys/CySS redox was regulated in a similar man-
ner in cells without and with depletion of cellular GSH with
buthionine sulfoximine (5). A more reasonable alternative is
that a plasma membrane oxidoreductase can use cellular re-
ductants to reduce CySS to Cys without transport. Such a sys-
tem could directly reduce CySS or transfer electrons through
another carrier. For instance, thioredoxin-1 facilitates reduc-
tion of CySS and uptake in lymphoid cells (25). Cys and GSH
oxidation can occur by auto-oxidation as well as catalyzed by
ceruloplasmin and a plasma membrane thiol oxidase found in
kidney and intestines (38). Considerable effort will be needed
to establish the quantitative importance of these different pro-
cesses to account for the relatively tight regulation of the
steady-state redox of Cys/CySS and GSH/GSSG in plasma.

A potentially important in vitro observation is that the ap-
proach to the physiologic steady-state value is enhanced by
addition of growth factors (28, 30). Studies with Caco2 cells
showed that this rate of approach was enhanced by IGF-1,
EGF, and KGF, growth factors that stimulate the rate of prolif-
eration in this cell line. Furthermore, the extracellular Eh in
cell culture was found to vary in association with the life cycle
of CaCo2 cells (48). Thus, results suggest that the variation of
the extracellular Cys/CySS redox is connected with signaling
and control mechanisms that influence cell proliferation. 

Effects of variation in extracellular Eh on 
cell functions

Because cells control extracellular Cys/CySS redox in cell
culture, yet plasma Cys/CySS varies over a range of about
100 mV in humans, we felt that it would be important to know
whether variation in extracellular Cys/CySS redox had effects
on cell functions. To date, we have explored three complex
cell processes with controlled variations in extracellular
redox, and these results show that cell proliferation, cell ad-
hesion, and apoptosis vary as a function of extracellular Eh

over the physiologic range found in vivo (Fig. 4). In each
case, the extent of deviation of Eh from the physiologic mean
value elicited cell signaling (e.g., by P44/42 MAPK pathway
or NF-�B). 

In these studies, we used an experimental model with con-
stant total Cys + CySS pool size, expressed in Cys equiva-
lents, and varied concentrations of Cys and CySS to obtain
initial redox state values from 0 to �150 mV (18, 27, 28, 30).
Because cells regulate the extracellular redox state, these ini-
tial values changed toward the mean physiologic value with
time, necessitating frequent replacement of culture medium.
In these studies, distinction between extracellular events and
intracellular events is not trivial. The strategies that we have
used include: (a) measurement of cellular GSH concentration
and GSH/GSSG redox state under all conditions to determine
whether extracellular effects were mediated through this cen-
tral cellular thiol/disulfide redox system; (b) pretreatment
with nonpermeant alkylating reagents to determine whether
effects were sensitive to modification of extracellular thiols;
(c) maintenance of constant Eh with extracellular pool size set

at either 100, 200, or 400 µM Cys equivalents to vary concen-
trations of Cys and CySS without change in Eh; and (d) mea-
surement of ROS generation as a function of extracellular Eh.
The experimental model is complex in that systematic varia-
tion in Cys/CySS redox has associated changes in Cys and
CySS concentrations and also in Cys/CySS ratio. To mini-
mize this problem, relatively high Cys and CySS concentra-
tions were used to saturate transport systems where possible,
and experiments were performed with different total pool
sizes but with constant Eh. None-the-less, because the con-
centrations of Cys and CySS changed during the course of
experiments, the results do not completely distinguish be-
tween effects due to Cys concentration, CySS concentration,
and Eh. On the other hand, it should be noted that both Cys
and CySS concentrations vary little under physiologic condi-
tions in vivo. Thus, the component of growth stimulation that
is unrelated to redox (i.e., that due to increased Cys or CySS
uptake) is likely to be mediated principally by activity of rele-
vant transporters and not by changes in plasma Cys and CySS
concentrations. While additional studies are needed, the fol-
lowing summarizes the available data concerning the effects
of extracellular Cys/CySS redox on proliferation and other
cellular functions. 

Cell proliferation as a function of extracellular
Cys/CySS redox

In cell culture, O2 partial pressure, pH, and redox potential
in the culture medium determine maximal cell density (24).
Hwang and Sinskey (24) showed that when O2 and pH are
controlled, maximal cell density could be obtained by con-
trolling Eh through addition of Cys. Numerous studies show
that redox systems are critical for cell proliferation and that
this involves requirements for thioredoxin, GSH, and cys-
teine, probably at multiple sites in signaling and cell function.
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FIG. 4. In vitro cell studies show that variation in Cys redox
state over the physiologic range found in vivo in plasma al-
ters fundamental cell functions. More oxidized values are
associated with increased adhesion of monocytes to vascular
endothelial cells (18) and increased sensitivity to oxidant-in-
duced apoptosis (27). More reduced values stimulate cell pro-
liferation (28, 30).

14312C41.pgs  8/30/06  8:50 AM  Page 1870



Physiologically, most cells are exposed to and dependent
upon Cys and CySS as the major thiol precursors for protein
and GSH synthesis. Adequate supply of these precursors for
protein synthesis and maintenance of cellular GSH is essen-
tial for cell division, and Cys or CySS concentration in
cell culture medium can alter cellular GSH and cell prolifera-
tion rates. However, when we varied extracellular Cys/CySS
redox state over the in vivo physiologic range with constant
Cys + CySS pool size, we found that CaCo2 cell proliferation
rate at �150 mV was twofold that at 0 mV, with no detectable
change in cellular GSH (30). Thus, even though in other sys-
tems, Cys and/or CySS are essential for GSH synthesis and
proliferation, the data were not consistent with the prolifera-
tive effect being due to limitation of Cys or CySS for GSH
supply. Experiments with HT29 cells as well as fibroblasts
and normal human retinal pigment epithelium showed the
same pattern of response, although the magnitude of growth
stimulation due to Eh was variable. Consequently, extracellu-
lar Cys/CySS redox state could be fundamentally important
in control of cell proliferation rate. This effect may be small
compared to potent effects of growth factors studied in vitro,
but small effects persisting over years or decades can be im-
portant in control of cell populations in vivo. This regulation
of proliferation by circulating Cys/CySS redox state in
plasma could be important in maintaining cell populations in
tissues, stimulating stem cell growth, and enhancing tissue
repair. Alternatively, redox stimulation of precancerous cells
could promote tumor development (44).

Redox-dependence of cell growth signaling

To investigate mechanisms involved in redox-dependent
cell growth, we performed experiments with Caco2 cells in
which growth stimulation was provided by changing the Cys/
CySS redox potential (47). Previous research showed that
stimulation of proliferation occurred with no apparent effect
on cellular GSH, and that this stimulation was lost upon addi-
tion of epidermal growth factor (EGF) (30). To determine
whether a more reduced extracellular Cys/CySS redox state
activated the mitogenic p44/42 MAPK pathway and whether
this was signaled through the EGF receptor (EGFR), Caco2
cells were exposed to the same range of extracellular redox
conditions from �150 to 0 mV (47). In the absence of added
growth factors, the most reduced (�150 mV) redox state in-
duced an 80% increase in EGFR phosphorylation, and this
was followed by a marked increase in phosphorylation of
p44/42 MAPK. Inhibitors of EGFR (AG1478) and p44/42
MAPK (U0126) phosphorylation blocked redox-dependent
p44/42 phosphorylation, indicating that �150 mV extracellu-
lar redox state induced signaling through EGFR. These ef-
fects were inhibited by pretreatment with a nonpermeant
alkylating agent (4-acetamido-4’-maleimidylstilbene-2, 2�-
disulfonic acid), showing that signaling involved thiols
accessible to the extracellular space. Redox-dependent phos-
phorylation of EGFR was completely prevented by a metallo-
proteinase inhibitor (GM6001), and an antibody to the EGFR
ligand, transforming growth factor-� (TGF�) partially inhib-
ited the phosphorylation of p44/42 MAPK by redox. TGF�
was also found to be increased in culture medium at more re-
duced redox states. Thus, the data show that a redox-dependent

activation of metalloproteinase can stimulate the mitogenic
p44/42 MAPK pathway by a TGF�-dependent mechanism (47). 

Effect of oxidized extracellular Cys/CySS on
monocyte adhesion to endothelial cells

Atherosclerosis is associated with Cys/CySS oxidation,
and our recent data show that oxidation of Cys/CySS can po-
tentially contribute in a causal way to atherosclerosis devel-
opment (18). We examined the function of extracellular
Cys/CySS redox state in regulation of the early events of ath-
erosclerosis using cultured aortic endothelial cells and mono-
cytes as a vascular model system. Endothelial cells were ex-
posed to initial Eh from �150 mV (most reduced) to 0 mV
(most oxidized), and molecular processes associated with cell
adhesion were measured. In comparison to more reduced Eh,
Eh of Cys/CySS equal to 0 mV stimulated H2O2 but not nitric
oxide (NO) production. This condition (0 mV) also activated
NF-�B, increased expression of adhesion molecules (ICAM-
1, PECAM-1, P-selectin), and stimulated monocytes binding
to endothelial cells. Change in extracellular Eh from 0 to
�150 mV regulated thiol/disulfide redox states of extracellu-
lar membrane proteins and H2O2 production, indicating that
variation in extracellular Eh is detected and signaled at the
cell surface. The results showed that the extracellular
thiol/disulfide Eh of Cys/CySS couple can play a key role in
regulating early events of atherosclerosis and, therefore, sug-
gest that Cys redox can be useful as a potential marker for
vascular disease risk.

Effect of oxidized extracellular Cys/CySS redox on
peroxide-induced apoptosis

Oxidative stress is known to contribute to progression of
age-related macular degeneration (1). In vitro studies showed
that oxidative stress induces apoptosis in retinal pigment ep-
ithelial (RPE) cells (26, 46), the cells lost first in development
of age-related macular degeneration. Therefore, we performed
experiments to determine whether RPE cells exposed to more
oxidizing physiologic Cys/CySS redox potentials were more
susceptible to oxidant-induced apoptosis (27). The RPE cells
were incubated in culture medium with controlled Eh estab-
lished over the range of �16 mV (most oxidized) to �158 mV
(most reduced). Results showed that RPE cells were more sen-
sitive to oxidant-induced apoptosis induced by tert-butylhy-
droperoxide (tBH) under the more oxidized extracellular con-
ditions (Eh >�55 mV) compared to the reduced conditions (Eh

<�89 mV). Data indicated that apoptosis was mediated by the
mitochondrial pathway because loss of mitochondrial mem-
brane potential (��m), release of cytochrome c and activation of
caspase 3 following tBH treatments all increased under the
more oxidized conditions. In contrast, extracellular redox state
did not affect expression of key ligand-mediated apoptosis ma-
chinery, including Fas and FasL. The results show that varia-
tion of extracellular Eh, over the range found in vivo in human
plasma, can contribute to a decline in cell populations by en-
hancing sensitivity to oxidant-induced apoptosis (27). En-
hanced sensitivity to apoptosis could provide a general mecha-
nism whereby a more oxidized redox state could contribute to
the degenerative changes that are associated with aging.
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Research needs for plasma GSH redox, Cys redox,
and disease outcome

The research summarized above provides evidence that
GSH redox and Cys redox are useful quantitative clinical
measures of oxidative stress. The results show that redox pa-
rameters become oxidized in humans with increasing age, are
oxidized in humans in association with conditions known to
cause oxidative stress (e.g., chemotherapy and cigarette
smoking) and are oxidized in association with important
pathologic processes (e.g., type 2 diabetes and cardiovascular
disease) (44) (Fig. 3). In vitro studies provide evidence that
redox parameters reflect function of fundamental redox sig-
naling and control processes (Fig. 4). Accordingly, measure-
ment of GSH and Cys redox states can potentially provide
useful information concerning individual health. However,
such measurements are useful clinically only if criteria are es-
tablished that indicate a need for intervention, and interven-
tional strategies are available to correct the redox state. At
present, no data are available to show that individuals with
more oxidized redox state are at increased risk of disease or
that interventions that may normalize an oxidized redox state
provide any beneficial effect. Thus, GSH and Cys redox
states are among the best available measures to quantify ox-
idative stress according to the current definition of oxidative
stress because these parameters measure the balance of ox-
idative processes interacting with the central glutathione an-
tioxidant system and the reductive processes functioning to
maintain homeostasis. As discussed above, cutoff values are
needed to classify healthy and unhealthy redox, and specific
studies are needed to determine whether disease outcomes
can be altered by interventions to stimulate reduction of
plasma Eh in individuals with values more oxidized than the
cutoff values.

AN IMPROVED DEFINITION: OXIDATIVE
STRESS IS A DISRUPTION OF REDOX

SIGNALING AND CONTROL

Limitations to the definition of oxidative stress as
an imbalance of pro-oxidants and antioxidants

The lack of equilibration between the two key thiol/disul-
fide systems in plasma described above indicates that the
concept of oxidative stress as a global shift in the balance of
pro-oxidants and antioxidants, while useful, is fundamentally
limiting in the quest for improved prevention and intervention
in disease processes with important oxidative components.
The balance concept implies that distinct biologic systems re-
spond in the same way to decreased pro-oxidants and in-
creased antioxidants. If mechanisms of oxidative stress were
limited to free radical damage to macromolecular machinery,
this concept would probably be adequate. However, oxidative
stress also involves effects on redox signaling. Multiple sys-
tems are involved, and there is no reason to assume that these
systems would have the same sensitivities to oxidants or re-
spond identically to antioxidants. The failed intervention tri-
als with antioxidant supplements in humans (11, 19, 41, 42,

49, 55, 67) show that the imbalance concept is inadequate
when applied to the role of antioxidants in protection against
oxidative stress in human disease. 

Experimental models have long revealed this problem. For
instance, addition of excess iron to biologic systems causes
oxidative stress regardless of antioxidant levels. Numerous
studies are available to show that antioxidants become pro-
oxidants under some in vitro conditions. Available data indi-
cate that the balance concept is only valid as a definition for
oxidative stress under conditions of deficiency of antioxi-
dants. Indeed, deficient concentrations of vitamin C and E, as
well as conditions that limit GSH and other antioxidant sys-
tems such as NADPH supply, peroxidases, and superoxide
dismutases, are associated with disease processes that can
benefit from antioxidants. Such conditions may be better
viewed in terms of threshold requirements for specific types
of antioxidants rather than a reflection of a global pro-oxidant
or antioxidant balance. Together, these different lines of rea-
soning suggest a need to redefine oxidative stress.

Alternative definition for oxidative stress

An alternate definition for oxidative stress is “a disruption
of redox signaling and control.” Considerable evidence accu-
mulated in the past 15 years shows that the reactive oxygen
species (ROS) and reactive nitrogen species (RNS) function
in redox signaling. Because these reactive species are present
at very low concentrations in cells and are difficult to directly
measure, we used GSH/GSSG redox state as a means to quan-
titatively define oxidative stress in cultured cells (37). These
studies provided a useful way to characterize the balance of
processes in cells; however, extension of the steady-state redox
measurements to the Trx-1 and Cys/CySS redox couples
showed that these thiol/disulfide systems are not in redox
equilibrium in cells (34, 48, 66). Consequently, the results
provide mechanistic data that challenge the central concept
that oxidative stress can be described in terms of a balance of
pro-oxidants and antioxidants. 

Redox circuitry model

A redox circuitry model with control nodes and discrete
pathways integrates concepts of global redox control with
specificity in redox signaling. Although most studies of sig-
nal transduction mechanisms have an underlying assumption
of specificity, evidence for specificity in redox signaling
mechanisms is relatively limited. Most of the ROS and RNS
thought to be involved in redox signaling are relatively non-
specific in their reactivities. Moreover, conditions in which
exogenously added oxidants provide evidence for redox sig-
naling, such as studies involving addition of hydrogen peroxide,
result in global oxidative changes. In other words, there is
a lack of specificity in oxidation of macromolecules under
conditions where peroxide addition results in altered signal-
ing. Similarly, evidence in support of redox signaling mecha-
nisms obtained by addition of nonspecific reductions, such as
N-acetyl-L-cysteine (NAC), provide little evidence for speci-
ficity in redox signaling because millimolar concentrations of
NAC cause global redox changes. Genetic and molecular
biology studies provide evidence for requirement of specific
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components in signaling pathways, and site-directed mutage-
nesis studies provide evidence for essential cysteines, but
these two approaches do not establish whether redox pro-
cesses are controlled by global redox parameters or rather by
pathway-specific oxidation-reduction reactions. Consequently,
even though one would like to assume that there is specificity
in redox signaling, solid scientific evidence that such speci-
ficity occurs remains limited.

A redox signaling pathway, or redox circuit, involves at
least three critical components, a redox-signal generator, a
redox signal, and a redox signal sensor. Such a pathway could
involve superoxide as a redox signal, with a specific enzyme
that generates superoxide, and a protein that is oxidized or re-
duced by superoxide and functions as a sensor. Similarly, hy-
drogen peroxide could function as a redox signal, with a spe-
cific enzyme that generates peroxide and a protein that senses
peroxide. If the sensors are sufficiently selective in their reac-
tivity with hydrogen peroxide or superoxide, these circuits
could exist within the same physical space and transmit bio-
logic information independently. The pathways could be inter-
connected in multiple ways and respond similarly to imposed
perturbations such as supply of oxygen (altering signal gener-
ation) and NAC (altering signal detection). Therefore, the in-
dividual circuits would not be truly independent pathways but
rather be interacting components in a more complex network. 

Thiol/disulfide systems as redox signals 

An important condition for functioning as a signaling
molecule or ion is that the signal usually must be present at
very low concentrations (i.e., submicromolar) to allow rapid
and sensitive control. ROS such as superoxide and hydrogen
peroxide clearly fulfill this requirement. However, thiol/
disulfide components such as Cys, CySS, GSH, and GSSG,
do not fulfill this criterion. In cells, GSH concentrations are
millimolar and GSSG, cysteine, and cystine concentrations
are micromolar. These concentrations are high so that these
metabolites are not well-suited for intracellular signaling. On
the other hand, change in thiol/disulfide redox state provides
a mechanism that could serve in signaling because only a
30 mV change is needed to cause a 10-fold change in a dithiol/
disulfide motif (31). Changes of >30 mV occur under various
cellular conditions (37, 48, 65).

GSH redox during differentiation and apoptosis

Oxidation and depletion of the GSH/GSSG pool occur
under toxicologic and pathologic conditions, and such
changes are known to affect enzyme induction and cell prolif-
eration. To quantify the magnitude of redox change that oc-
curs during physiologic processes, we measured GSH, GSSG,
cell volume, and pH, and used the Nernst equation to estimate
the redox state of the GSH/GSSG pool in HT29 cells under
different conditions of physiologic signaling (37). The results
showed that the differentiating agent sodium butyrate resulted
in a 60 mV oxidation of cellular GSH/GSSG redox state
(from �260 to �200 mV), an oxidation sufficient for a 100-
fold change in protein dithiols/disulfide ratio. The detoxifica-
tion enzyme inducer benzyl isothiocyanate resulted in only a
12�16 mV oxidation in nondifferentiated cells but a 40 mV

oxidation (to –160 mV) in differentiated cells. Changes in
GSH redox state correlated with expression of glutathione
S-transferase and NADPH:quinone reductase activities. The
results show that redox changes in the GSH/GSSG pool are
sufficient to allow this pool to regulate protein functions in
response to physiologic stimuli. Studies of other cell types
and tissues in vivo showed that GSH/GSSG redox is generally
controlled over the same redox range as found in HT29 cells.
Thus, the results suggested that GSH/GSSG redox could be a
central component for global redox control. However, this ap-
pealing concept was shown to be overly simplistic when
redox state analyses were performed for Trx-1.

Redox state of Trx-1

A study of redox states of GSH/GSSG and Trx-1 in Caco2
cells as a consequence of progression from proliferation to con-
tact inhibition and spontaneous differentiation showed a signifi-
cant decrease in GSH concentration, accompanied by a 40 mV
oxidation of the cellular GSH/GSSG redox state (48). Use of
Redox–Western blot methodology (65, 66) showed that the
redox state of Trx-1 did not change under these conditions (48).
Thus, in these cells, the two central cellular antioxidant and
redox-regulating systems (GSH and Trx-1) are independently
controlled and not in redox equilibrium. This observation means
that the concept of a pro-oxidant/antioxidant balance cannot be
unambiguously applied to central cellular antioxidant systems.
The lack of equilibration provides the basis to conclude that
there is independent control of redox-sensitive pathways.

Redox state of cellular Cys/CySS

The finding that GSH and Trx-1 are not in redox equilib-
rium prompted us to examine the redox state of Cys/CySS,
another major cellular thiol/disulfide system (34). The results
provided the unexpected finding that the Cys/CySS couple is
substantially more oxidized than either GSH or Trx-1 couples
(34). Moreover, while GSH/GSSG redox became oxidized by
either inhibition of GSH synthesis with buthionine sulfox-
imine (BSO) or cysteine starvation, the Cys/CySS redox state
changed very little. Thus, the redox state of cellular Cys/
CySS is controlled independently of Trx-1 and GSH/GSSG.

Circuitry model for redox signaling

A redox circuitry model can be developed utilizing three
thiol/disulfide nodes. Based upon these findings, we pro-
posed a model for redox signaling with Cys/CySS as a dis-
tinct oxidizing node for redox signaling, along with
Trx/TrxSS as a reducing node and GSH/GSSG as an interme-
diate, switchable node (34). The different thiol/disulfide
nodes allow distinct redox signaling and control functions
in analogy to the functions of the electron carriers NADH/
NAD+ and NADPH/NADP+. The NADH/NAD+ and NADPH/
NADP+ couples are maintained at different steady-state redox
potentials in cells to provide different pathways of electron
flow to support catabolism and anabolism simultaneously
within the same aqueous compartment.

In the model in Fig. 5, activity of a protein can be switched
by either (a) a dithiol/disulfide switch or (b) a thiol/S-thiyl
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switch, with directionality controlled by coupling to a reduced
(Trx-1 or GSH) or oxidized (ROS, O2, or CySS) redox node:

(a) Pr-SS + reductant → Pr-(SH)2 (“on” or “off ”,
depending upon protein)

Pr-(SH)2 + oxidant → Pr-SS  (activity state reversed
from above)

(b) Pr-SS-R + R’SH → Pr-SH + RSSR’ (“on” or “off ”,
depending upon protein)

Pr-SH + RSSR → Pr-SS-R 
(activity state reversed from above)

In this model, six different classes of signaling/control pro-
teins can exist in terms of the reductant, oxidant combination:
1, Trx-1, ROS; 2, Trx-1, O2; 3, Trx-1, CySS; 4, GSH, ROS; 5,
GSH, O2; 6, GSH, CySS (Fig. 3). Peroxiredoxins are reduced
by Trx-1 and oxidized by H2O2, and have the character of a
Class 1 redox signaling protein. Class 4 proteins include some
glutathione S-transferases, which have a peroxidase activity
that allows for sulfhydryl switching that could control pro-
cesses such as binding to JNK. Sulfhydryl oxidases could

function in signaling through sulfhydryl switching proteins
coupled with either Trx-1 (Class 2) or GSH (Class 5). The rel-
atively oxidized Cys/CySS redox state allows for S-cysteinyla-
tion of proteins to provide new classes of signaling proteins
with Trx-1 (Class 3) or GSH (Class 6) as a reductant: 

PrSH + CySS → PrSS-Cys + Cys (activity “on” or “off ”)

Pr-SS-Cys + GSH → PrSH + CySSG (activity opposite 
of above). 

For such a scheme, CySSG, which is maintained at a very
low concentration in cells, would be rapidly removed by reac-
tion with GSH, Trx-1, or GSSG reductase. Equivalent reac-
tion schemes in which CySS is used to oxidize dithiols to
disulfides could also occur, countered by Trx-1 or GSH.

Because the three thiol/disulfide couples (Trx-1, GSH/
GSSG, Cys/CySS) have different rates of reaction with differ-
ent proteins, the results suggest that redox-dependent pro-
teins exist in discrete redox circuits in cells. Hence, oxidative
stress may be more appropriately defined in terms of dis-
ruption of redox circuitry rather than an imbalance of pro-
oxidants and antioxidants.
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FIG. 5. Circuitry model for redox
signaling and control. Measures of
GSH Trx-1 and Cys redox states show
that these couples are not in equilib-
rium in cells. Consequently, proteins
that are rapidly reduced by one of these
couples cannot rapidly interact with
another couple, otherwise the redox
couples would equilibrate. This allows
for redox-sensitive proteins to function
in discrete pathways. Redox switches
could function by being oxidized by
ROS such as hydrogen peroxide, by
specific enzymes known as sulfhydryl
oxidases (SO), or by the Cys/CySS
couple, which is substantially more ox-
idized that Trx-1 or GSH/GSSG cou-
ples. Switches can thereby be classi-
fied according to reductant/oxidant
combination as numbered 1–6. These
classes of proteins would differ in
sensitivity to changes in the major
thiol/disulfide couples as well as con-
trol by specific enzymes. For instance,
proteins with Trx as the donor (Classes
1–3) would all be dependent upon Trx

activity and redox state, but Class 1 would respond to peroxides, while Class 2 would respond to specific O2-dependent sulfhydryl
oxidases, and Class 3 would respond to changes in oxidation of the Cys/CySS couple. Because Trx appears to be more reduced
than GSH/GSSG under all conditions in cells, these switches may have a default reduced state, being switched on by one of the
oxidation mechanisms. Classes 4–6 would differ in that they would be responsive to changes in GSH/GSSG redox state and may
switch on or off due to the change in redox associated with the life cycle of the cell. Peroxiredoxins would be in class 1, reduced
by Trx-1 and oxidized by H2O2. Class 2 would be proteins reduced by Trx-1 and oxidized by sulfhydryl oxidase. Class 3 switches
would be proteins oxidized by Cys/CySS and reduced by Trx-1. Class 4 switches would have the characteristic of GSH peroxi-
dases, oxidized by peroxides and reduced by GSH. Class 5 switches would be reduced by GSH, probably mediated by glutare-
doxin, and oxidized by sulfhydryl oxidase. Class 6 would be oxidized by Cys/CySS and reduced by GSH/glutaredoxin. Mecha-
nisms for regulation of Cys/CySS redox are not known but may involve a plasma membrane thiol oxidase (TO). See Ref. (34) for
further description.
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MECHANISTIC DATA SUPPORT THE 
NEED FOR A NEW DEFINITION OF

OXIDATIVE STRESS

Studies reviewed above show that thiol/disulfide redox
state, per se, provides a signal affecting cell proliferation, cell
adhesion, and sensitivity to apoptosis. These data alone do not
suggest a need to redefine oxidative stress. However, both in-
creased ROS and increased cellular GSH have been linked to
proliferation, while numerous studies show that added ROS
causes a decrease in GSH. This inconsistency is difficult to
reconcile with the concept of a central balance of pro-oxidants
and antioxidants because different studies associate increased
ROS with both increased and decreased GSH. Research on
thiol/disulfide redox states shows that apparent discrepancies
can occur because there are multiple redox-sensitive pathways
and specificity in redox signaling and control. 

Evidence for discrete redox-signaling pathways

To investigate the roles of GSH/GSSG and Trx-1 in perox-
ide dependent signaling, we used cells that had been trans-
fected with NADPH oxidase-1 (Nox1) and had constitutively
high rates of H2O2 generation (17). The cells also had a consti-
tutively active form of Ras, so the precise source of hydrogen
peroxide generation is not known. Transfection of the cells
with a redox-sensitive reporter construct containing ARE-4
from glutamate-cysteine ligase showed that hydrogen perox-
ide-dependent signaling occurred without detectable oxida-
tion of either GSH/GSSG or Trx-1. Increased expression of
catalase resulted in loss of detectable ROS signal, blocked
activation of the reporter, and also had no effect on the GSH/
GSSG or Trx-1 redox state. Thus, these experiments show that
hydrogen peroxide-dependent signaling can occur through dis-
crete redox-signaling pathways without measurable effect on
the major thiol/disulfide control systems in cells (17).

Effects of high levels of H2O2

In contrast to the experiments with Nox-1-derived H2O2

generation, addition of exogenous H2O2 results in an extensive
and parallel oxidation of both Trx-1 and GSH (65). Analysis of
redox state in cell nuclei and cytoplasm with exogenously
added H2O2 further showed that high doses of H2O2 oxidize
nuclei as well as cytoplasm, and that the Trx-1 in these com-
partments recover over similar time course. Thus, high levels
of oxidant are not selective in oxidation (65). 

Effects of physiologic levels of ROS

Compartmentation is an important aspect of cell signaling
mechanisms and recent advances allow investigation of com-
partmentation in redox signaling. The redox states of cytoso-
lic and nuclear Trx-1 and mitochondrial Trx-2 were measured
by Redox Western blot methodologies during endogenous
ROS production induced by EGF signaling in a keratinocyte
cell line (21). Glutathione redox state was measured by
HPLC. Results showed that only cytosolic Trx-1 was signifi-
cantly oxidized. Thus, the results demonstrate that EGF sig-

naling involves subcellular compartmental oxidation of Trx-1
in the absence of a generalized cellular oxidation.

Compartmental redox signaling

Discrete compartmental redox signaling is demonstrated
by Nrf-2-dependent activation of ARE. Nrf-2 is a redox-sen-
sitive transcription factor that is activated by an oxidative sig-
nal in the cytoplasm but has a critical cysteine that must be
reduced to bind to DNA in the nucleus. The GSH and Trx-1
systems function in thiol/disulfide redox control in both the
cytoplasm and the nucleus, and previous studies suggested
that these systems are overlapping in control of cytoplasmic
activation of NF-�B (23, 36). To test whether GSH and Trx-1
have distinct functions in Nrf-2 signaling, we selectively
modified GSH by metabolic manipulation and selectively
modified Trx-1 expression by transient transfection (22). Cy-
toplasmic activation of Nrf-2 was measured by its nuclear
translocation, and nuclear activity of Nrf-2 was measured by
expression of a luciferase reporter construct containing an
ARE4 from glutamate-cysteine ligase. Results showed that
tert-butylhydroquinone (TBHQ), a transcriptional activator
that functions through Nrf-2/ARE, promoted Nrf-2 nuclear
translocation by a type I (thiylation) redox switch that was
regulated by GSH not by Trx-1. In contrast, the ARE reporter
was principally controlled by nuclear-targeted Trx-1 and not
by GSH. The data show that the GSH and Trx-1 systems have
unique, compartmented functions in the control of transcrip-
tional regulation by Nrf-2/ARE (22).

Together, the results of the studies show that redox signal-
ing occurs through specific signaling pathways without
global changes in the central thiol/disulfide redox couples.
Thus, extracellular Cys/CySS redox can activate EGFR sig-
naling without altering cellular GSH/GSSG redox, cellular
GSH/GSSG redox can control Keap-1 and regulate Nrf-2
translocation to the nucleus without direct input from Trx-1,
and Trx-1 can control Ask-1 activity and DNA binding of
Nrf-2 without effects on the GSH/GSSG couple (Fig. 6). An
imbalance of pro-oxidants and antioxidants can clearly dis-
rupt such circuitry by providing massive amounts of oxidants,
allowing parallel and uncontrolled oxidation of multiple path-
ways. However, the existence of discrete pathways implies
that disruption of specific circuits can occur without an over-
all imbalance in pro-oxidants and antioxidants. Consequently,
disruption of redox circuitry would appear to be a more fun-
damental characteristic than redox imbalance and therefore
provide a better way to define the concept of oxidative stress. 

Implications for clinical assessment of 
oxidative stress

As indicated above, a large number of assays are available
to measure oxidants and oxidation products. There would ap-
pear to be a clear utility for multiple assays, one that mea-
sures directly the oxidant load in the system, such as could be
available from the d-ROMs assay, a second that measures
products of lipid peroxidation, such as the F2-isoprostanes, a
third that captures oxidation based upon RNS such as assay
of nitrotyrosine, and a fourth that measures oxidative DNA
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damage. There are also a number of ways to measure antioxi-
dants and function of antioxidant systems. However, other
than the common measures for vitamin C and vitamin E, so
many other antioxidants are present that higher capacity/more
rapid through-put methods for profiling antioxidant levels
and antioxidant systems are needed. On the other hand, mea-
sures of GSH redox and Cys redox provide direct quantifiable
information on the tissue pro-oxidant/antioxidant balance. As
indicated above, a strong argument can be made that plasma
GSH redox and plasma Cys redox provide the most useful
and scientifically sound approaches available for quantitative
assessment of oxidative stress in clinical research.

SUMMARY

The concept of oxidative stress as a global imbalance of
pro-oxidants and antioxidant has served well for two decades,
but the accumulated data now tell us that this definition is
inadequate and conceptually limiting. Foremost among the
data are numerous interventional trials with antioxidants that
have been inconsistent and inconclusive. These studies indi-
cate that shifting the balance by providing more antioxidants
provides limited increase in protection. A simple interpreta-
tion is that oxidative stress is not adequately defined by an
imbalance of oxidants and antioxidants. Human studies show
that plasma GSH and Cys redox states are useful measures of
oxidative stress, but GSH and Cys redox states are not equili-
brated in either cells or plasma. The lack of equilibration
means that oxidative stress cannot be defined by a single
global balance. Recognition of the existence of multiple, dis-
crete redox signaling pathways suggests that a more suitable
definition for oxidative stress is a condition that disrupts
redox signaling and control. Such a definition provides a con-
ceptual framework for more meaningful clinical assessment

of oxidative stress and development of disease-specific an-
tioxidant therapies based upon mechanisms of organ- or path-
way-specific disruption of redox processes.
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ABBREVIATIONS

AMD, age-related macular degeneration; ARE, antioxidant
response element; Ask-1, apoptosis signal-regulating kinase-1;
CuZnSOD, copper-zinc superoxide dismutase; Cys, cysteine;
CySS, cystine; DNA, deoxyribonucleic acid; d-ROMs, deriva-
tives of reactive oxygen metabolites; Eh, redox potential;
ELISA, enzyme-linked immunosorbent assay; EGF, epidermal
growth factor; EGFR, epidermal growth factor receptor; FasL,
Fas ligand; GSH, glutathione; GSSG, glutathione disulfide;
HNE, 4-hydroxynonenal; HPLC, high-performance liquid
chromatography; ICAM-1, intercellular adhesion molecule-1;
IGF-1, insulin-like growth factor-1; JNK, c-Jun N-terminal ki-
nase; KGF, keratinocyte growth factor; MAPK, mitogen-acti-
vated protein kinase; MDA, malondialdehyde; MnSOD; man-
ganese superoxide dismutase; NF-��; nuclear factor-��;
Nox-1, NADPH oxidase-1; Nrf-2, nuclear factor-E2-related
factor-2; PECAM, platelet endothelial adhesion molecule;
PN, parenteral nutrition; Pr-(SH2), protein containing reactive
dithiol; Pr-SS, protein containing internal disulfide; Pr-SS-R,
protein containing disulfide with other molecule; RNS,
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Fig 6. Specific interactions of proteins
with Trx-1, GSH/GSSG, and Cys/CySS
couples. Mechanistic studies have es-
tablished interactions of specific signal-
ing pathways and protein systems with
specific thiol/disulfide couples. Re-
duced Trx-1 blocks activation of apopto-
sis signal-regulating kinase-1 (Ask-1)
and stimulates DNA-binding of tran-
scription factors with a critical cysteine
residue. These transcription factors in-
clude Nrf-2, NF-�B, P53, Fos, Jun, and
several others. Keap-1-Nrf-2 interaction
is regulated by GSH/GSSG redox; oxi-
dation of GSH/GSSG redox allows
translocation of Nrf-2 to the nucleus for
transcriptional activation of phase 2
detoxification enzyme expression. Ex-
tracellular Cys/CySS redox regulates
phosphorylation and activation of
EGFR. This activation is sensitive to
pretreatment with thiol-reactive chemi-
cals and appears to be mediated by a
metalloprotease (47).
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reactive nitrogen species; ROS, reactive oxygen species; RPE,
retinal pigment epithelium; SO, sulfhydryl oxidase; TBARS,
thiobarbituric acid-reactive substances; t-BH, tert-butylhy-
droperoxide; TBHQ, tert-butylhydroquinone; TGF-�, trans-
forming growth factor-�; TO, thiol oxidase; Trx-1, thiore-
doxin-1; Trx-2, thioredoxin-2; xc

�, exchange transporter for
anionic form of cystine and glutamate.

REFERENCES

1. A randomized, placebo-controlled, clinical trial of high-dose
supplementation with vitamins C and E, beta carotene, and
zinc for age-related macular degeneration and vision loss:
AREDS report no. 8. Arch Ophthalmol 119: 1417–1436,
2001.

2. Abramson JL, Hooper WC, Jones DP, Ashfaq CS, Rhodes
SD, Weintraub WS, Harrison DG, Quyyumi AA, and
Vaccarino V. Association between novel oxidative stress
markers and C-reactive protein among adults without clini-
cal coronary heart disease. Atherosclerosis 178: 115–121,
2005.

3. Ahn B, Rhee SG, and Stadtman ER. Use of fluorescein hy-
drazide and fluorescein thiosemicarbazide reagents for the
fluorometric determination of protein carbonyl groups and
for the detection of oxidized protein on polyacrylamide
gels. Anal Biochem 161: 245–257, 1987.

4. Alberti A, Bolognini L, Macciantelli D, and Caratelli M.
The radical cation of N,N-diethyl-para-phenylendiamine:
a possible indicator of oxidative stress in biological sam-
ples. Res Chem Intermed 26: 253–267, 2000.

5. Anderson CL. Effect of glutathione synthesis inhibitor
buthionine sulfoximine on the redox state of cellular and
extracellular glutathione and cysteine (Thesis). In: Nutri-
tion Health Science. Emory University Woodruff Health
Science Library, Atlanta, GA: Emory University Press, p. 78,
2000.

6. Ashfaq S, Abramson JL, Jones DP, Rhodes SD, Weintraub
WS, Hooper WC, Vaccarino V, Harrison DG, and
Quyyumi AA. The relationship between plasma levels of
oxidized and reduced thiols and early atherosclerosis in
healthy adults. J Am Coll Cardiol 47: 1005–1011, 2006.

7. Bai C and Jones DP. GSH transport and GSH-dependent
detoxication in small intestine of rats exposed in vivo to
hypoxia. Am J Physiol 271: G701–706, 1996.

8. Bannai S. Transport of cystine and cysteine in mammalian
cells. Biochim Biophys Acta 779: 289–306, 1984.

9. Berger MM. Can oxidative damage be treated nutrition-
ally? Clin Nutr 24: 172–183, 2005.

10. Bonnefont–Rousselot D. The role of antioxidant micronu-
trients in the prevention of diabetic complications. Treat
Endocrinol 3: 41–52, 2004.

11. Brion LP, Bell EF, and Raghuveer TS. Vitamin E sup-
plementation for prevention of morbidity and mortality
in preterm infants. Cochrane Database Syst Rev 3:
CD003665, 2003.

12. Cantin AM. Potential for antioxidant therapy of cystic fi-
brosis. Curr Opin Pulm Med 10: 531–536, 2004.

13. Dahm LJ and Jones DP. Rat jejunum controls luminal
thiol-disulfide redox. J Nutr 130: 2739–2945, 2000.

14. Fishbane S, Durham JH, Marzo K, and Rudnick M. N-
acetylcysteine in the prevention of radiocontrast-induced
nephropathy. J Am Soc Nephrol 15: 251–260, 2004.

15. Fong KL, McCay PB, Poyer JL, Keele BB, and Misra H.
Evidence that peroxidation of lysosomal membranes is ini-
tiated by hydroxyl free radicals produced during flavin en-
zyme activity. J Biol Chem 248: 7792–7797, 1973.

16. Forman HJ, Fukuto JM, and Torres M. Redox signaling:
thiol chemistry defines which reactive oxygen and nitro-
gen species can act as second messengers. Am J Physiol
Cell Physiol 287: C246–256, 2004.

17. Go YM, Gipp JJ, Mulcahy RT, and Jones DP. H2O2-depen-
dent activation of GCLC-ARE4 reporter occurs by mito-
gen-activated protein kinase pathways without oxidation
of cellular glutathione or thioredoxin-1. J Biol Chem 279:
5837–5845, 2004.

18. Go Y-M and Jones DP. Intracellular proatherogenic events
and cell adhesion modulated by extracellular thiol/disul-
fide redox state. Circulation 111: 2973–2980, 2005.

19. Goodman GE, Thornquist MD, Balmes J, Cullen MR,
Meyskens FL, Jr, Omenn GS, Valanis B, and Williams JH,
Jr. The Beta-Carotene and Retinol Efficacy Trial: incidence
of lung cancer and cardiovascular disease mortality during
6-year follow-up after stopping beta-carotene and retinol
supplements. J Natl Cancer Inst 96: 1743–1750, 2004.

20. Hagen TM, Bai C, and Jones DP. Stimulation of glu-
tathione absorption in rat small intestine by alpha-adrener-
gic agonists. FASEB J 5: 2721–2727, 1991.

21. Halvey PJ, Watson WH, Hansen JM, Go YM, Samali A,
and Jones DP. Compartmental oxidation of thiol-disul-
phide redox couples during epidermal growth factor sig-
nalling. Biochem J 386: 215–219, 2005.

22. Hansen JM, Watson WH, and Jones DP. Compartmenta-
tion of Nrf-2 redox control: regulation of cytoplasmic acti-
vation by glutathione and DNA binding by thioredoxin-1.
Toxicol Sci 82: 308–317, 2004.

23. Hirota K, Murata M, Sachi Y, Nakamura H, Takeuchi J,
Mori K, and Yodoi J. Distinct roles of thioredoxin in the
cytoplasm and in the nucleus. A two-step mechanism of
redox regulation of transcription factor NF-kappaB. J Biol
Chem 274: 27891–29897, 1999.

24. Hwang C and Sinskey AJ. The role of oxidation-reduction
potential in monitoring growth of cultured mammalian
cells. In: Spier RE, Griffiths JB, and Meignier B (Eds).
Production of Biologicals from Animal Cells in Culture.
Oxford, UK: Butterworth-Heinemann, pp 548–567, 1991. 

25. Iwata S, Hori T, Sato N, Hirota K, Sasada T, Mitsui A, Hi-
rakawa T, and Yodoi J. Adult T cell leukemia (ATL)-derived
factor/human thioredoxin prevents apoptosis of lymphoid
cells induced by L-cystine and glutathione depletion: possi-
ble involvement of thiol-mediated redox regulation in apop-
tosis caused by pro-oxidant state. J Immunol 158: 3108–
3117, 1997.

26. Jiang S, Moriarty SE, Grossniklaus H, Nelson KC, Jones
DP, and Sternberg P, Jr. Increased oxidant-induced apopto-
sis in cultured nondividing human retinal pigment epithe-
lial cells. Invest Ophthalmol Vis Sci 43: 2546–2553, 2002.

REDEFINING OXIDATIVE STRESS 1877

14312C41.pgs  8/30/06  8:50 AM  Page 1877



27. Jiang S, Moriarty-Craige SE, Orr M, Cai J, Sternberg P, Jr.,
and Jones DP. Oxidant-induced apoptosis in human retinal
pigment epithelial cells: dependence on extracellular
redox state. Invest Ophthalmol Vis Sci 46: 1054–1061,
2005.

28. Jonas CR, Gu LH, Nkabyo Y, Mannery YO, Avissar NE,
Sax HC, Jones DP, and Ziegler TR. Glutamine and KGF
each regulate extracellular thiol/disulfide redox and en-
hance proliferation in Caco2 cells. Am J Physiol Regul
Integr Comp Physiol 285: R1421–1429, 2003.

29. Jonas CR, Puckett AB, Jones DP, Griffith DP, Szeszycki
EE, Bergman GF, Furr CE, Tyre C, Carlson JL, Galloway
JR, Blumberg JB, and Ziegler TR. Plasma antioxidant sta-
tus after high-dose chemotherapy: a randomized trial of
parenteral nutrition in bone marrow transplantation pa-
tients. Am J Clin Nutr 72: 181–189, 2000.

30. Jonas CR, Ziegler TR, Gu LH, and Jones DP. Extracellular
thiol/disulfide redox state affects proliferation rate in a
human colon carcinoma (Caco2) cell line. Free Radic Biol
Med 33: 1499–1506, 2002.

31. Jones DP. Redox potential of GSH/GSSG couple: assay and
biological significance. Methods Enzymol 348: 93–112,
2002.

32. Jones DP, Carlson JL, Mody VC, Cai J, Lynn MJ, and
Sternberg P. Redox state of glutathione in human plasma.
Free Radic Biol Med 28: 625–635, 2000.

33. Jones DP, Carlson JL, Samiec PS, Sternberg P, Jr., Mody
VC, Jr, Reed RL, and Brown LA. Glutathione measure-
ment in human plasma. Evaluation of sample collection,
storage and derivatization conditions for analysis of dansyl
derivatives by HPLC. Clin Chim Acta 275: 175–184, 1998.

34. Jones DP, Go YM, Anderson CL, Ziegler TR, Kinkade JM,
Jr., and Kirlin WG. Cysteine/cystine couple is a newly rec-
ognized node in the circuitry for biologic redox signaling
and control. FASEB J 18: 1246–1248, 2004.

35. Jones DP, Mody VC, Jr., Carlson JL, Lynn MJ, and Stern-
berg P, Jr. Redox analysis of human plasma allows separa-
tion of pro-oxidant events of aging from decline in antioxi-
dant defenses. Free Radic Biol Med 33: 1290–1300, 2002.

36. Kim YC, Yamaguchi Y, Kondo N, Masutani H, and Yodoi J.
Thioredoxin-dependent redox regulation of the antioxidant
responsive element (ARE) in electrophile response. Onco-
gene 22: 1860–1865, 2003.

37. Kirlin WG, Cai J, Thompson SA, Diaz D, Kavanagh TJ,
and Jones DP. Glutathione redox potential in response to
differentiation and enzyme inducers. Free Radic Biol Med
27: 1208–1218, 1999.

38. Lash LH and Jones DP. Purification and properties of the
membranal thiol oxidase from porcine kidney. Arch
Biochem Biophys 247: 120–130, 1986.

39. Levine RL, Garland D, Oliver CN, Amici A, Climent I,
Lenz AG, Ahn BW, Shaltiel S, and Stadtman ER. Determi-
nation of carbonyl content in oxidatively modified pro-
teins. Methods Enzymol 186: 464–478, 1990.

40. Li H, Lawson JA, Reilly M, Adiyaman M, Hwang SW,
Rokach J, and FitzGerald GA. Quantitative high perfor-
mance liquid chromatography/tandem mass spectrometric
analysis of the four classes of F(2)-isoprostanes in human
urine. Proc Natl Acad Sci USA 96: 13381–13386, 1999.

41. Lonn E, Bosch J, Yusuf S, Sheridan P, Pogue J, Arnold JM,
Ross C, Arnold A, Sleight P, Probstfield J, and Dagenais
GR. Effects of long-term vitamin E supplementation on
cardiovascular events and cancer: a randomized controlled
trial. JAMA 293: 1338–1347, 2005.

42. Madamanchi NR, Vendrov A, and Runge MS. Oxidative
stress and vascular disease. Arterioscler Thromb Vasc Biol
25: 29–38, 2005.

43. Moriarty SE, Shah JH, Lynn M, Jiang S, Openo K, Jones
DP, and Sternberg P. Oxidation of glutathione and cysteine
in human plasma associated with smoking. Free Radic
Biol Med 35: 1582–1588, 2003.

44. Moriarty–Craige SE and Jones DP. Extracellular thiols and
thiol/disulfide redox in metabolism. Annu Rev Nutr 24:
481–509, 2004.

45. Morrow JD and Roberts LJ, 2nd. Mass spectrometric quan-
tification of F2-isoprostanes in biological fluids and tis-
sues as measure of oxidant stress. Methods Enzymol 300:
3–12, 1999.

46. Nelson KC, Armstrong JS, Moriarty S, Cai J, Wu MW,
Sternberg P, Jr., and Jones DP. Protection of retinal pig-
ment epithelial cells from oxidative damage by oltipraz, a
cancer chemopreventive agent. Invest Ophthalmol Vis Sci
43: 3550–3554, 2002.

47. Nkabyo YS, Go YM, Ziegler TR, and Jones DP. Extracellu-
lar cysteine/cystine redox regulates the p44/42 MAPK
pathway by metalloproteinase-dependent epidermal
growth factor receptor (EGFR) signaling. Am J Physiol
Gastrointest Liver Physiol 289: G70–78, 2005.

48. Nkabyo YS, Ziegler TR, Gu LH, Watson WH, and Jones
DP. Glutathione and thioredoxin redox during differentia-
tion in human colon epithelial (Caco2) cells. Am J Physiol
Gastrointest Liver Physiol 283: G1352–1359, 2002.

49. Omenn GS, Goodman GE, Thornquist MD, Balmes J,
Cullen MR, Glass A, Keogh JP, Meyskens FL, Jr., Valanis B,
Williams JH, Jr., Barnhart S, Cherniack MG, Brodkin CA,
and Hammar S. Risk factors for lung cancer and for inter-
vention effects in CARET, the Beta-Carotene and Retinol
Efficacy Trial. J Natl Cancer Inst 88: 1550–1559, 1996.

50. Ookhtens M and Kaplowitz N. Role of the liver in interor-
gan homeostasis of glutathione and cyst(e)ine. Semin Liver
Dis 18: 313–329, 1998.

51. Samiec PS, Drews–Botsch C, Flagg EW, Kurtz JC, Stern-
berg P, Jr, Reed RL, and Jones DP. Glutathione in human
plasma: decline in association with aging, age-related
macular degeneration, and diabetes. Free Radic Biol Med
24: 699–704, 1998.

52. Sasaki H, Sato H, Kuriyama–Matsumura K, Sato K, Mae-
bara K, Wang H, Tamba M, Itoh K, Yamamoto M, and
Bannai S. Electrophile response element-mediated induc-
tion of the cystine/glutamate exchange transporter gene
expression. J Biol Chem 277: 44765–44771, 2002.

53. Sato H, Nomura S, Maebara K, Sato K, Tamba M, and
Bannai S. Transcriptional control of cystine/glutamate
transporter gene by amino acid deprivation. Biochem Bio-
phys Res Commun 325: 109–116, 2004.

54. Sato H, Shiiya A, Kimata M, Maebara K, Tamba M,
Sakakura Y, Makino N, Sugiyama F, Yagami KI, Moriguchi
T, Takahashi S, and Bannai S. Redox imbalance in cys-

1878 JONES

14312C41.pgs  8/30/06  8:50 AM  Page 1878



tine/glutamate transporter-deficient mice. J Biol Chem
280: 37423–37429, 2005.

55. Scott JA and King GL. Oxidative stress and antioxidant treat-
ment in diabetes. Ann NY Acad Sci 1031: 204–213, 2004.

56. Shishehbor MH, Aviles RJ, Brennan ML, Fu X, Goormas-
tic M, Pearce GL, Gokce N, Keaney JF, Jr., Penn MS,
Sprecher DL, Vita JA, and Hazen SL. Association of ni-
trotyrosine levels with cardiovascular disease and modula-
tion by statin therapy. JAMA 289: 1675–1680, 2003.

57. Sies H. Oxidative Stress: Introductory Remarks. In: Ox-
idative Stress, edited by Sies H. London, Academic Press:
London. 1985, pp. 1–8.

58. Sies H and Graf P. Hepatic thiol and glutathione efflux
under the influence of vasopressin, phenylephrine and
adrenaline. Biochem J 226: 545–549, 1985.

59. Smith CV. Compartmentalization of redox regulation of
cell response. Toxicol Sci 83: 1–3, 2005.

60. Stocker R and Keaney JF, Jr. Role of oxidative modifica-
tions in atherosclerosis. Physiol Rev 84: 1381–1478, 2004.

61. Tribble DL, Jones DP, Ardehali A, Feeley RM, and Rud-
man D. Hypercysteinemia and delayed sulfur excretion in
cirrhotics after oral cysteine loads. Am J Clin Nutr 50:
1401–1406, 1989.

62. Tylicki L, Rutkowski B, and Horl WH. Antioxidants: a
possible role in kidney protection. Kidney Blood Press Res
26: 303–314, 2003.

63. Vina J, Lloret A, Orti R, and Alonso D. Molecular bases of
the treatment of Alzheimer’s disease with antioxidants:

prevention of oxidative stress. Mol Aspects Med 25:
117–123, 2004.

64. Wang H, Tamba M, Kimata M, Sakamoto K, Bannai S, and
Sato H. Expression of the activity of cystine/glutamate ex-
change transporter, system x(c)(-), by xCT and rBAT.
Biochem Biophys Res Commun 305: 611–618, 2003.

65. Watson WH and Jones DP. Oxidation of nuclear thioredoxin
during oxidative stress. FEBS Lett 543: 144–147, 2003.

66. Watson WH, Pohl J, Montfort WR, Stuchlik O, Reed MS,
Powis G, and Jones DP. Redox potential of human thiore-
doxin 1 and identification of a second dithiol/disulfide
motif. J Biol Chem 278: 33408–33415, 2003.

67. Williams KJ and Fisher EA. Oxidation, lipoproteins, and
atherosclerosis: which is wrong, the antioxidants or the the-
ory? Curr Opin Clin Nutr Metab Care 8: 139–146, 2005.

Address reprint requests to:
Dean P. Jones, Ph.D.

Department of Medicine
Whitehead Biomedical Research Center

Emory University
615 Michael Street, Suite 205P

Atlanta, GA 30322

E-mail: dpjones@emory.edu

Date of first submission to ARS Central, April 4, 2006; date of
acceptance, April 14, 2006.

REDEFINING OXIDATIVE STRESS 1879

14312C41.pgs  8/30/06  8:50 AM  Page 1879



14312C41.pgs  8/30/06  8:50 AM  Page 1880



This article has been cited by:

1. Craig B. WebbAntioxidant Drugs 477-480. [CrossRef]

2. Naira J.N. Brito, Jorge A. López, Maria Aparecida do Nascimento, José B.M. Macêdo, Gabriel Araujo Silva, Cláudia N.
Oliveira, Adriana Augusto de Rezende, José Brandão-Neto, Aline Schwarz, Maria das Graças Almeida. 2012. Antioxidant
activity and protective effect of Turnera ulmifolia Linn. var. elegans against carbon tetrachloride-induced oxidative damage
in rats. Food and Chemical Toxicology 50:12, 4340-4347. [CrossRef]

3. Mia O. Hoogenboom, Neil B. Metcalfe, Ton G.G. Groothuis, Bonnie de Vries, David Costantini. 2012. Relationship between
oxidative stress and circulating testosterone and cortisol in pre-spawning female brown trout. Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology 163:3-4, 379-387. [CrossRef]

4. Daiane da Silva Acosta, Flávia Conde Kneip, Eduardo Alves de Almeida, Juliane Ventura-Lima, José María Monserrat, Laura
Alicia Geracitano. 2012. Fullerene and omega-3 and omega-6 fatty acids on fish brain antioxidant status. Fish Physiology
and Biochemistry 38:5, 1477-1485. [CrossRef]

5. Longze Zhang , Junjing Zhang , Baolu Zhao , Xi Zhao-Wilson . Quinic Acid Could Be a Potential Rejuvenating Natural
Compound by Improving Survival of Caenorhabditis elegans under Deleterious Conditions. Rejuvenation Research, ahead
of print. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

6. Prof. Zsolt RADAK , Dr. Zhongfu Zhao , Dr. Erika Koltai , Prof. Hideki Ohno , Dr. Mustafa Atalay . Oxygen Consumption
and Usage During Physical Exercise: The Balance Between Oxidative Stress and ROS-Dependent Adaptive Signaling.
Antioxidants & Redox Signaling 0:ja. . [Abstract] [Full Text PDF] [Full Text PDF with Links]

7. Diana Andreea Golea, Steliana Rodino, Alina Butu. 2012. A Study of the Antioxidant Effect of Flavonic Compounds for
Preventing Lipid Oxidation by Using Fluorescence Spectroscopy. Analytical Letters 45:14, 2053-2065. [CrossRef]

8. Karla Maria Pereira Pires, Manuella Lanzetti, Carlos Romualdo Rueff-Barroso, Paulo Castro, Agessandro Abrahão, Vera
Lúcia Gonçalves Koatz, Samuel Santos Valença, Luís Cristóvão Porto. 2012. Oxidative damage in alveolar macrophages
exposed to cigarette smoke extract and participation of nitric oxide in redox balance. Toxicology in Vitro 26:6, 791-798.
[CrossRef]

9. Rønnaug Solberg, Mariangela Longini, Fabrizio Proietti, Piero Vezzosi, Ola Didrik Saugstad, Giuseppe Buonocore. 2012.
Resuscitation with supplementary oxygen induces oxidative injury in the cerebral cortex. Free Radical Biology and Medicine
53:5, 1061-1067. [CrossRef]

10. Hongqiao Zhang, Henry Jay Forman. 2012. Glutathione synthesis and its role in redox signaling. Seminars in Cell &
Developmental Biology 23:7, 722-728. [CrossRef]

11. Magdalena L. Circu, Tak Yee Aw. 2012. Intestinal redox biology and oxidative stress. Seminars in Cell & Developmental
Biology 23:7, 729-737. [CrossRef]

12. Ivan Dimauro, Timothy Pearson, Daniela Caporossi, Malcolm J. Jackson. 2012. In vitro susceptibility of thioredoxins and
glutathione to redox modification and ageing-related changes in skeletal muscle. Free Radical Biology and Medicine .
[CrossRef]

13. Dean P. Jones, Youngja Park, Thomas R. Ziegler. 2012. Nutritional Metabolomics: Progress in Addressing Complexity in
Diet and Health. Annual Review of Nutrition 32:1, 183-202. [CrossRef]

14. Michael P. Gamcsik, Mohit S. Kasibhatla, Stephanie D. Teeter, O. Michael Colvin. 2012. Glutathione levels in human tumors.
Biomarkers 1-21. [CrossRef]

15. Alanna A. Morris , Liping Zhao , Riyaz S. Patel , Dean P. Jones , Yusuf Ahmed , Neli Stoyanova , Gary H. Gibbons , Viola
Vaccarino , Rebecca Din-Dzietham , Arshed A. Quyyumi . 2012. Differences in Systemic Oxidative Stress Based on Race
and the Metabolic Syndrome: The Morehouse and Emory Team up to Eliminate Health Disparities (META-Health) Study.
Metabolic Syndrome and Related Disorders 10:4, 252-259. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF
with Links]

16. N.U. Haase, K.-H. Grothe, B. Matthäus, K. Vosmann, M.G. Lindhauer. 2012. Acrylamide formation and antioxidant level
in biscuits related to recipe and baking. Food Additives & Contaminants: Part A 29:8, 1230-1238. [CrossRef]

17. José Pablo Vázquez-Medina, Tania Zenteno-Savín, Robert Elsner, Rudy M. Ortiz. 2012. Coping with physiological oxidative
stress: a review of antioxidant strategies in seals. Journal of Comparative Physiology B 182:6, 741-750. [CrossRef]

18. Subhankar Chakraborty, Sukhwinder Kaur, Sushovan Guha, Surinder K. Batra. 2012. The multifaceted roles of neutrophil
gelatinase associated lipocalin (NGAL) in inflammation and cancer. Biochimica et Biophysica Acta (BBA) - Reviews on
Cancer 1826:1, 129-169. [CrossRef]

http://dx.doi.org/10.1016/B978-1-4160-3661-6.00040-7
http://dx.doi.org/10.1016/j.fct.2012.08.003
http://dx.doi.org/10.1016/j.cbpa.2012.07.002
http://dx.doi.org/10.1007/s10695-012-9635-z
http://dx.doi.org/10.1089/rej.2012.1342
http://online.liebertpub.com/doi/full/10.1089/rej.2012.1342
http://online.liebertpub.com/doi/pdf/10.1089/rej.2012.1342
http://online.liebertpub.com/doi/pdfplus/10.1089/rej.2012.1342
http://dx.doi.org/10.1089/ars.2011.4498
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4498
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4498
http://dx.doi.org/10.1080/00032719.2012.680087
http://dx.doi.org/10.1016/j.tiv.2012.05.011
http://dx.doi.org/10.1016/j.freeradbiomed.2012.07.022
http://dx.doi.org/10.1016/j.semcdb.2012.03.017
http://dx.doi.org/10.1016/j.semcdb.2012.03.014
http://dx.doi.org/10.1016/j.freeradbiomed.2012.09.031
http://dx.doi.org/10.1146/annurev-nutr-072610-145159
http://dx.doi.org/10.3109/1354750X.2012.715672
http://dx.doi.org/10.1089/met.2011.0117
http://online.liebertpub.com/doi/full/10.1089/met.2011.0117
http://online.liebertpub.com/doi/pdf/10.1089/met.2011.0117
http://online.liebertpub.com/doi/pdfplus/10.1089/met.2011.0117
http://online.liebertpub.com/doi/pdfplus/10.1089/met.2011.0117
http://dx.doi.org/10.1080/19440049.2012.690349
http://dx.doi.org/10.1007/s00360-012-0652-0
http://dx.doi.org/10.1016/j.bbcan.2012.03.008


19. Joyce C. Mello, Natalia S.S. Guimarães, Mariano V.D. Gonzalez, Juliana S. Paiva, Tatiana Prieto, Otaciro R. Nascimento,
Tiago Rodrigues. 2012. Hydroxyl scavenging activity accounts for differential antioxidant protection of Plantago major
against oxidative toxicity in isolated rat liver mitochondria. Journal of Pharmacy and Pharmacology 64:8, 1177-1187.
[CrossRef]

20. Stefania Casagrande, David Costantini, Ton G.G. Groothuis. 2012. Interaction between sexual steroids and immune response
in affecting oxidative status of birds. Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology
. [CrossRef]

21. Maria E. Lönn, Joanne M. Dennis, Roland Stocker. 2012. Actions of “antioxidants” in the protection against atherosclerosis.
Free Radical Biology and Medicine 53:4, 863-884. [CrossRef]

22. Runzhi Zhu, Yajing Wang, Liangqing Zhang, Qinglong Guo. 2012. Oxidative stress and liver disease. Hepatology Research
42:8, 741-749. [CrossRef]

23. Ivana Tamara Ponce, Irma Gladys Rezza, Silvia Marcela Delgado, Lorena Silvina Navigatore, Myrtha Ruth Bonomi, Rebeca
Laura Golini, María Sofia Gimenez, Ana Cecilia Anzulovich. 2012. Daily oscillation of glutathione redox cycle is dampened
in the nutritional vitamin A deficiency. Biological Rhythm Research 43:4, 351-372. [CrossRef]

24. Julia Smirnova, Jekaterina Muhhina, Vello Tõugu, Peep Palumaa. 2012. Redox and Metal Ion Binding Properties of Human
Insulin-like Growth Factor 1 Determined by Electrospray Ionization Mass Spectrometry. Biochemistry 51:29, 5851-5859.
[CrossRef]

25. Rodrigo Franco , John A. Cidlowski . Glutathione Efflux and Cell Death. Antioxidants & Redox Signaling, ahead of print.
[Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

26. Anne M. Fitzpatrick , Dean P. Jones , Lou Ann S. Brown . 2012. Glutathione Redox Control of Asthma: From Molecular
Mechanisms to Therapeutic Opportunities. Antioxidants & Redox Signaling 17:2, 375-408. [Abstract] [Full Text HTML]
[Full Text PDF] [Full Text PDF with Links]

27. Igor Koturbash , Natalie E. Simpson , Frederick A. Beland , Igor P. Pogribny . 2012. Alterations in Histone H4 Lysine 20
Methylation: Implications for Cancer Detection and Prevention. Antioxidants & Redox Signaling 17:2, 365-374. [Abstract]
[Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

28. Kristi M. Porter, Roy L. Sutliff. 2012. HIV-1, reactive oxygen species, and vascular complications. Free Radical Biology
and Medicine 53:1, 143-159. [CrossRef]

29. David G. HarrisonOxidative Stress and Vascular Inflammation 94-104. [CrossRef]

30. Yongliang Liang, James R. Roede, Sergey Dikalov, Nana Gletsu Miller, Samuel C. Dudley, Arshed Quyyumi, Dean P.
Jones. 2012. Determination of ebselen-sensitive reactive oxygen metabolites (ebROM) in human serum based upon N,N#-
diethyl-1,4-phenylenediamine oxidation. Clinica Chimica Acta . [CrossRef]

31. M. Garratt, R. C. Brooks. 2012. Oxidative stress and condition-dependent sexual signals: more than just seeing red.
Proceedings of the Royal Society B: Biological Sciences . [CrossRef]

32. Rommy von Bernhardi , Jaime Eugenín . 2012. Alzheimer's Disease: Redox Dysregulation As a Common Denominator for
Diverse Pathogenic Mechanisms. Antioxidants & Redox Signaling 16:9, 974-1031. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]

33. Francisco R.M. Laurindo, Luciana A. Pescatore, Denise de Castro Fernandes. 2012. Protein disulfide isomerase in redox cell
signaling and homeostasis. Free Radical Biology and Medicine 52:9, 1954-1969. [CrossRef]

34. Colin Hart, Richard Cohen, Michael Norwood, Justin Stebbing. 2012. The emerging harm of antioxidants in carcinogenesis.
Future Oncology 8:5, 535-548. [CrossRef]

35. Agata Schramm, Pawe# Matusik, Grzegorz Osmenda, Tomasz J. Guzik. 2012. Targeting NADPH oxidases in vascular
pharmacology. Vascular Pharmacology 56:5-6, 216-231. [CrossRef]

36. Christian G. Daughton. 2012. Using biomarkers in sewage to monitor community-wide human health: Isoprostanes as
conceptual prototype. Science of The Total Environment 424, 16-38. [CrossRef]

37. Michael Garratt, Francis McArdle, Paula Stockley, Aphrodite Vasilaki, Robert J. Beynon, Malcolm J. Jackson, Jane L. Hurst.
2012. Tissue-dependent changes in oxidative damage with male reproductive effort in house mice. Functional Ecology 26:2,
423-433. [CrossRef]

38. Stuart G. Jarrett, Michael E. Boulton. 2012. Consequences of oxidative stress in age-related macular degeneration. Molecular
Aspects of Medicine . [CrossRef]

http://dx.doi.org/10.1111/j.2042-7158.2012.01496.x
http://dx.doi.org/10.1016/j.cbpa.2012.07.018
http://dx.doi.org/10.1016/j.freeradbiomed.2012.05.027
http://dx.doi.org/10.1111/j.1872-034X.2012.00996.x
http://dx.doi.org/10.1080/09291016.2011.593847
http://dx.doi.org/10.1021/bi300494s
http://dx.doi.org/10.1089/ars.2012.4553
http://online.liebertpub.com/doi/full/10.1089/ars.2012.4553
http://online.liebertpub.com/doi/pdf/10.1089/ars.2012.4553
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2012.4553
http://dx.doi.org/10.1089/ars.2011.4198
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4198
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4198
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4198
http://dx.doi.org/10.1089/ars.2011.4370
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4370
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4370
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4370
http://dx.doi.org/10.1016/j.freeradbiomed.2012.03.019
http://dx.doi.org/10.1002/9781118355244.ch9
http://dx.doi.org/10.1016/j.cca.2012.06.003
http://dx.doi.org/10.1098/rspb.2012.0568
http://dx.doi.org/10.1089/ars.2011.4082
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4082
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4082
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4082
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4082
http://dx.doi.org/10.1016/j.freeradbiomed.2012.02.037
http://dx.doi.org/10.2217/fon.12.45
http://dx.doi.org/10.1016/j.vph.2012.02.012
http://dx.doi.org/10.1016/j.scitotenv.2012.02.038
http://dx.doi.org/10.1111/j.1365-2435.2011.01952.x
http://dx.doi.org/10.1016/j.mam.2012.03.009


39. María Elvira López-Oliva, María José Pozuelo, Rafael Rotger, Emilia Muñoz-Martínez, Isabel Goñi. 2012. Grape antioxidant
dietary fibre prevents mitochondrial apoptotic pathways by enhancing Bcl-2 and Bcl-xL expression and minimising oxidative
stress in rat distal colonic mucosa. British Journal of Nutrition 1-13. [CrossRef]

40. Frédéric Derbré, Arlette Gratas-Delamarche, Mari Carmen Gómez-Cabrera, José Viña. 2012. Inactivity-induced oxidative
stress: A central role in age-related sarcopenia?. European Journal of Sport Science 1-11. [CrossRef]

41. Rodrigo Binkowski Andrade, Tanise Gemelli, Denise Bertin Rojas, Cláudia Funchal, Carlos Severo Dutra-Filho, Clovis
Milton Duval Wannmacher. 2012. Tyrosine impairs enzymes of energy metabolism in cerebral cortex of rats. Molecular and
Cellular Biochemistry . [CrossRef]

42. Xinsheng Gu, Jose E. Manautou. 2012. Molecular mechanisms underlying chemical liver injury. Expert Reviews in Molecular
Medicine 14. . [CrossRef]

43. Denise Bertin Rojas, Tanise Gemelli, Rodrigo Binkowski Andrade, Aline Guimarães Campos, Carlos Severo Dutra-Filho,
Clóvis Milton Duval Wannmacher. 2012. Administration of Histidine to Female Rats Induces Changes in Oxidative Status
in Cortex and Hippocampus of the Offspring. Neurochemical Research . [CrossRef]

44. L DelgadoRoche, FragaPerez FragaPerez, M BequerViart, Y HernandezMatos. 2012. Lipofundin 20% induces
hyperlipidemia and oxidative stress in male Sprague Dawley rats. Veterinary World 133. [CrossRef]

45. Jeng-Dian Su, Jui-Hung Yen, Shiming Li, Ching-Yi Weng, Meng-Han Lin, Chi-Tang Ho, Ming-Jiuan Wu. 2012. 3#,4#-
Didemethylnobiletin induces phase II detoxification gene expression and modulates PI3K/Akt signaling in PC12 cells. Free
Radical Biology and Medicine 52:1, 126-141. [CrossRef]

46. Thomas J Grahame, Richard B Schlesinger. 2012. Oxidative stress-induced telomeric erosion as a mechanism underlying
airborne particulate matter-related cardiovascular disease. Particle and Fibre Toxicology 9:1, 21. [CrossRef]

47. Livan Delgado Roche, Emilio Acosta Medina, Ángela Fraga Pérez, María A. Bécquer Viart, Yosdel Soto López, Viviana
Falcón Cama, Ana M. Vázquez López, Gregorio Martínez-Sánchez, Eduardo Fernández-Sánchez. 2012. Lipofundin-Induced
Hyperlipidemia Promotes Oxidative Stress and Atherosclerotic Lesions in New Zealand White Rabbits. International Journal
of Vascular Medicine 2012, 1-7. [CrossRef]

48. Y. Chen, C. P. Curran, D. W. Nebert, K. V. Patel, M. T. Williams, C. V. Vorhees. 2012. Effect of vitamin C deficiency during
postnatal development on adult behavior: functional phenotype of Gulo(-/-) knockout mice. Genes, Brain and Behavior no-
no. [CrossRef]

49. Josencler L.R. Ferreira, Daniela M. Barros, Laura A. Geracitano, Gilberto Fillmann, Carlos Eduardo Fossa, Eduardo A. de
Almeida, Mariana de Castro Prado, Bernardo Ruegger Almeida Neves, Maurício Veloso Brant Pinheiro, José M. Monserrat.
2012. In vitro exposure to fullerene C60 influences redox state and lipid peroxidation in brain and gills from Cyprinus carpio
(Cyprinidae). Environmental Toxicology and Chemistry n/a-n/a. [CrossRef]

50. Ping Yang , Qi-Zhi Xu, Sheng-Yu Jin, Yang Zhao, Yang Lu, Xue-Wei Xu, Shu-Hong Yu. 2011. Synthesis of Fe3O4@Phenol
Formaldehyde Resin Core-Shell Nanospheres Loaded with Au Nanoparticles as Magnetic FRET Nanoprobes for Detection
of Thiols in Living Cells. Chemistry - A European Journal n/a-n/a. [CrossRef]

51. Pauline M. Ryan, Mohammed Bourdi, Midhun C. Korrapati, William R. Proctor, Ronald A. Vasquez, Steven B. Yee, Timothy
D. Quinn, Mala Chakraborty, Lance R. Pohl. 2011. Endogenous Interleukin-4 Regulates Glutathione Synthesis Following
Acetaminophen-Induced Liver Injury in Mice. Chemical Research in Toxicology 111213113219003. [CrossRef]

52. L. Brautigam, L. D. Schutte, J. R. Godoy, T. Prozorovski, M. Gellert, G. Hauptmann, A. Holmgren, C. H. Lillig, C. Berndt.
2011. Vertebrate-specific glutaredoxin is essential for brain development. Proceedings of the National Academy of Sciences
. [CrossRef]

53. Rongzhen Zhong, Wenjun Xiao, Guopu Ren, Daowei Zhou, Chuanyan Tan, Zhiliang Tan, Xuefeng Han, Shaoxun Tang,
Chuanshe Zhou, Min Wang. 2011. Dietary Tea Catechin Inclusion Changes Plasma Biochemical Parameters, Hormone
Concentrations and Glutathione Redox Status in Goats. Asian-Australasian Journal of Animal Sciences 24:12, 1681-1689.
[CrossRef]

54. Gangduo Wang, Jianling Wang, Xiuzhen Fan, G.A.S. Ansari, M. Firoze Khan. 2011. Protein adducts of malondialdehyde and
4-hydroxynonenal contribute to trichloroethene-mediated autoimmunity via activating Th17 cells: Dose– and time–response
studies in female MRL+/+ mice. Toxicology . [CrossRef]

55. George Grant. 2011. Measuring stress reduction using the infrared negative ions amethyst biomat. Prime 1:6, 50-56.
[CrossRef]

56. Arjun V. Raman, Marla J. BerrySelenoproteins in Cellular Redox Regulation and Signaling 195-208. [CrossRef]

http://dx.doi.org/10.1017/S0007114512000517
http://dx.doi.org/10.1080/17461391.2011.654268
http://dx.doi.org/10.1007/s11010-012-1225-y
http://dx.doi.org/10.1017/S1462399411002110
http://dx.doi.org/10.1007/s11064-012-0703-7
http://dx.doi.org/10.5455/vetworld.2012.133-137.
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.002
http://dx.doi.org/10.1186/1743-8977-9-21
http://dx.doi.org/10.1155/2012/898769
http://dx.doi.org/10.1111/j.1601-183X.2011.00762.x
http://dx.doi.org/10.1002/etc.1792
http://dx.doi.org/10.1002/chem.201102188
http://dx.doi.org/10.1021/tx2003992
http://dx.doi.org/10.1073/pnas.1110085108
http://dx.doi.org/10.5713/ajas.2011.11007
http://dx.doi.org/10.1016/j.tox.2011.12.001
http://dx.doi.org/10.1080/21598908.2011.643063
http://dx.doi.org/10.1002/9781118148143.ch14


57. Gerasimos P. Sykiotis, Mahidur Rahman, Dirk BohmannModulation of Oxidative Stress by Keap1/Nrf2 Signaling in
Drosophila: Implications for Human Diseases 309-326. [CrossRef]

58. Laura A.A. Gilliam , Daret K. St. Clair . 2011. Chemotherapy-Induced Weakness and Fatigue in Skeletal Muscle: The Role
of Oxidative Stress. Antioxidants & Redox Signaling 15:9, 2543-2563. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

59. René Gysin , Rudolf Kraftsik , Olivier Boulat , Pierre Bovet , Philippe Conus , Emily Comte-Krieger , Andrea Polari ,
Pascal Steullet , Martin Preisig , Tanja Teichmann , Michel Cuénod , Kim Q. Do . 2011. Genetic Dysregulation of
Glutathione Synthesis Predicts Alteration of Plasma Thiol Redox Status in Schizophrenia. Antioxidants & Redox Signaling
15:7, 2003-2010. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

60. Peter Kovacic, Ratnasamy Somanathan. 2011. Cell signaling and receptors in toxicity of advanced glycation end products
(AGEs): #-dicarbonyls, radicals, oxidative stress and antioxidants. Journal of Receptors and Signal Transduction 31:5,
332-339. [CrossRef]

61. Rajindar S. Sohal, William C. Orr. 2011. The redox stress hypothesis of aging. Free Radical Biology and Medicine .
[CrossRef]

62. Tina-Tinkara Peternelj, Jeff S. Coombes. 2011. Antioxidant Supplementation during Exercise Training. Sports Medicine 1.
[CrossRef]

63. Cesare Indiveri, Vito Iacobazzi, Annamaria Tonazzi, Nicola Giangregorio, Vittoria Infantino, Paolo Convertini,
Lara Console, Ferdinando Palmieri. 2011. The mitochondrial carnitine/acylcarnitine carrier: Function, structure and
physiopathology. Molecular Aspects of Medicine . [CrossRef]

64. Carolina A. Freire, Valéria G. Togni, Marcelo Hermes-Lima. 2011. Responses of free radical metabolism to air exposure or
salinity stress, in crabs (Callinectes danae and C. ornatus) with different estuarine distributions. Comparative Biochemistry
and Physiology Part A: Molecular & Integrative Physiology 160:2, 291-300. [CrossRef]

65. Magdalena L. Circu, Tak Yee Aw. 2011. Redox biology of the intestine. Free Radical Research 1-22. [CrossRef]

66. Christian E. Overgaard , Brandy L. Daugherty , Leslie A. Mitchell , Michael Koval . 2011. Claudins: Control of Barrier
Function and Regulation in Response to Oxidant Stress. Antioxidants & Redox Signaling 15:5, 1179-1193. [Abstract] [Full
Text HTML] [Full Text PDF] [Full Text PDF with Links]

67. Eric L. Kendig, Ying Chen, Mansi Krishan, Elisabet Johansson, Scott N. Schneider, Mary Beth Genter, Daniel W.
Nebert, Howard G. Shertzer. 2011. Lipid metabolism and body composition in Gclm(-/-) mice. Toxicology and Applied
Pharmacology . [CrossRef]

68. Youngja Park, Tiejun Zhao, Nana Gletsu Miller, Seoung Bum Kim, Carolyn Jonas Accardi, Thomas R. Ziegler, Xiaoping
Hu, Dean P. Jones. 2011. Sulfur amino acid-free diet results in increased glutamate in human midbrain: A pilot magnetic
resonance spectroscopic study. Nutrition . [CrossRef]

69. Maria Cristina D. Thomazella, Marisa F.S. Góes, Cláudia R. Andrade, Victor Debbas, Denise F. Barbeiro, Renata L. Correia,
Sueli K.N. Marie, Arturo J. Cardounel, Protásio L. daLuz, Francisco R.M. Laurindo. 2011. Effects of High Adherence
to Mediterranean or Low-Fat Diets in Medicated Secondary Prevention Patients. The American Journal of Cardiology .
[CrossRef]

70. Daniela Braconi, Claretta Bianchini, Giulia Bernardini, Marcella Laschi, Lia Millucci, Adriano Spreafico, Annalisa Santucci.
2011. Redox-proteomics of the effects of homogentisic acid in an in vitro human serum model of alkaptonuric ochronosis.
Journal of Inherited Metabolic Disease . [CrossRef]

71. Indrani Sinha-Hikim, Amiya P. Sinha-Hikim, Ruoqing Shen, H. Kim, Samuel W. French, Nosratola D. Vaziri, Albert Crum,
Tripathi B. Rajavashisth, Keith C. Norris. 2011. A novel cystine based antioxidant attenuates oxidative stress and hepatic
steatosis in diet-induced obese mice. Experimental and Molecular Pathology 91:1, 419-428. [CrossRef]

72. R. O. Fernandes, G. J. Dreher, P. C. Schenkel, T. R. G. Fernandes, M. F. M. Ribeiro, A. S. R. Araujo, A. Belló-Klein. 2011.
Redox status and pro-survival/pro-apoptotic protein expression in the early cardiac hypertrophy induced by experimental
hyperthyroidism. Cell Biochemistry and Function n/a-n/a. [CrossRef]

73. Marcelo Alves Vargas, Márcio Alberto Geihs, Fábio Everton Maciel, Bruno Pinto Cruz, Luiz Eduardo Maia Nery, Silvana
Allodi. 2011. The effects of UV radiation on the visual system of the crab Neohelice granulata: A protective role of melatonin.
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology . [CrossRef]

74. Hao-Sen Chiang, Maja Maric. 2011. Lysosomal thiol reductase negatively regulates autophagy by altering glutathione
synthesis and oxidation. Free Radical Biology and Medicine 51:3, 688-699. [CrossRef]

http://dx.doi.org/10.1002/9781118148143.ch22
http://dx.doi.org/10.1089/ars.2011.3965
http://online.liebertpub.com/doi/full/10.1089/ars.2011.3965
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.3965
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.3965
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.3965
http://dx.doi.org/10.1089/ars.2010.3463
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3463
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3463
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3463
http://dx.doi.org/10.3109/10799893.2011.607171
http://dx.doi.org/10.1016/j.freeradbiomed.2011.10.445
http://dx.doi.org/10.2165/11594400-000000000-00000
http://dx.doi.org/10.1016/j.mam.2011.10.008
http://dx.doi.org/10.1016/j.cbpa.2011.06.024
http://dx.doi.org/10.3109/10715762.2011.611509
http://dx.doi.org/10.1089/ars.2011.3893
http://online.liebertpub.com/doi/full/10.1089/ars.2011.3893
http://online.liebertpub.com/doi/full/10.1089/ars.2011.3893
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.3893
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.3893
http://dx.doi.org/10.1016/j.taap.2011.09.017
http://dx.doi.org/10.1016/j.nut.2011.05.007
http://dx.doi.org/10.1016/j.amjcard.2011.07.008
http://dx.doi.org/10.1007/s10545-011-9377-6
http://dx.doi.org/10.1016/j.yexmp.2011.04.009
http://dx.doi.org/10.1002/cbf.1796
http://dx.doi.org/10.1016/j.cbpc.2011.08.002
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.015


75. Ji-Hong Liu, Dong-Fang Liu, Nan-Nan Wang, Hai-Ling Lin, Xi Mei. 2011. Possible role for the thioredoxin system in
the protective effects of probucol in the pancreatic islets of diabetic rats. Clinical and Experimental Pharmacology and
Physiology 38:8, 528-533. [CrossRef]

76. Ji Liu, Wendi Cai, Wanshun Liu, Baoqin Han, Jing Chang, Yan Yang. 2011. Modulation of Liver l-#-Glutamyl-l-
cysteinylglycine Homeostasis By N-Acetyl-Glucosamine-thiazolidine-4(R)-carboxylic Acid in Mice. The American Journal
of the Medical Sciences 1. [CrossRef]

77. Maria Jacob, Alex da Rosa Araújo, Maria Ribeiro, Adriane Belló-KleinDHEA, Oxidative Stress and Akt 335-339. [CrossRef]

78. John W. Finley, Ah-Ng Kong, Korry J. Hintze, Elizabeth H. Jeffery, Li Li Ji, Xin Gen Lei. 2011. Antioxidants in Foods: State
of the Science Important to the Food Industry. Journal of Agricultural and Food Chemistry 59:13, 6837-6846. [CrossRef]

79. Igor Rebrin, Michael J. Forster, Rajindar S. Sohal. 2011. Association between life-span extension by caloric restriction and
thiol redox state in two different strains of mice. Free Radical Biology and Medicine 51:1, 225-233. [CrossRef]

80. José R. Godoy, Sabrina Oesteritz, Eva-Maria Hanschmann, Wymke Ockenga, Waltraud Ackermann, Christopher Horst
Lillig. 2011. Segment-specific overexpression of redoxins after renal ischemia and reperfusion: protective roles of
glutaredoxin 2, peroxiredoxin 3, and peroxiredoxin 6. Free Radical Biology and Medicine 51:2, 552-561. [CrossRef]

81. Maria Helena Vianna Metello Jacob, Daiane da Rocha Janner, Alex Sander da Rosa Araújo, Matheus Parmegiani Jahn, Luiz
Carlos Rios Kucharski, Tarsila Barros Moraes, Carlos Severo Dutra Filho, Maria Flavia Marques Ribeiro, Adriane Belló-
Klein. 2011. Dehydroepiandrosterone improves hepatic antioxidant reserve and stimulates Akt signaling in young and old
rats. The Journal of Steroid Biochemistry and Molecular Biology . [CrossRef]

82. Julio Cesar Mendes Soares, Ricardo Zanella, Carlos Bondan, Leonardo Porto Alves, Marina Ragagnin de Lima, Adriana
Costa da Motta, Eraldo Lourenso Zanella. 2011. Biochemical and Antioxidant Changes in Plasma, Serum, and Erythrocytes
of Horses before and after a Jumping Competition. Journal of Equine Veterinary Science 31:7, 357-360. [CrossRef]

83. Vero#nica Silva, Gonzalo Genta, Mati#as N. Mo#ller, Marti#n Masner, Leonor Thomson, Natalia Romero, Rafael Radi,
Denise C. Fernandes, Francisco R. M. Laurindo, Horacio Heinzen, Walter Fierro, Ana Denicola. 2011. Antioxidant Activity
of Uruguayan Propolis. In Vitro and Cellular Assays. Journal of Agricultural and Food Chemistry 59:12, 6430-6437.
[CrossRef]

84. Kevin Pöhlmann, Stefan Koenigstein, Katharina Alter, Doris Abele, Christoph Held. 2011. Heat-shock response and
antioxidant defense during air exposure in Patagonian shallow-water limpets from different climatic habitats. Cell Stress and
Chaperones . [CrossRef]

85. N. MANICKAM, S. S. AHMAD, D. W. ESSEX. 2011. Vicinal thiols are required for activation of the #IIb#3 platelet integrin.
Journal of Thrombosis and Haemostasis 9:6, 1207-1215. [CrossRef]

86. Wei Bi, Yue Bi, Ping Xue, Yanrong Zhang, Xiang Gao, Zhibo Wang, Meng Li, Michele Baudy-Floc’h, Nathaniel Ngerebara,
Xiaoxu Li, K. Michael Gibson, Lanrong Bi. 2011. Novel #-carboline-tripeptide conjugates attenuate mesenteric ischemia/
reperfusion injury in the rat. European Journal of Medicinal Chemistry 46:6, 2441-2452. [CrossRef]

87. Magda Mohasseb, Samia Ebied, Mona A. H. Yehia, Neveen Hussein. 2011. Testicular oxidative damage and role of combined
antioxidant supplementation in experimental diabetic rats. Journal of Physiology and Biochemistry 67:2, 185-194. [CrossRef]

88. Arianne L. Theiss, Shanthi V. Sitaraman. 2011. The role and therapeutic potential of prohibitin in disease. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1813:6, 1137-1143. [CrossRef]

89. Anne M. Fitzpatrick, Susan T. Stephenson, Graham R. Hadley, Leandrea Burwell, Madhuri Penugonda, Dawn M. Simon,
Jason Hansen, Dean P. Jones, Lou Ann S. Brown. 2011. Thiol redox disturbances in children with severe asthma are associated
with posttranslational modification of the transcription factor nuclear factor (erythroid-derived 2)–like 2. Journal of Allergy
and Clinical Immunology 127:6, 1604-1611. [CrossRef]

90. K. B. Norheim, G. Jonsson, R. Omdal. 2011. Biological mechanisms of chronic fatigue. Rheumatology 50:6, 1009-1018.
[CrossRef]

91. Saurabh S. Dhawan, Parham Eshtehardi, Michael C. McDaniel, Lucy V. Fike, Dean P. Jones, Arshed A. Quyyumi,
Habib Samady. 2011. The role of plasma aminothiols in the prediction of coronary microvascular dysfunction and plaque
vulnerability. Atherosclerosis . [CrossRef]

92. Michael Goodman, Roberd M. Bostick, Omer Kucuk, Dean P. Jones. 2011. Clinical trials of antioxidants as cancer prevention
agents: Past, present, and future. Free Radical Biology and Medicine . [CrossRef]

93. Hyehun Choi, Rita C. Tostes, R. Clinton Webb. 2011. Mitochondrial aldehyde dehydrogenase prevents ROS-induced vascular
contraction in angiotensin-II hypertensive mice. Journal of the American Society of Hypertension 5:3, 154-160. [CrossRef]

http://dx.doi.org/10.1111/j.1440-1681.2011.05545.x
http://dx.doi.org/10.1097/MAJ.0b013e31822b02f4
http://dx.doi.org/10.1201/b11019-32
http://dx.doi.org/10.1021/jf2013875
http://dx.doi.org/10.1016/j.freeradbiomed.2011.04.006
http://dx.doi.org/10.1016/j.freeradbiomed.2011.04.036
http://dx.doi.org/10.1016/j.jsbmb.2011.07.007
http://dx.doi.org/10.1016/j.jevs.2011.03.017
http://dx.doi.org/10.1021/jf201032y
http://dx.doi.org/10.1007/s12192-011-0272-8
http://dx.doi.org/10.1111/j.1538-7836.2011.04266.x
http://dx.doi.org/10.1016/j.ejmech.2011.03.029
http://dx.doi.org/10.1007/s13105-010-0062-2
http://dx.doi.org/10.1016/j.bbamcr.2011.01.033
http://dx.doi.org/10.1016/j.jaci.2011.03.031
http://dx.doi.org/10.1093/rheumatology/keq454
http://dx.doi.org/10.1016/j.atherosclerosis.2011.05.020
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.018
http://dx.doi.org/10.1016/j.jash.2011.02.005


94. Sheena Francis, Rupika Delgoda, Ronald Young. 2011. Effects of embryonic exposure to #-lipoic acid or ascorbic acid on
hatching rate and development of zebrafish (Danio rerio). Aquaculture Research no-no. [CrossRef]

95. Riyaz S. Patel, Ibhar Al Mheid, Alanna A. Morris, Yusuf Ahmed, Nino Kavtaradze, Sarfraz Ali, Kaustubh Dabhadkar,
Kenneth Brigham, W. Craig Hooper, R. Wayne Alexander, Dean P. Jones, Arshed A. Quyyumi. 2011. Oxidative stress is
associated with impaired arterial elasticity. Atherosclerosis . [CrossRef]

96. Kathy T. Schroer, Aaron M. Gibson, Umasundari Sivaprasad, Stacey A. Bass, Mark B. Ericksen, Marsha Wills-Karp, Tim
LeCras, Anne M. Fitzpatrick, Lou Ann S. Brown, Keith F. Stringer, Gurjit K. Khurana Hershey. 2011. Downregulation of
glutathione S-transferase pi in asthma contributes to enhanced oxidative stress. Journal of Allergy and Clinical Immunology
. [CrossRef]

97. Cherie Rooks, Tracy Faber, John Votaw, Emir Veledar, Jack Goldberg, Paolo Raggi, Arshed A. Quyyumi, J. Douglas
Bremner, Viola Vaccarino. 2011. Effects of smoking on coronary microcirculatory function: A twin study. Atherosclerosis
215:2, 500-506. [CrossRef]

98. Scott K. Powers, Li Li Ji, Andreas N. Kavazis, Malcolm J. JacksonReactive Oxygen Species: Impact on Skeletal Muscle .
[CrossRef]

99. Gel R.M. Berardi, Carmen K. Rebelatto, Heloísa F. Tavares, Max Ingberman, Patrícia Shigunov, Fabiane Barchiki,
Alessandra M. Aguiar, Nelson I. Miyague, Julio C. Francisco, Alejandro Correa. 2011. Transplantation of SNAP-treated
adipose tissue-derived stem cells improves cardiac function and induces neovascularization after myocardium infarct in rats.
Experimental and Molecular Pathology 90:2, 149-156. [CrossRef]

100. Nadiezhda Cantú-Medellín, Barbie Byrd, Aleta Hohn, José Pablo Vázquez-Medina, Tania Zenteno-Savín. 2011. Differential
antioxidant protection in tissues from marine mammals with distinct diving capacities. Shallow/short vs. deep/long divers.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 158:4, 438-443. [CrossRef]

101. José Butori Lopes de Faria, Kamila Cristina Silva, Jacqueline Mendonça Lopes de Faria. 2011. The contribution of
hypertension to diabetic nephropathy and retinopathy: the role of inflammation and oxidative stress. Hypertension Research
34:4, 413-422. [CrossRef]

102. Jin-Ju Jeong, Tal-Soo Ha, Ji-Hoe Kim. 2011. Protection of aquo/hydroxocobalamin from reduced glutathione by a B 12
trafficking chaperone. BMB Reports 44:3, 170-175. [CrossRef]

103. Barry R. Imhoff, Jason M. Hansen. 2011. Differential redox potential profiles during adipogenesis and osteogenesis. Cellular
& Molecular Biology Letters 16:1, 149-161. [CrossRef]

104. Lisa A. D’Agostino, Karen P. Lam, Richard Lee, Philip Britz-McKibbin. 2011. Comprehensive Plasma Thiol Redox Status
Determination for Metabolomics. Journal of Proteome Research 10:2, 592-603. [CrossRef]

105. S.M. Liu, H.X. Sun, C. Jose, A. Murray, Z.H. Sun, J.R. Briegel, R. Jacob, Z.L. Tan. 2011. Phenotypic blood glutathione
concentration and selenium supplementation interactions on meat colour stability and fatty acid concentrations in Merino
lambs. Meat Science 87:2, 130-139. [CrossRef]

106. Ying Qu, Jinhua Wang, Partha S. Ray, Hua Guo, Jian Huang, Miyung Shin-Sim, Bolanle A. Bukoye, Bingya Liu, Adrian
V. Lee, Xin Lin, Peng Huang, John W. Martens, Armando E. Giuliano, Ning Zhang, Ning-Hui Cheng, Xiaojiang Cui. 2011.
Thioredoxin-like 2 regulates human cancer cell growth and metastasis via redox homeostasis and NF-#B signaling. Journal
of Clinical Investigation 121:1, 212-225. [CrossRef]

107. Mohammad Azam Mansoor, Tor Hervig, Jacob Andreas Stakkestad, Per Arne Drabløs, Terje Apeland, Tore Wentzel-Larsen,
Chris J Bates. 2011. Serum Folate Is Significantly Correlated with Plasma Cysteine Concentrations in Healthy Industry
Workers. Annals of Nutrition and Metabolism 58:1, 68-73. [CrossRef]

108. Erin E. Battin, Matthew T. Zimmerman, Ria R. Ramoutar, Carolyn E. Quarles, Julia L. Brumaghim. 2011. Preventing metal-
mediated oxidative DNA damage with selenium compounds. Metallomics 3:5, 503. [CrossRef]

109. José Rodrigo Godoy, Maria Funke, Waltraud Ackermann, Petra Haunhorst, Sabrina Oesteritz, Francisco Capani, Hans-Peter
Elsässer, Christopher Horst Lillig. 2011. Redox atlas of the mouse. Biochimica et Biophysica Acta (BBA) - General Subjects
1810:1, 2-92. [CrossRef]

110. Rita Negrão, Raquel Costa, Delfim Duarte, Tiago Taveira Gomes, Pedro Coelho, João T. Guimarães, Luísa Guardão, Isabel
Azevedo, Raquel Soares. 2011. Xanthohumol-supplemented beer modulates angiogenesis and inflammation in a skin wound
healing model. Involvement of local adipocytes. Journal of Cellular Biochemistry n/a-n/a. [CrossRef]

111. Shadi S Yarandi, Vivian M Zhao, Gautam Hebbar, Thomas R Ziegler. 2011. Amino acid composition in parenteral nutrition:
what is the evidence?. Current Opinion in Clinical Nutrition and Metabolic Care 14:1, 75-82. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2109.2011.02889.x
http://dx.doi.org/10.1016/j.atherosclerosis.2011.04.033
http://dx.doi.org/10.1016/j.jaci.2011.04.018
http://dx.doi.org/10.1016/j.atherosclerosis.2011.01.012
http://dx.doi.org/10.1002/cphy.c100054
http://dx.doi.org/10.1016/j.yexmp.2010.11.005
http://dx.doi.org/10.1016/j.cbpa.2010.11.029
http://dx.doi.org/10.1038/hr.2010.263
http://dx.doi.org/10.5483/BMBRep.2011.44.3.170
http://dx.doi.org/10.2478/s11658-010-0042-0
http://dx.doi.org/10.1021/pr100771g
http://dx.doi.org/10.1016/j.meatsci.2010.09.011
http://dx.doi.org/10.1172/JCI43144
http://dx.doi.org/10.1159/000325537
http://dx.doi.org/10.1039/c0mt00063a
http://dx.doi.org/10.1016/j.bbagen.2010.05.006
http://dx.doi.org/10.1002/jcb.23332
http://dx.doi.org/10.1097/MCO.0b013e328341235a


112. Boryana Stamova, Peter G. Green, Yingfang Tian, Irva Hertz-Picciotto, Isaac N. Pessah, Robin Hansen, Xiaowei Yang,
Jennifer Teng, Jeffrey P. Gregg, Paul Ashwood, Judy Water, Frank R. Sharp. 2011. Correlations Between Gene Expression
and Mercury Levels in Blood of Boys With and Without Autism. Neurotoxicity Research 19:1, 31-48. [CrossRef]

113. Marcelo Medeiros Pinheiro, Rozana Ciconelli, Gabriela Chaves, Luana Aquino, Claudia Juzwiak, Patrícia de Souza Genaro,
Marcos Ferraz. 2011. Antioxidant intake among Brazilian adults - The Brazilian Osteoporosis Study (BRAZOS): a cross-
sectional study. Nutrition Journal 10:1, 39. [CrossRef]

114. Scott K. Powers, W. Bradley Nelson, Matthew B. Hudson. 2010. Exercise-induced oxidative stress in humans: Cause and
consequences. Free Radical Biology and Medicine . [CrossRef]

115. Pedro Diaz Vivancos, Yingping Dong, Kerstin Ziegler, Jelena Markovic, Federico V. Pallardó, Till K. Pellny, Paul J. Verrier,
Christine H. Foyer. 2010. Recruitment of glutathione into the nucleus during cell proliferation adjusts whole-cell redox
homeostasis in Arabidopsis thaliana and lowers the oxidative defence shield. The Plant Journal 64:5, 825-838. [CrossRef]

116. Barry R. Imhoff, Jason M. Hansen. 2010. Tert-butylhydroquinone induces mitochondrial oxidative stress causing Nrf2
activation. Cell Biology and Toxicology 26:6, 541-551. [CrossRef]

117. M. McMahon, D. J. Lamont, K. A. Beattie, J. D. Hayes. 2010. Keap1 perceives stress via three sensors for the endogenous
signaling molecules nitric oxide, zinc, and alkenals. Proceedings of the National Academy of Sciences 107:44, 18838-18843.
[CrossRef]

118. D. P. Jones. 2010. Redox sensing: orthogonal control in cell cycle and apoptosis signalling. Journal of Internal Medicine
268:5, 432-448. [CrossRef]

119. Grigory G. Martinovich, Irina V. Martinovich, Sergey N. Cherenkevich, Heinrich Sauer. 2010. Redox Buffer Capacity of the
Cell: Theoretical and Experimental Approach. Cell Biochemistry and Biophysics 58:2, 75-83. [CrossRef]

120. Pedro Diaz Vivancos, Tonja Wolff, Jelena Markovic, Federico V. Pallardó, Christine H. Foyer. 2010. A nuclear glutathione
cycle within the cell cycle. Biochemical Journal 431:2, 169-178. [CrossRef]

121. Neil B. Metcalfe, Carlos Alonso-Alvarez. 2010. Oxidative stress as a life-history constraint: the role of reactive oxygen
species in shaping phenotypes from conception to death. Functional Ecology 24:5, 984-996. [CrossRef]

122. Hueiwang Anna Jeng. 2010. Chemical composition of ambient particulate matter and redox activity. Environmental
Monitoring and Assessment 169:1-4, 597-606. [CrossRef]

123. D. P. Jones, Y.-M. Go. 2010. Redox compartmentalization and cellular stress. Diabetes, Obesity and Metabolism 12, 116-125.
[CrossRef]

124. Paulo Cavalheiro Schenkel, Angela Maria Vicente Tavares, Rafael Oliveira Fernandes, Gabriela Placoná Diniz, Mariane
Bertagnolli, Alex Sander da Rosa Araujo, Maria Luiza Barreto-Chaves, Maria Flavia Marques Ribeiro, Nadine Clausell,
Adriane Belló-Klein. 2010. Redox-sensitive prosurvival and proapoptotic protein expression in the myocardial remodeling
post-infarction in rats. Molecular and Cellular Biochemistry 341:1-2, 1-8. [CrossRef]

125. Haolin Chen, Liang Zhou, Chieh-Yin Lin, Matthew C. Beattie, June Liu, Barry R. Zirkin. 2010. Effect of glutathione
redox state on Leydig cell susceptibility to acute oxidative stress#. Molecular and Cellular Endocrinology 323:2, 147-154.
[CrossRef]

126. Sergio Rosales-Corral , Russel J. Reiter , Dun-Xian Tan , Genaro G. Ortiz , Gabriela Lopez-Armas . 2010. Functional Aspects
of Redox Control During Neuroinflammation. Antioxidants & Redox Signaling 13:2, 193-247. [Abstract] [Full Text HTML]
[Full Text PDF] [Full Text PDF with Links]

127. Pablo Perez#Martinez, Jose Maria Garcia#Quintana, Elena M. Yubero#Serrano, Inmaculada Tasset#Cuevas, Isaac
Tunez, Antonio Garcia#Rios, Javier Delgado#Lista, Carmen Marin, Francisco Perez#Jimenez, Helen M. Roche, Jose
Lopez#Miranda. 2010. Postprandial oxidative stress is modified by dietary fat: evidence from a human intervention study.
Clinical Science 119:6, 251-261. [CrossRef]

128. Wayne Chris Hawkes, Zeynep Alkan. 2010. Regulation of Redox Signaling by Selenoproteins. Biological Trace Element
Research 134:3, 235-251. [CrossRef]

129. Li#Peng Yap, Jerome V. Garcia, Derick S. Han, Enrique Cadenas. 2010. Role of nitric oxide-mediated glutathionylation in
neuronal function: potential regulation of energy utilization. Biochemical Journal 428:1, 85-93. [CrossRef]

130. T. Jubany-Marí, S. Munné-Bosch, L. Alegre. 2010. Redox regulation of water stress responses in field-grown plants. Role
of hydrogen peroxide and ascorbate. Plant Physiology and Biochemistry 48:5, 351-358. [CrossRef]

131. Indrani Sinha#Hikim, Ruoqing Shen, Ekaterina Kovacheva, Albert Crum, Nosratola D Vaziri, Keith C Norris. 2010.
Inhibition of apoptotic signalling in spermine-treated vascular smooth muscle cells by a novel glutathione precursor. Cell
Biology International 34:5, 503-511. [CrossRef]

http://dx.doi.org/10.1007/s12640-009-9137-7
http://dx.doi.org/10.1186/1475-2891-10-39
http://dx.doi.org/10.1016/j.freeradbiomed.2010.12.009
http://dx.doi.org/10.1111/j.1365-313X.2010.04371.x
http://dx.doi.org/10.1007/s10565-010-9162-6
http://dx.doi.org/10.1073/pnas.1007387107
http://dx.doi.org/10.1111/j.1365-2796.2010.02268.x
http://dx.doi.org/10.1007/s12013-010-9090-3
http://dx.doi.org/10.1042/BJ20100409
http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x
http://dx.doi.org/10.1007/s10661-009-1199-8
http://dx.doi.org/10.1111/j.1463-1326.2010.01266.x
http://dx.doi.org/10.1007/s11010-010-0431-8
http://dx.doi.org/10.1016/j.mce.2010.02.034
http://dx.doi.org/10.1089/ars.2009.2629
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2629
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2629
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2629
http://dx.doi.org/10.1042/CS20100015
http://dx.doi.org/10.1007/s12011-010-8656-7
http://dx.doi.org/10.1042/BJ20100164
http://dx.doi.org/10.1016/j.plaphy.2010.01.021
http://dx.doi.org/10.1042/CBI20090349


132. Hea Jin Park, Steven R. Davis, Hsin-Yin Liang, Daniel W. Rosenberg, Richard S. Bruno. 2010. Chlorogenic Acid
Differentially Alters Hepatic and Small Intestinal Thiol Redox Status Without Protecting Against Azoxymethane-Induced
Colon Carcinogenesis in Mice. Nutrition and Cancer 62:3, 362-370. [CrossRef]

133. Qiang Zhang, Jingbo Pi, Courtney G. Woods, Melvin E. Andersen. 2010. A systems biology perspective on Nrf2-mediated
antioxidant response. Toxicology and Applied Pharmacology 244:1, 84-97. [CrossRef]

134. Nicoletta Gagliano, Giancarlo Aldini, Graziano Colombo, Ranieri Rossi, Roberto Colombo, Magda Gioia, Aldo Milzani,
Isabella Dalle-Donne. 2010. The potential of resveratrol against human gliomas. Anti-Cancer Drugs 21:2, 140-150.
[CrossRef]

135. L.L. Amado, J.M. Monserrat. 2010. Oxidative stress generation by microcystins in aquatic animals: Why and how.
Environment International 36:2, 226-235. [CrossRef]

136. Patrícia B. Botelho, Cyntia O. Fioratti, Dulcinéia S. P. Abdalla, Marcelo C. Bertolami, Inar A. Castro. 2010. Classification of
individuals with dyslipidaemia controlled by statins according to plasma biomarkers of oxidative stress using cluster analysis.
British Journal of Nutrition 103:02, 256. [CrossRef]

137. Theresa W. Gauthier, Julie A. Kable, Leandrea Burwell, Claire D. Coles, Lou Ann S. Brown. 2010. Maternal Alcohol Use
During Pregnancy Causes Systemic Oxidation of the Glutathione Redox System. Alcoholism: Clinical and Experimental
Research 34:1, 123-130. [CrossRef]

138. James R. Roede, Dean P. Jones. 2010. Reactive species and mitochondrial dysfunction: Mechanistic significance of 4-
hydroxynonenal. Environmental and Molecular Mutagenesis NA-NA. [CrossRef]

139. Pawe# Lewandowski, El#bieta Hübner-Wo#niak. 2010. Effects of competitive pentathlon training on the antioxidant defence
components. Biomedical Human Kinetics 2:-1, 78-80. [CrossRef]

140. Douglas C. Wallace, Weiwei Fan, Vincent Procaccio. 2010. Mitochondrial Energetics and Therapeutics. Annual Review of
Pathology: Mechanisms of Disease 5:1, 297-348. [CrossRef]

141. Y.-M. Go, S. E. Craige, M. Orr, K. M. Gernert, D. P. Jones. 2009. Gene and Protein Responses of Human Monocytes to
Extracellular Cysteine Redox Potential. Toxicological Sciences 112:2, 354-362. [CrossRef]

142. Shazib Pervaiz , Andrea Lisa Holme . 2009. Resveratrol: Its Biologic Targets and Functional Activity. Antioxidants & Redox
Signaling 11:11, 2851-2897. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

143. Stefano Toppo, Leopold Flohé, Fulvio Ursini, Stefano Vanin, Matilde Maiorino. 2009. Catalytic mechanisms and specificities
of glutathione peroxidases: Variations of a basic scheme. Biochimica et Biophysica Acta (BBA) - General Subjects 1790:11,
1486-1500. [CrossRef]

144. Dean P. Jones, Yongliang Liang. 2009. Measuring the poise of thiol/disulfide couples in vivo. Free Radical Biology and
Medicine 47:10, 1329-1338. [CrossRef]

145. A.M. Da Rocha, D.P. Salomão de Freitas, M. Burns, J.P. Vieira, F.R. de la Torre, J.M. Monserrat. 2009. Seasonal and organ
variations in antioxidant capacity, detoxifying competence and oxidative damage in freshwater and estuarine fishes from
Southern Brazil. Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 150:4, 512-520. [CrossRef]

146. William C. Burhans, Nicholas H. Heintz. 2009. The cell cycle is a redox cycle: Linking phase-specific targets to cell fate.
Free Radical Biology and Medicine 47:9, 1282-1293. [CrossRef]

147. Malcolm J. Jackson. 2009. Redox regulation of adaptive responses in skeletal muscle to contractile activity. Free Radical
Biology and Medicine 47:9, 1267-1275. [CrossRef]

148. Lucía Turell, Horacio Botti, Sebastián Carballal, Rafael Radi, Beatriz Alvarez. 2009. Sulfenic acid—A key intermediate in
albumin thiol oxidation#. Journal of Chromatography B 877:28, 3384-3392. [CrossRef]

149. Jung H. Suh, Robert Kim, Burcu Yavuz, Daniel Lee, Ashutosh Lal, Bruce N. Ames, Mark K. Shigenaga. 2009. Clinical
assay of four thiol amino acid redox couples by LC–MS/MS: Utility in thalassemia#. Journal of Chromatography B 877:28,
3418-3427. [CrossRef]

150. R Franco, J A Cidlowski. 2009. Apoptosis and glutathione: beyond an antioxidant. Cell Death and Differentiation 16:10,
1303-1314. [CrossRef]

151. Francesca Mangialasche, M. Cristina Polidori, Roberto Monastero, Sara Ercolani, Cecilia Camarda, Roberta Cecchetti,
Patrizia Mecocci. 2009. Biomarkers of oxidative and nitrosative damage in Alzheimer's disease and mild cognitive
impairment. Ageing Research Reviews 8:4, 285-305. [CrossRef]

152. Patricia W. Lin, Loren E.S. Myers, Laurie Ray, Shuh-Chyung Song, Tala R. Nasr, Andrew J. Berardinelli, Kousik Kundu,
Niren Murthy, Jason M. Hansen, Andrew S. Neish. 2009. Lactobacillus rhamnosus blocks inflammatory signaling in vivo
via reactive oxygen species generation. Free Radical Biology and Medicine 47:8, 1205-1211. [CrossRef]

http://dx.doi.org/10.1080/01635580903407239
http://dx.doi.org/10.1016/j.taap.2009.08.018
http://dx.doi.org/10.1097/CAD.0b013e32833498f1
http://dx.doi.org/10.1016/j.envint.2009.10.010
http://dx.doi.org/10.1017/S0007114509991711
http://dx.doi.org/10.1111/j.1530-0277.2009.01072.x
http://dx.doi.org/10.1002/em.20553
http://dx.doi.org/10.2478/v10101-010-0019-5
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092314
http://dx.doi.org/10.1093/toxsci/kfp205
http://dx.doi.org/10.1089/ars.2008.2412
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2412
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2412
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2412
http://dx.doi.org/10.1016/j.bbagen.2009.04.007
http://dx.doi.org/10.1016/j.freeradbiomed.2009.08.021
http://dx.doi.org/10.1016/j.cbpc.2009.07.012
http://dx.doi.org/10.1016/j.freeradbiomed.2009.05.026
http://dx.doi.org/10.1016/j.freeradbiomed.2009.09.005
http://dx.doi.org/10.1016/j.jchromb.2009.03.035
http://dx.doi.org/10.1016/j.jchromb.2009.06.041
http://dx.doi.org/10.1038/cdd.2009.107
http://dx.doi.org/10.1016/j.arr.2009.04.002
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.033


153. F. Galhardi, K. Mesquita, J.M. Monserrat, D.M. Barros. 2009. Effect of silymarin on biochemical parameters of oxidative
stress in aged and young rat brain. Food and Chemical Toxicology 47:10, 2655-2660. [CrossRef]

154. R. Rossi, D. Giustarini, A. Milzani, I. Dalle-Donne. 2009. Cysteinylation and homocysteinylation of plasma protein thiols
during ageing of healthy human beings. Journal of Cellular and Molecular Medicine 13:9b, 3131-3140. [CrossRef]

155. Erin E. Battin, Julia L. Brumaghim. 2009. Antioxidant Activity of Sulfur and Selenium: A Review of Reactive Oxygen
Species Scavenging, Glutathione Peroxidase, and Metal-Binding Antioxidant Mechanisms. Cell Biochemistry and Biophysics
55:1, 1-23. [CrossRef]

156. Wei Bi, Fengan Wang, Yue Bi, Tianyang Wang, Ping Xue, Yanrong Zhang, Xiang Gao, Sanguang Liu, Zhibo Wang, Meng
Li. 2009. Renal ischemia/reperfusion injury in rats is attenuated by a synthetic glycine derivative. European Journal of
Pharmacology 616:1-3, 256-264. [CrossRef]

157. Arianne L. Theiss, Matam Vijay–Kumar, Tracy S. Obertone, Dean P. Jones, Jason M. Hansen, Andrew T. Gewirtz, Didier
Merlin, Shanthi V. Sitaraman. 2009. Prohibitin Is a Novel Regulator of Antioxidant Response That Attenuates Colonic
Inflammation in Mice. Gastroenterology 137:1, 199-208.e6. [CrossRef]

158. A. R. Timme-Laragy, L. A. Van Tiem, E. A. Linney, R. T. Di Giulio. 2009. Antioxidant Responses and NRF2 in Synergistic
Developmental Toxicity of PAHs in Zebrafish. Toxicological Sciences 109:2, 217-227. [CrossRef]

159. David W. Essex . 2009. Redox Control of Platelet Function. Antioxidants & Redox Signaling 11:5, 1191-1225. [Abstract]
[Full Text PDF] [Full Text PDF with Links]

160. Jing-Ting Hong, Jui-Hung Yen, Lisu Wang, Ya-Hsuan Lo, Zong-Tsi Chen, Ming-Jiuan Wu. 2009. Regulation of heme
oxygenase-1 expression and MAPK pathways in response to kaempferol and rhamnocitrin in PC12 cells. Toxicology and
Applied Pharmacology 237:1, 59-68. [CrossRef]

161. Juliane Ventura-Lima, Micheli Rosa de Castro, Daiane Acosta, Daniele Fattorini, Francesco Regoli, Leandro Machado de
Carvalho, Denise Bohrer, Laura A. Geracitano, Daniela Martí Barros, Luis F.F. Marins. 2009. Effects of arsenic (As) exposure
on the antioxidant status of gills of the zebrafish Danio rerio (Cyprinidae). Comparative Biochemistry and Physiology Part
C: Toxicology & Pharmacology 149:4, 538-543. [CrossRef]

162. Qiongqiong Zhou, Philip Y. Lam, Derick Han, Enrique Cadenas. 2009. Activation of c-Jun-N-terminal kinase and decline
of mitochondrial pyruvate dehydrogenase activity during brain aging. FEBS Letters 583:7, 1132-1140. [CrossRef]

163. D. Brian Foster, Jennifer E. Van Eyk, Eduardo Marbán, Brian O’Rourke. 2009. Redox signaling and protein phosphorylation
in mitochondria: progress and prospects. Journal of Bioenergetics and Biomembranes 41:2, 159-168. [CrossRef]

164. Nazzareno Ballatori, Suzanne M. Krance, Sylvia Notenboom, Shujie Shi, Kim Tieu, Christine L. Hammond. 2009.
Glutathione dysregulation and the etiology and progression of human diseases. Biological Chemistry 390:3, 191-214.
[CrossRef]

165. Lílian Lund Amado, Márcia Longaray Garcia, Patricia Baptista Ramos, Ricardo Franco Freitas, Bruna Zafalon, Josencler
Luis Ribas Ferreira, João Sarkis Yunes, José M. Monserrat. 2009. A method to measure total antioxidant capacity against
peroxyl radicals in aquatic organisms: Application to evaluate microcystins toxicity. Science of The Total Environment 407:6,
2115-2123. [CrossRef]

166. Vladimir Vinokur, Leonid Grinberg, Eduard Berenshtein, Menachem Gross, Jackob Moskovitz, Abraham Z. Reznick,
Mordechai Chevion, Ron Eliashar. 2009. Methionine-centered redox cycle in organs of the aero-digestive tract of young and
old rats. Biogerontology 10:1, 43-52. [CrossRef]

167. Marisia P. Esposito, Mauricio L. Ferreira, Silvia M.R. Sant'Anna, Marisa Domingos, Silvia R. Souza. 2009. Relationship
between leaf antioxidants and ozone injury in Nicotiana tabacum ‘Bel-W3’ under environmental conditions in São Paulo,
SE – Brazil. Atmospheric Environment 43:3, 619-623. [CrossRef]

168. Marika Mikelsaar, Mihkel Zilmer. 2009. Lactobacillus fermentum ME-3 – an antimicrobial and antioxidative probiotic.
Microbial Ecology in Health and Disease 21:1, 1-27. [CrossRef]

169. Peng R. Chen, Satoshi Nishida, Catherine B. Poor, Alice Cheng, Taeok Bae, Lisa Kuechenmeister, Paul M. Dunman,
Dominique Missiakas, Chuan He. 2009. A new oxidative sensing and regulation pathway mediated by the MgrA homologue
SarZ in Staphylococcus aureus. Molecular Microbiology 71:1, 198-211. [CrossRef]

170. Erin E. Battin, Julia L. Brumaghim. 2008. Metal specificity in DNA damage prevention by sulfur antioxidants. Journal of
Inorganic Biochemistry 102:12, 2036-2042. [CrossRef]

171. Y GO, D JONES. 2008. Redox compartmentalization in eukaryotic cells. Biochimica et Biophysica Acta (BBA) - General
Subjects 1780:11, 1273-1290. [CrossRef]

http://dx.doi.org/10.1016/j.fct.2009.07.030
http://dx.doi.org/10.1111/j.1582-4934.2008.00417.x
http://dx.doi.org/10.1007/s12013-009-9054-7
http://dx.doi.org/10.1016/j.ejphar.2009.06.027
http://dx.doi.org/10.1053/j.gastro.2009.03.033
http://dx.doi.org/10.1093/toxsci/kfp038
http://dx.doi.org/10.1089/ars.2008.2322
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2322
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2322
http://dx.doi.org/10.1016/j.taap.2009.02.014
http://dx.doi.org/10.1016/j.cbpc.2008.12.003
http://dx.doi.org/10.1016/j.febslet.2009.02.043
http://dx.doi.org/10.1007/s10863-009-9217-7
http://dx.doi.org/10.1515/BC.2009.033
http://dx.doi.org/10.1016/j.scitotenv.2008.11.038
http://dx.doi.org/10.1007/s10522-008-9152-8
http://dx.doi.org/10.1016/j.atmosenv.2008.10.006
http://dx.doi.org/10.1080/08910600902815561
http://dx.doi.org/10.1111/j.1365-2958.2008.06518.x
http://dx.doi.org/10.1016/j.jinorgbio.2008.06.010
http://dx.doi.org/10.1016/j.bbagen.2008.01.011


172. Margret S. Rodrigues , Mamatha M. Reddy , Martin Sattler . 2008. Cell Cycle Regulation by Oncogenic Tyrosine Kinases
in Myeloid Neoplasias: From Molecular Redox Mechanisms to Health Implications. Antioxidants & Redox Signaling 10:10,
1813-1848. [Abstract] [Full Text PDF] [Full Text PDF with Links]

173. Marcel Zamocky , Paul G. Furtmüller , Christian Obinger . 2008. Evolution of Catalases from Bacteria to Humans.
Antioxidants & Redox Signaling 10:9, 1527-1548. [Abstract] [Full Text PDF] [Full Text PDF with Links]

174. J MONSERRAT, J LIMA, J FERREIRA, D ACOSTA, M GARCIA, P RAMOS, T MORAES, L DOSSANTOS, L
AMADO. 2008. Modulation of antioxidant and detoxification responses mediated by lipoic acid in the fish Corydoras
paleatus (Callychthyidae). Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology 148:3, 287-292.
[CrossRef]

175. Malcolm J. Jackson. 2008. Redox regulation of skeletal muscle. IUBMB Life 60:8, 497-501. [CrossRef]

176. Dimitrios Galaris, Vasiliki Skiada, Alexandra Barbouti. 2008. Redox signaling and cancer: The role of “labile” iron. Cancer
Letters 266:1, 21-29. [CrossRef]

177. D. Parsonage, P. A. Karplus, L. B. Poole. 2008. Reactive Oxygen Species Special Feature: Substrate specificity and
redox potential of AhpC, a bacterial peroxiredoxin. Proceedings of the National Academy of Sciences 105:24, 8209-8214.
[CrossRef]

178. M. He, J. Cai, Y.-M. Go, J. M. Johnson, W. D. Martin, J. M. Hansen, D. P. Jones. 2008. Identification of Thioredoxin-2 as
a Regulator of the Mitochondrial Permeability Transition. Toxicological Sciences 105:1, 44-50. [CrossRef]

179. Francisco R.M. Laurindo , Denise C. Fernandes , Angélica M. Amanso , Lucia R. Lopes , Célio X.C. Santos . 2008. Novel
Role of Protein Disulfide Isomerase in the Regulation of NADPH Oxidase Activity: Pathophysiological Implications in
Vascular Diseases. Antioxidants & Redox Signaling 10:6, 1101-1114. [Abstract] [Full Text PDF] [Full Text PDF with Links]

180. Johnny Amer, Ada Goldfarb, Eliezer A. Rachmilewitz, Eitan Fibach. 2008. Fermented papaya preparation as redox regulator
in blood cells of#-thalassemic mice and patients. Phytotherapy Research 22:6, 820-828. [CrossRef]

181. Marcus Gutscher, Anne-Laure Pauleau, Laurent Marty, Thorsten Brach, Guido H Wabnitz, Yvonne Samstag, Andreas J
Meyer, Tobias P Dick. 2008. Real-time imaging of the intracellular glutathione redox potential. Nature Methods 5:6, 553-559.
[CrossRef]

182. George C Newman, Jonathan Dissin. 2008. Compartmentalizing oxidative stress. Future Lipidology 3:3, 229-231. [CrossRef]

183. Shih-Ching Lo, Mark Hannink. 2008. PGAM5 tethers a ternary complex containing Keap1 and Nrf2 to mitochondria.
Experimental Cell Research 314:8, 1789-1803. [CrossRef]

184. Adriana Kessler, Micheli Biasibetti, Denizar Alberto Silva Melo, Moacir Wajner, Carlos Severo Dutra-Filho, Ângela
Terezinha Souza Wyse, Clovis Milton Duval Wannmacher. 2008. Antioxidant Effect of Cysteamine in Brain Cortex of Young
Rats. Neurochemical Research 33:5, 737-744. [CrossRef]

185. Wulf Dröge , Ralf Kinscherf . 2008. Aberrant Insulin Receptor Signaling and Amino Acid Homeostasis as a Major Cause
of Oxidative Stress in Aging. Antioxidants & Redox Signaling 10:4, 661-678. [Abstract] [Full Text PDF] [Full Text PDF
with Links]

186. Bin Liu, Yumin Chen, Daret K. St. Clair. 2008. ROS and p53: A versatile partnership. Free Radical Biology and Medicine
44:8, 1529-1535. [CrossRef]

187. Philip Lam, Ryan Hamilton, Lester Packer, Derick HanModulation of Cellular Redox and Metabolic Status by Lipoic Acid
20080652, . [CrossRef]

188. Carmen Alicia Padilla, Pablo Porras, Raquel Requejo, José Rafael Pedrajas, Emilia Martínez-Galisteo, José Antonio Bárcena,
José PeinadoRedoxin Connection of Lipoic Acid 20080652, . [CrossRef]

189. Isabella Dalle–Donne , Aldo Milzani , Nicoletta Gagliano , Roberto Colombo , Daniela Giustarini , Ranieri Rossi . 2008.
Molecular Mechanisms and Potential Clinical Significance of S-Glutathionylation. Antioxidants & Redox Signaling 10:3,
445-474. [Abstract] [Full Text PDF] [Full Text PDF with Links]

190. Adriana Kessler, Micheli Biasibetti, Luciane Rosa Feksa, Virginia Cielo Rech, Denizar Alberto Silva Melo, Moacir Wajner,
Carlos Severo Dutra-Filho, Ângela Terezinha Souza Wyse, Clovis Milton Duval Wannmacher. 2008. Effects of cysteamine
on oxidative status in cerebral cortex of rats. Metabolic Brain Disease 23:1, 81-93. [CrossRef]

191. Melissa Kemp, Young-Mi Go, Dean P. Jones. 2008. Nonequilibrium thermodynamics of thiol/disulfide redox systems: A
perspective on redox systems biology. Free Radical Biology and Medicine 44:6, 921-937. [CrossRef]

192. Menghua Luo, Concepcion Fernandez-Estivariz, Dean P. Jones, Carolyn R. Accardi, Birgit Alteheld, Niloofar Bazargan, Li
Hao, Daniel P. Griffith, Jeffrey B. Blumberg, John R. Galloway, Thomas R. Ziegler. 2008. Depletion of plasma antioxidants

http://dx.doi.org/10.1089/ars.2008.2071
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2071
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2071
http://dx.doi.org/10.1089/ars.2008.2046
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2046
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2046
http://dx.doi.org/10.1016/j.cbpc.2008.06.011
http://dx.doi.org/10.1002/iub.72
http://dx.doi.org/10.1016/j.canlet.2008.02.038
http://dx.doi.org/10.1073/pnas.0708308105
http://dx.doi.org/10.1093/toxsci/kfn116
http://dx.doi.org/10.1089/ars.2007.2011
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.2011
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.2011
http://dx.doi.org/10.1002/ptr.2379
http://dx.doi.org/10.1038/nmeth.1212
http://dx.doi.org/10.2217/17460875.3.3.229
http://dx.doi.org/10.1016/j.yexcr.2008.02.014
http://dx.doi.org/10.1007/s11064-007-9486-7
http://dx.doi.org/10.1089/ars.2007.1953
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1953
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1953
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1953
http://dx.doi.org/10.1016/j.freeradbiomed.2008.01.011
http://dx.doi.org/10.1201/9781420045390.ch12
http://dx.doi.org/10.1201/9781420045390.ch13
http://dx.doi.org/10.1089/ars.2007.1716
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1716
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1716
http://dx.doi.org/10.1007/s11011-007-9078-x
http://dx.doi.org/10.1016/j.freeradbiomed.2007.11.008


in surgical intensive care unit patients requiring parenteral feeding: effects of parenteral nutrition with or without alanyl-
glutamine dipeptide supplementation. Nutrition 24:1, 37-44. [CrossRef]

193. Lester Packer, Enrique Cadenas, Kelvin J.A. Davies. 2008. Free radicals and exercise: An introduction. Free Radical Biology
and Medicine 44:2, 123-125. [CrossRef]

194. Marcello Iriti, Franco Faoro. 2007. Oxidative Stress, the Paradigm of Ozone Toxicity in Plants and Animals. Water, Air, and
Soil Pollution 187:1-4, 285-301. [CrossRef]

195. Dorothée Lahaye, Kannan Muthukumaran, Chen-Hsiung Hung, Dorota Gryko, Júlio S. Rebouças, Ivan Spasojevi#, Ines
Batini#-Haberle, Jonathan S. Lindsey. 2007. Design and synthesis of manganese porphyrins with tailored lipophilicity:
Investigation of redox properties and superoxide dismutase activity. Bioorganic & Medicinal Chemistry 15:22, 7066-7086.
[CrossRef]

196. Yihong Kaufmann, V. Suzanne Klimberg. 2007. Effect of Glutamine on Gut Glutathione Fractional Release in the Implanted
Tumor Model. Nutrition and Cancer 59:2, 199-206. [CrossRef]

197. Amrita Kumar, Huixia Wu, Lauren S Collier-Hyams, Jason M Hansen, Tengguo Li, Kosj Yamoah, Zhen-Qiang Pan, Dean
P Jones, Andrew S Neish. 2007. Commensal bacteria modulate cullin-dependent signaling via generation of reactive oxygen
species. The EMBO Journal 26:21, 4457-4466. [CrossRef]

198. Christian Opländer, Miriam M. Cortese, Hans-Gert Korth, Michael Kirsch, Csaba Mahotka, Wiebke Wetzel, Norbert Pallua,
Christoph V. Suschek. 2007. The impact of nitrite and antioxidants on ultraviolet-A-induced cell death of human skin
fibroblasts. Free Radical Biology and Medicine 43:5, 818-829. [CrossRef]

199. Phyllis A. Dennery. 2007. Effects of oxidative stress on embryonic development. Birth Defects Research Part C: Embryo
Today: Reviews 81:3, 155-162. [CrossRef]

200. Isabella Dalle-Donne, Ranieri Rossi, Daniela Giustarini, Roberto Colombo, Aldo Milzani. 2007. S-glutathionylation in
protein redox regulation. Free Radical Biology and Medicine 43:6, 883-898. [CrossRef]

201. Anna Lewinska, Maciej Wnuk, Ewa Slota, Grzegorz Bartosz. 2007. TOTAL ANTI-OXIDANT CAPACITY OF CELL
CULTURE MEDIA. Clinical and Experimental Pharmacology and Physiology 34:8, 781-786. [CrossRef]

202. Virgínia Cielo Rech, Luciane Rosa Feksa, Maria Fernanda Arevalo do Amaral, Gustavo Waltereith Koch, Moacir Wajner,
Carlos Severo Dutra-Filho, Angela Terezinha de Souza Wyse, Clovis Milton Duval Wannmacher. 2007. Promotion of
oxidative stress in kidney of rats loaded with cystine dimethyl ester. Pediatric Nephrology 22:8, 1121-1128. [CrossRef]

203. Alberto Jiménez, Laura Mateos, José R. Pedrajas, Antonio Miranda-Vizuete, José L. Revuelta. 2007. The txl1 + gene from
Schizosaccharomyces pombe encodes a new thioredoxin-like 1 protein that participates in the antioxidant defence against
tert -butyl hydroperoxide. Yeast 24:6, 481-490. [CrossRef]

204. Ahmet Cumaog#lu, ÇEmal Cevik, Lucia Rackova, Nuray Ari, ÇImen Karasu. 2007. Effects of antioxidant stobadine on
protein carbonylation, advanced oxidation protein products and reductive capacity of liver in streptozotocin-diabetic rats:
Role of oxidative/nitrosative stress. BioFactors 30:3, 171-178. [CrossRef]

205. R. Franco, O. J. Schoneveld, A. Pappa, M. I. Panayiotidis. 2007. The central role of glutathione in the pathophysiology of
human diseases. Archives Of Physiology And Biochemistry 113:4-5, 234-258. [CrossRef]

206. Jason M. Hansen. 2006. Oxidative stress as a mechanism of teratogenesis. Birth Defects Research Part C: Embryo Today:
Reviews 78:4, 293-307. [CrossRef]

207. James A. McCubrey , Richard A. Franklin . 2006. Reactive Oxygen Intermediates and Signaling Through Kinase Pathways.
Antioxidants & Redox Signaling 8:9-10, 1745-1748. [Citation] [Full Text PDF] [Full Text PDF with Links]

208. K.H. Janbaz ., S.A. Saeed ., A.H. Gilani .. 2003. Hepatoprotective Effect of Thymol on Chemical-induced Hepatotoxicity in
Rodents. Pakistan Journal of Biological Sciences 6:5, 448-451. [CrossRef]

http://dx.doi.org/10.1016/j.nut.2007.10.004
http://dx.doi.org/10.1016/j.freeradbiomed.2007.05.031
http://dx.doi.org/10.1007/s11270-007-9517-7
http://dx.doi.org/10.1016/j.bmc.2007.07.015
http://dx.doi.org/10.1080/01635580701439632
http://dx.doi.org/10.1038/sj.emboj.7601867
http://dx.doi.org/10.1016/j.freeradbiomed.2007.05.030
http://dx.doi.org/10.1002/bdrc.20098
http://dx.doi.org/10.1016/j.freeradbiomed.2007.06.014
http://dx.doi.org/10.1111/j.1440-1681.2007.04637.x
http://dx.doi.org/10.1007/s00467-007-0494-2
http://dx.doi.org/10.1002/yea.1483
http://dx.doi.org/10.1002/biof.5520300304
http://dx.doi.org/10.1080/13813450701661198
http://dx.doi.org/10.1002/bdrc.20085
http://dx.doi.org/10.1089/ars.2006.8.1745
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1745
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1745
http://dx.doi.org/10.3923/pjbs.2003.448.451

