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Abstract

Significance: Aerobic organisms must exist between the dueling biological metabolic processes for energy and res-
piration and the obligatory generation of reactive oxygen species (ROS) whose deleterious consequences can reduce
survival. Wide fluctuations in harmful ROS generation are circumvented by endogenous countermeasures (i.e., en-
zymatic and nonenzymatic antioxidants systems) whose capacity decline with aging and are enhanced by disease
states. Recent Advances: Substantial efforts on the cellular and molecular underpinnings of oxidative stress has been
complemented recently by the discovery that reductive stress similarly predisposes to inheritable cardiomyopathy,
firmly establishing that the biological extremes of the redox spectrum play essential roles in disease pathogenesis.
Critical Issues: Because antioxidants by nutritional or pharmacological supplement to prevent or mitigate disease
states have been largely disappointing, we hypothesize that lack of efficacy of antioxidants might be related to adverse
outcomes in responders at the reductive end of the redox spectrum. As emerging concepts, such as reductive, as
opposed, oxidative stress are further explored, there is an urgent and critical gap for biochemical phenotyping to guide
the targeted clinical applications of therapeutic interventions. Future Directions: New approaches are vitally needed
for characterizing redox states with the long-term goal to noninvasively assess distinct clinical states (e.g., presymp-
tomatic, end-stage) with the diagnostic accuracy to guide personalized medicine. Antioxid. Redox Signal. 18, 1114–1127.

General Principles on Oxido-Reductive Stress
and Antioxidative Pathways

Molecular di-oxygen (O2) has been exploited through
evolution by aerobic organisms and is converted to

water via four-electron reduction, through sequential steps
catalyzed by membrane-bound complexes within the mito-
chondria. Terminal electron transfer takes place in the mito-
chondrial electron transport chain, which generates high
levels of ATP by oxidative phosphorylation. This is particu-
larly essential within the mammalian heart, which could not
produce enough energy to maintain essential cellular func-
tions under anaerobic conditions (45). However, a small per-
centage (1%–2%) of the molecular oxygen consumed is
incompletely reduced during this process (43, 86), resulting in
the generation of highly reactive, partially reduced products of

oxygen within the cell. These oxygen-derived pro-oxidants, or
reactive oxygen species (ROS) are highly damaging to the cell
if allowed to accumulate in large amounts, a process that in-
creases with aging (Fig. 1) (8). Thus, the paradox of aerobic life
has arisen: aerobic organisms cannot survive without oxygen,
despite it being inherently dangerous to their existence (30).

In addition to the electron transport chain, there are many
other potential sources of ROS to which the cell is exposed,
both endogenous and exogenous. Thus, ROS may also be
produced as by-products of other metabolic processes, in-
cluding those catalyzed by xanthine oxidase, monamine oxi-
dase, cytochrome P450-based enzymes, and uncoupled nitric
oxide (NO) synthase (2, 18, 34). A wide variety of xenobiotics
and toxic chemicals similarly produce ROS as by-products of
their metabolism in vivo (37, 92, 128). Exposure of cells to
ionizing radiation also results in the production of a range of
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ROS from the ionization of intracellular water, and constitutes
a major exogenous source of ROS (110).

Lipids, proteins, carbohydrates, DNA, and RNA are all
inherently susceptible to damage by oxidation. In vivo, a sig-
nificant amount of autoxidation is caused by exposure to
molecular oxygen itself, although many of these processes are,
in fact, likely to be metal-catalyzed (30). ROS present an even
greater danger to the integrity of these macromolecules, and
as a consequence, molecular defense mechanisms have
evolved to prevent the harmful accumulation of ROS within
the cell. These systems are many and varied, reflecting the
array of sources and species of ROS, which could potentially
damage the cell. These mechanisms may act indirectly, for
instance, by controlling the activity of endogenous ROS pro-
ducing enzymes, such as xanthine oxidase. Alternatively, they
may act by enhancing the efficiency of removal and/or repair
systems, which act upon the sites of oxidative damage of
macromolecules (72, 73).

Antioxidants can be broadly divided into two groups;
those that are comprised of enzymes (Table 1), and those that
consist of nonenzymatic low-molecular weight (MW) com-
pounds (Table 2). Thus, the superoxide ion can be converted
to water by the combined enzymatic activities of the super-
oxide dismutases (SODs), which catalyze the formation of
H2O2 from O2

- (83), and the further catalysis by catalase of

H2O2 to H2O (75) or by members of the peroxidase family,
including glutathione (GSH) peroxidase (GPx) (23). The SODs
comprise a family of proteins, which differ in their structure,
cellular localization, cofactor requirements, and reaction rate
constants. Thus, mammals employ distinct cytoplasmic, ex-
tracellular, and mitochondrial forms of SODs, which utilize
different transition metals at their active sites (Cu and Zn, or
Mn for the mitochondrial SOD) (41). Catalases and peroxi-
dases similarly have very distinct cellular locations and dif-
ferent modes of action and affinities for their substrate of
H2O2. In most cells, including cardiomyocytes, catalase is
exclusively localized within peroxisomes (52), while GPx is
located in the cytoplasm and mitochondria (82). Catalase has
a very low affinity for its substrate and so will remove H2O2

only when present at high concentrations. By contrast, GPx
uses the reducing power of GSH and will remove H2O2 even
when present in low concentrations [reviewed in Ref. (74)].

GPx is a member of an important family of enzymatic anti-
oxidants, collectively termed the thioredoxin (Trx) superfamily,
which includes Trxs and thioredoxin reductase (TrxR), glutar-
edoxins, and peroxiredoxins (3). Trx and glutaredoxin are the
primary reductants of intracellular disulfide bonds, but Trx
and TrxR can additionally directly reduce H2O2, as can the
peroxiredoxins [reviewed in Ref. (64)]. As is the case for SOD,
distinct isoforms of the different enzymes exist, which

FIG. 1. Types of reactive
oxygen species.

Table 1. Endogenous Cellular Antioxidant Systems

Enzyme systems

Direct Reaction

Superoxide dismutase O2 + O2/H2O2 + O2

Catalase H2O2 + H2O2/2H2O2 + O2

Peroxidase 2 GSH + H2O2/GSSG + 2H2O
Trx Trx(SH)2 + R-S-S-R/Trx-S2 + R-(SH)2

Glutaredoxin 2GSH = R-S-S-R/2R-SH = GSSG

Supporting enzymes Reaction

TrxR Trx-S2 + NADPH + H + /Trx–(SH)2 + NADP +

Glutathione S-transferase GSSG + NADPH + H + /2GSH + NADP +

Glucose-6-phosphate dehydrogenase Glucose-6-phosphate + NADP + / 6-hophogluconolactone + NADPH + H +

Xanthine oxidase Xanthine + H2O2/Hypoxantine + H2O + O2

Uric Acid + H2O2/Xanthine + H2O + O2

Trx, thioredoxin; TrxR, thioredoxin reductase.
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demonstrate specificity of intracellular localization. Thus, the
cell has developed the capacity to remove ROS that are pro-
duced in many different cellular locations at differing concen-
trations. Further, the expression levels of many of these
enzymatic activities are known to be inducible, often in re-
sponse to specific pro-oxidant insults, suggesting that the reg-
ulation of ROS levels within the cell is of vital importance (94).

The low MW (i.e., nonenzymatic) group of antioxidants
includes many compounds that can scavenge the oxidizing
radical by donating electron(s) directly, such as GSH, histidine
dipeptides, uric acid vitamin C (ascorbic acid), and vitamin E
(a-tocopherol) [reviewed in Refs. (30, 74)]. These small com-
pounds possess a spectrum of activities against a wide variety
of ROS, and their concentrations can be regulated within the
cell. Some, such as vitamin E are lipid soluble, while others are
aqueous, further demonstrating the adaptability that the cell
possesses to regulate tightly the intracellular ROS.

Central to the mechanisms involved in redox signaling are
thiol/disulfide couples, such as GSH/GSSG, Trxs, and cys-
teine/cystine (Cys/CySS), which must be maintained at dis-
tinct redox potentials to regulate the redox states of the
reactive thiols (or so-called sulfur switches) of specific regu-
latory proteins (24). Among the major thiol–disulfide redox
buffers within the cell, the GSH/GSSG system is considered
the most important, since the concentration of GSH within the
cytosol (1–11 mM) is far higher than most other redox-active
compounds (44, 107). For decades, however, the intracellular
levels of GSH are known to regulate redox-dependent cellular
differentiation, proliferation, and apoptosis and are, therefore,
of central importance to the function of the cell (4, 6, 39, 40).
Until recently, the central dogma has been that low MW
nonenzymatic thiols exclusively serve to counterbalance
sources of ROS and to prevent (patho)physiological pro-
cesses. However, there are increasing examples of elevated
reducing equivalents (e.g., NADPH/NADP, GSH/GSSG ra-

tios) resulting in cellular dysfunction and cardiac diseases, a
condition termed ‘‘reductive, as opposed to oxidative, stress.’’
We will address, in greater depth, the initiating factors and
pathogenic mechanisms of this emerging concept in cardiac
biology in a later section of the review.

The concept of the redox state of a cell, as a measure of the
intracellular balance between pro-oxidants and antioxidants,
is embedded in the term ‘‘oxidative stress,’’ which represents a
tilt in cellular redox imbalance in favor of the pro-oxidants,
leading to oxidative damage (5, 10, 111). In contrast, reductive
stress is defined as an excessive amount of reducing equiva-
lents, in the forms of NAD(P)H and/or GSH, in the presence
of intact oxido-reductive systems. The global cellular redox
state as a measure of the balance between oxidative and re-
ductive processes within a cell is further misleading, since it is
now clear that the central thiol/disulphide couples are
maintained at distinct redox potentials in different organelles
(62, 107). These redox couples within the different cellular
compartments are maintained at distinct, nonequilibrium
steady states, and are central to the specialized redox-
dependent functions of the individual organelles (69).

In the heart, the importance of the cell’s antioxidant sys-
tems has become increasingly recognized with the emergence
of the strong correlations between the progression to cardiac
pathologies, and cellular damage caused by pro-oxidant
species, such as ROS (33, 68). In addition, many in vitro and
animal studies have demonstrated increased ROS in the car-
diovascular system in response to various stressors and in the
failing heart (14, 20, 56, 104, 115). As a result, antioxidants
have garnered considered attention as potential therapeutic
defenses against heart (and other) diseases (81). However,
many large-scale interventional trials with antioxidant free
radical scavengers have failed to demonstrate any health
benefits, and in some cases have shown deleterious effects
(113). In contrast to the highly sensitive and specific biomarkers
for ischemic myocardial injury (e.g., creatine kinase MB iso-
form, troponins), similar diagnostic tools, among the plethora
of redox markers, are inadequate to guide therapeutic inter-
ventions in diverse pathological oxido-reductive states. Indeed,
this review undertakes such conceptual hurdles and explores
how dynamic shifts of individual redox couples within specific
intracellular compartments alter signaling and function, in re-
lation to both normal physiology and pathophysiology, pose
important challenges and opportunities for research into redox
biology of the cardiovascular system.

Redox Metabolism and Small MW Heat Shock Proteins

Redox metabolism, in theory, refers to the integrated net-
works of catabolic and anabolic biochemical pathways for
oxidative phosphorylation and energy production, which
critically depend on the flow of free electrons and ROS/re-
active nitrogen species. Dynamic shifts in redox metabolism
associated redox couples (e.g., NAD/NADH + , GSH/GSSG)
add the system’s versatility at the level of redox-sensitive
biomolecules, which ultimately are governed by the redox
signaling events within membrane-bound compartments.
Current understanding suggests that these subcellular com-
partments maintain mostly reductive and/or oxidative envi-
ronments in a tissue-specific manner. Although oxidative
damage from excessive production of ROS, in particular, at
the level of the mitochondria (8, 50, 95), is counterbalanced

Table 2. Small Molecule Antioxidants

Solubility

Water Lipid

Scavengers
Ascorbic acid *
Bilirubin *
Carnosine *
Carotenoinds *
Glucose *
Glutathione *
Histidine di-peptides *
Pyruvate *
Sulfydryl groups *
Tocopherols *
Ubiquinol *
Uric Acid *

Cheating agents
Albumin *
Ceruloplasim *
Haptoglobin *
Hemopexin *
Transferrin *
Uric Acid *

Common small molecule antioxidants with asterisks denoting
whether compounds are water or lipid soluble.
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through redox couples [NAD(P)H/NAD(P) + , GSH/GSSG],
much less attention has focused on the mechanisms for buff-
ering ROS by vital proteostasis networks engaged in protein
synthesis and repair (69, 107). Molecular chaperones, exem-
plified by the multigene family of heat shock proteins (HSPs),
are effective cytoprotective agents against the proteotoxic ef-
fects of oxidative stress. In the cardiovascular field, several
recent reviews have highlighted the general properties of
HSPs in ischemic cardioprotection and their unique roles in
redox homeostasis and cardiovascular function (26, 106, 116).
In particular, the subfamily of small MW HSPs (sHSPs) has
emerged to play key roles in redox metabolism/state, the field
of redox biology, and for providing new understanding about
disease pathogenesis.

sHSPs, averaging between 15 and 30 kDa in MW, comprise
a heterogeneous group of ATP-independent molecular
chaperones. There are 11 mammalian sHSPs recognized by
the HUGO Gene Nomenclature Database (65), which share a
central a-crystallin domain and whose diverse biological roles
have been extensively studied in development, differentiation
and, more recently, in maintaining redox balance. These are
shown in Table 3, listed in the order they were discovered.

The storied history of HSPs, best known as molecular
chaperones for facilitating protein folding and the prevention
of protein aggregation, has many unanticipated twists and
serendipitous links for the field of redox biology. Arrigo and
coworkers were the first to identify an inverse relationship
between GSH levels and the sHSP25/27 (HspB1) (85). In fi-
broblast cells, overexpression of HSPB1 elevated levels of

GSH and increased the expression and enzymatic activity of
glucose 6 phosphate dehydrogenase (G6PD), the rate-limiting
enzyme of the pentose phosphate pathway. Although a more
direct causal relationship between HSPB1 expression and
G6PD activity was not formally tested at the molecular level,
these studies have provided the foundations for exploring
potential roles sHSPs play in modulating ROS in both in vitro
and in vivo models. These associative studies were modestly
compelling for evidence that HSPB1 regulated iron metabo-
lism and potential promoted the enzymatic functions of
G6PD, the rate-limiting enzyme in the pentose phosphate
pathway. However, disease-modeling of the inheritable car-
diomyopathy caused by the human aB-crystallin (CryAB)
(R120G) in the mice was a milestone not only for the discovery
of R120G-induced increased GSH levels, but that this form of
reduced stress (i.e., increased GSH/GSSG ratios) was patho-
genically linked to human disease. As expected, R120G
overexpression serves as a stress signal to induce increased
HSPB1 expression, oxidative stress, and levels of anti-
oxidative metabolic enzymes. Because G6PD deficiency res-
cued the cardiomyopathic phenotypes (i.e., hypertrophy,
heart failure, and mortality), these studies for the first time
established that G6DP was both necessary and sufficient for
mediating pathologic reductive stress. These counterintuitive
studies on the relationship between sHSPs and redox state
were elegantly supported by transgenic (TG) HSPB1/Hsp27
overexpression per se caused increased GSH levels and car-
diomyopathy. Taken together, there is compelling evidence
for a causal relationship between sHSPs and reduced state for

Table 3. Small Molecular Weight Heat Shock Proteins in Health and Disease

Protein Mass (kDa) Localization Cardiac diseases
Other pathological

conditions

HSPB1 (HSP27/HSP25) 22.3 Ubiquitous Dox-induced Heart Failure,
I/R (119)

Neuropathy, cancer (7, 91)

HSPB2 (MKBP) 20.2 Heart and muscle Myopathy, I/R (15, 47) Alzheimer’s disease and
hereditary cerebral
hemorrhage with
amyloidosis, Dutch
type (127)

HSPB3 (HSPL27) 17.0 Heart and muscle A point mutation correlates
with the development
of axonal motor
neuropathy (12)

HSPB4 (CRYAA) 19.9 Eye lens Cataract (27)
HSPB5 (CRYAB) 20.2 Ubiquitous I/R, point mutations lead

to cardiomyopathy and
age-related HF (42)

Neuropathy, desmin-
related myopathy, breast
cancer, cataract (54, 114)

HSPB6 (HSP20/p20) 17.1 Ubiquitous I/R, cardiac hypertrophy,
myocardial infarction,
and heart failure (38)

Platelet aggregation,
atherosclerosis, insulin
resistance, Alzheimer’s
disease (109)

HSPB7 (cvHSP) 18.6 Heart and muscle Polymorphisms associated
with heart failure,
idiopathic DCM (112)

HSPB8 (HSP22, H11 kinase) 21.6 Ubiquitous Ischemia, cardiac
hypertrophy (1)

Neuropathy, cancer (1, 59)

HSPB9 (CT51) 17.5 Testis Cancer (31, 67)
HSPB10 (ODF1) 28.4 Testis Infertility with decapitated

sperm heads (130)
HSPB11 (HSP16.2) 16.3 Placenta Cancer (97)

I/R, ischemia/reperfusion.
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generating a redox imbalance in the cardiac tissue, tilting the
balance toward the reductive spectrum.

In recent years, biomarkers have garnered considerable
attention, but oftentimes lack the sensitivity and specificity for
specific disease states. In an integrated systems approach
using gene expression profiling, we identified a biosignature,
whose features can be validated to predict the onset, rate of
progression, and clinical outcome of R120GCryAB cardio-
myopathy (100).

Our study confirmed our previous findings that reductive
stress is a causal mechanism for hR120G CryAB cardiomy-
opathy and demonstrated that alteration in GSH pathway
gene expression is an early biosignature with utility for
presymptomatic detection. Increased levels of sHSPs are well-
documented after physiological and, more commonly, path-
ophysiological stimuli. However, most, but not all HSPs are
intracellular molecules whose multifunctional roles are
widely thought to be the first line of defense against proteo-
toxic damage, increased proteolysis of irreversibly damaged
protein, prevent protein aggregation, activation of autop-
hagy, and maintenance of survival pathways. In many in-
stances, the physiological expression of HSPs might impart
specialized functions associated in a tissue-specific manner
without necessarily affecting redox metabolic pathways.
Likewise, we think that dysregulation of antioxidative path-
ways associated with HSPs are highly context and tissue-
dependent. Altogether, tissue sampling by an invasive
procedure will be necessary to capture the critical biochemical
and cellular information of reductive stress. In the likely event
there are therapeutic interventions, we think that the benefits
will outweigh the risks in the era of genomic and personalized
medicine. However, the answers to the following questions
can pave a way to a more targeted therapeutic intervention of
the protein aggregation-mediated diseases (i) to what extent
are these proteins effective in dealing with ROS generation/
abrogation, (ii) what are the redox metabolic pathways used
directly or indirectly by sHSPs, and (iii) can sHSPs serve as
pharmacological targets in rescuing the oxido-reductive
stress? Recent studies primarily using gain-of-function ma-
neuvers for either wild-type or mutant sHSPs in genetically
engineered murine models are beginning to provide answers.

A Genetic Model of Human HSPB1 Overexpression
Mimics Reductive Stress in Mice

In the cardiovascular system, HSPB1 remains the best
characterized sHSP, and has been shown to play an important
role in regulating intracellular redox homeostasis. Thus,
moderate levels of HSPB1 expression protect the myocardium
against doxorubicin-induced cardiac dysfunction and atten-
uate lipopolysaccharide-induced myocardial injury (35, 79).
Although HSPB1 influences the intracellular redox homeo-
stasis by upholding reduced GSH and decreasing intracellular
iron levels (11), direct physiological evidence for such pro-
reducing properties remain speculative. To test the hypothesis
that HSPB1 overexpression is necessary and sufficient to
generate a proreducing state, Zhang and coworkers generated
TG mice harboring cardiac-specific overexpression of HSPB1
in TG mice (135). Among the TG lines, mild (*2-fold) to
moderate (*7-fold) overexpression (OE) of HSPB1 was found
to have no effect on cardiac growth, whereas high (*15-fold)
HSPB1 OE caused spontaneous hypertrophy, which pro-

gressed into overt heart failure by 43 weeks (135). TG mice
with high HSPB1 OE exhibited significantly increased GSH
and GSH/GSSG ratio, which correlated reciprocally with a
decrease in protein carbonylation and with elevated GPx,
consistent with maintaining GSH in the reduced state and a
general shift in the redox imbalance toward the reductive
spectrum. Of interest, HSPB1 OE was not accompanied by
elevations of either the activity or expression of G6PD.

In comparison with the established roles of HSPs as
cardioprotective agents, the molecular mechanisms for
aforementioned functions in redox homeostasis are less well-
understood. Among members of the multigene HSP family,
the mechanisms for their cardioprotective properties are
likely multifactorial—(i.e., prevention of protein aggregation,
protection against ROS-induced DNA, lipid and protein
damage, etc.). In the specific of HSPB1 (i.e., Hsp25/25) over-
expression, we speculate that potential protein–protein in-
teractions between chaperone-like functions of HSPB1 and
G6PD likely contribute to alterations of the GSH redox po-
tential, both in vitro and in vivo. Indeed, such questions are
being actively investigated worldwide. Notwithstanding,
these results establish that HSPB1 OE could promote patho-
logical shifts in redox homeostasis in a dose-dependent
manner, thus validating earlier studies and implicating un-
specified pathways involving the redox sensitive enzymes,
transcription factors, and signaling molecules in disease
pathogenesis.

Mutant HSPB5 (R120G) Causes Protein Aggregation
Cardiomyopathy and a Gain of Toxic Function-Induced
Reductive Stress

HSPB5 (CryAB) is a bona fide HSP and a well-character-
ized member of the crystallin family, characterized initially
as lens proteins for their refractive and structural properties
(16, 36). With the discovery by Dubin and colleagues (36)
that murine HSPB5 was not restricted to the ocular lens, the
full spectrum of HSPB5 expression was established in tis-
sues with high rates of oxidative metabolism, such as the
heart, type I, and type IIa skeletal muscle fibers, brain, and
oxidative regions of the kidney. HSPB5 alone constitutes up
to 3% of the soluble cardiac homogenate, suggesting a
prominent role of this protein in maintaining cardiac
function. In striated tissues, the chaperone-like functions of
HSPB5 are recruited for the prevention of protein misfold-
ing and aggregation of the intermediate filament protein,
desmin, thereby providing protein quality control in met-
abolically active tissues (56, 57, 84). In contrast to the HSPB1
OE TG mouse model, TG mice with HSPB5 OE are signifi-
cantly protected against ischemia/reperfusion (I/R) injury
compared with the non-TG littermates (102). However,
knockout mice harboring double deletions of both HSPB2/
HSPB5 are viable, indicating that HSPB5 per se is dispens-
able for survival and raising the intriguing possibility of
genetic redundancy among sHSPs in vivo (15, 63).

While HSPB5 expression is dispensable for cardiac metab-
olism, an inheritable missense mutation of HSPB5 (abbrevi-
ated as R120G) identified by Vicart et al. (121) causes a
multisystem disorder, termed desmin-related myopathy
(DRM). Biochemical studies, characterized by chaperone ac-
tivity, protein stability, and aggregation-prone insolubiliza-
tion, indicate R120G has loss-of-function consequences (125).
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To determine the molecular mechanisms of R120G expres-
sion, TG mice harboring cardiac-specific overexpression were
shown to recapitulate the human-specific phenotype of DRM
characterized histologically by formation of large aggresomes
and progressive heart failure (99, 126). The human R120G
model characterized by Rajasekaran et al. exhibited cardiac
hypertrophy, increased GSH levels, and the GSH/GSSG ratio
or reductive stress, which was attributed to the increased
G6PD expression and activity (99). Further, the intercross of
R120G mice with mice harboring a mutant G6PD allele that
lowers its activity by *20% rescued the hypertrophic phe-
notype with concomitant decrease in the mutant aggregate
formation. Because G6PD deficiency abrogated the pro-
reductive GSH levels of R120G expression, these findings
provide genetic evidence for a causal role of this metabolic
pathway in R120G cardiomyopathy (Fig. 2). Along with the
molecular link between R120G- and G6PD-mediated GSH
production, HSPB1 was upregulated at the transcriptional
and translational levels.

Mitochondria, by far the most vital organelle for energy
production and redox adaptation (56, 120), are organized
spatially at the A and I bands of the sarcomere, thereby pro-
viding proximity of ATP production to the proximal con-
tractile apparatus (28, 84). Independently, Maloyan and
coworkers demonstrated severely compromised mitochon-
drial function and disrupted mitochondrial organization of
mouse R120G compared with HSPB5 WT littermates, sug-
gesting that the mutant R120G expression might disrupt ROS
production during progressive heart failure (80). In fact, we
have found that human R120G induces significant levels of
ROS at 3 months of age ( >*3-fold vs. controls) assessed by
both electron paramagnetic resonance probes, but that ROS
were elevated to comparable between TG and non-TG litter-
mates at 6 months (101). Because gene expression profiling
revealed that distinct categories of antioxidants: catalase,
G6PD, GPx1, GSH reductase (GR), and NAD(P)H quinone
oxidoreductase 1 (NQO1) were increased significantly in the

TG mice (100), we hypothesized that elevated ROS levels
during compensatory hypertrophy (i.e., 3 months) could
trigger upregulation of key antioxidants, in a nuclear ery-
throid 2-related factor 2 (Nrf2) antioxidant response element
(ARE)-dependent transactivation manner (Fig. 3) (80). The
role of Nrf2 in upregulating the antioxidant enzymes, espe-
cially in the setting of excess reducing equivalents or reductive
stress, will be discussed further in the following section
(90, 101).

ROS, Reductive Stress, and Nrf2 Pathways

Nrf2 was initially identified from a screen of a cDNA
expression library for DNA binding proteins that bound to
the beta-globin cluster of genes (87). Nrf2 is a basic leucine
zipper protein that belongs to the Cap n’ Collar family of
transcription factors (87). Nrf2 governs an inducible cyto-
protective system designed to allow cells to adapt to stress
induced by oxidants and electrophiles. Adaptation to these
stresses ensures acute control over the cellular redox bal-
ance; therefore, Nrf2 functions as an intracellular redox
sensor that allows sensitive adjustments to be made to
regulate redox homeostasis. This ensures that a steady-state
pool of Nrf2 is readily available to promote constitutive
gene expression and to respond to stress stimuli by coor-
dinating the expression of an arsenal of antioxidant and
cytoprotective genes in response to oxidants, xenobiotics,
and electrophiles. Nrf2 is subject to activation by ROS,
which act to regulate its localization, phosphorylation, and
protein degradation (13). Levels of Nrf2 expression corre-
late with genes encoding the pentose phosphate pathway
responsible for NADPH production, supporting its tran-
scriptional control by redox-dependent mechanisms (17).
We have preliminarily determined that oxidative stress
precedes the development of reductive stress, but direct
evidence either for this exclusive relationship or for the
reciprocal relationship remains speculative.

In unstressed cells under balanced redox conditions, Nrf2
is normally negatively regulated by the Kelch-like ECH-
associated protein 1 (Keap1), a redox-sensitive, cysteine-rich
adaptor protein (60). Homodimeric Keap1 binds Nrf2 via
its Kelch-like domain, sequestering it in the cytoplasm, and
thereby inhibiting its activation and nuclear translocation
(66). Additionally, Keap1 regulates the turnover and, there-
fore, stability of the Nrf2 protein by acting as a bridge between
the Nrf2 and a Cul3-dependent E3 ubiquitin ligase complex
(Cullin3-Rbx1) (29, 71). This complex ubiquitinates Nrf2, and
subsequently targets it for proteasome-mediated degradation
ensuring a low steady-state level in unstressed cells [reviewed
in Refs. (13, 93)]. Keap1-independent pathways, which regu-
late Nrf2 through microRNA-mediated translational inhibi-
tion (131) and phosphorylation of Nrf2 by stress-activated
kinases, have also been described (117).

Activation of Nrf2, upon dissociation and release from
Keap1, results in its translocation to the nucleus, where it
binds to cis-acting AREs or electrophile response elements
and induces the transcription of an array of antioxidant and
cytoprotective genes, such as GSH-S-transferase (GST) (103),
heme oxygenase-1 (58), Trx (70), NQO1 (32), and glutamate-
cysteine ligase (GCL) (89). Both Keap1 and Nrf2 are ROS-
sensitive proteins. Key cysteine residues (Cys-151/273/288)
within the Keap1 protein act as stress sensors that, upon

FIG. 2. Redox couples in relationship to thiol-dependent
small HSPs.
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oxidation, result in a conformational change in Keap1 and
promote the dissociation and activation of Nrf2 (122, 129).
Nrf2, in turn, is itself regulated by oxidation of a specific
cysteine residue (Cys-183) within its transactivation domain
(TAD). Oxidation of this cysteine masks a nuclear export
signal in the TAD of Nrf2 and promotes its nuclear localiza-
tion (78). Additionally, phosphorylation of Nrf2 (Ser-40) by
protein kinase C (PKC) can also promote its dissociation from
Keap1 and induce nuclear translocation and Nrf2-dependent
transcription upon oxidative stress (55).

Within the heart, oxidative stress inducers are believed to
be important mediators of the pathological progression to-
ward cardiac dysfunction and disease. Primarily, Nrf2 re-
sponses oppose these detrimental increases in ROS
production and result in increased oxidant handling and de-
toxification abilities of the cell. This allows a higher oxidant
load to be tolerated and alleviates the negative effects of in-
creased ROS. The potential importance of Nrf2 as a regulator
of redox homeostasis is suggested in a study of failing human
hearts where, concomitant with persistent increases in ROS
levels, the activity of Nrf2-regulated antioxidant enzymes
were shown to decline (105).

Many studies have been performed recently to investigate
the function of Nrf2 in animal models of cardiac dysfunction.

In unstressed conditions, Nrf2-null mice are phenotypically
normal during growth and development (22), and with re-
gard to cardiac structure and function (76). However, Nrf2-
null mice are highly susceptible to a variety of oxidative
stresses that can directly or indirectly affect cardiac function,
including high-glucose-induced oxidative cardiomyocyte
damage (51), bleomycin-induced pulmonary fibrosis (25, 124),
and hyperoxic lung injury (21). In response to various stress
insults, which are known to cause increased ROS formation,
endogenous Nrf2 normally becomes activated and ablation of
Nrf2 has proven to be detrimental to cardiac function. For
instance, in a mouse model of chronic transverse aortic con-
striction, Nrf2 - / - mice developed greater cardiac dysfunc-
tion stemming from increased cardiac hypertrophy and
interstitial fibrosis (76). Similarly, angiotensin II (Ang II)-
induced cardiac hypertrophy (77), and cell death caused by
I/R injury (136) were both exacerbated in Nrf2-null mice. In
the case of Ang II-induced hypertrophy, a functional inter-
action between Nrf2 and the cell cycle regulator, p27, in the
inhibition of hypertrophy was demonstrated (77). In general,
the deleterious effects of Nrf2 ablation upon cardiac function
have been ascribed to decreased levels of antioxidant and
detoxifying enzymes resulting in excess oxidant-mediated
damage after ROS-induced cardiac stress.

FIG. 3. Role of Nrf2 in
R120G metabolism (101).
Reprinted with permission.
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The precise sources of ROS believed to contribute to cardiac
pathologies remain largely unknown, but are likely to be
important determinants of the Nrf2 response. The NADPH
oxidase (NOX) family of enzymes generates endogenous ROS
and has been shown to be critical mediators of oxidative
signaling during cardiac remodeling (9). Moreover, we have
shown that mice, which specifically overexpress NOX4 in
cardiomyocytes, have been shown to activate directly Nrf2
signaling pathways and to result in the increased expression
of Nrf2 target genes, especially those involved in GSH syn-
thesis and recycling, such as GCL and GR (17). The increased
ROS produced by NOX4 in this system caused a change in the
intracellular GSH redox state to generate a more reduced in-
tracellular environment (i.e., > GSH/GSSG ratio), which was
ablated in an Nrf2 - / - background (17). This demonstrates
that, while an initial stimulus might be oxidative in nature, the
response of the cell can subsequently result in an overall more
reducing cellular environment. It is presumed in this case that
the ROS-mediated activation of Nrf2 may occur directly
through the oxidation of regulatory cysteines in Keap1. Al-
ternatively, the ROS may act indirectly through activation of
other signaling molecules. One such molecule that might link
ROS generated by NOXs with Nrf2 activation is the mitogen-
activated protein kinase, ERK-1. Thus, it has been shown that
increased ROS from NOX enzymes can activate ERK-1 sig-
naling and activate Nrf2 (96).

Any change in redox potential, elicited by a pro-oxidant,
would be expected to return to the steady-state equilibrium
after the appropriate antioxidant cellular response has been
taken. However, we previously have shown that the sus-
tained activation of Nrf2 can result in reductive stress in
which the reductive capacity of the cell, or the concentration
of reducing equivalents, exceeds ROS production (101).
Therefore, the sustained activation of Nrf2 could drive re-
ductive stress by increasing GSH levels (Fig. 3). Consistent
with this hypothesis, the cardiomyocytes of experimental
mouse hearts exhibiting increased protein aggregation
showed an increased recycling of oxidized glutathione
(GSSG) to reduced glutathione (GSH). This was shown to be
a result of sequestration of Keap1 within protein aggrega-
tions, and the consequent loss of inhibition of Nrf2 (99, 101).
Similarly, in Keap1-null mice, Nrf2 constitutively accu-
mulated in the nucleus and stimulated the transcription of
cytoprotective genes (123). Keap1-null mice die early
postnatally (*20 days), primarily from foregut malforma-
tions. Cardiac dysfunction in these mice was not reported;
however, as cardiomyopathy took 6 months to develop in
the protein aggregation model mentioned above, the early
death of Keap1-null mice may have provided insufficient
time for cardiac dysfunction to occur. The generation of
conditional Keap1 null mice might be an alternative ap-
proach to clarify this important question.

However, as mentioned in the introduction, cell com-
partments do not maintain the same redox environment
relative to each other. Mitochondria and nuclei have a more
reducing environment than does, for instance, the endo-
plasmic reticulum (62). These differences in redox envi-
ronment are important for the correct functioning of these
compartments and are primarily buffered by GSH levels
(46) and, hence, are potentially influenced by the Nrf2 ac-
tivity. Further studies are therefore needed to determine the
causes and effects of oxidative/reductive insults and Nrf2-

mediated responses within specific compartments of the
cell. However, it is clear that the Nrf2 pathway is an im-
portant mediator of cellular redox homeostasis that allows
the conversion of a pro-oxidant signal into an appropriate
antioxidant response. A key to this regulation appears to be
maintaining the Nrf2 activity at optimal levels to deal with
an oxidative stimulus. Dysregulation of this response, ei-
ther through insufficient or excess activation of Nrf2, is
associated with a variety of cardiac pathologies.

Lastly, we think that foregoing instances of reductive stress
do not preclude its likely roles in the pathogenesis of other
disease states most notably I/R, diabetes, and decompensated
heart failure. For example, the pathophysiological circum-
stances during ischemic without reperfusion will promote
reductive stress when insufficient oxygen availability drives
the accumulation of unpaired electrons and highly energy
reducing equivalents [i.e., NAD(P)H]. By definition, we pos-
tulate that pathological conditions associated with exagger-
ated high levels of reducing equivalents in the form of GSH
and NAD(P)H and redox shifts.

Pharmacologically or Genetically Induced Reductive
Stress and Cell Death Pathways

Reductive stress has predominantly been described as an
altered ratio of reduced:oxidized GSH (GSH:GSSG), with an
increased ratio ( > GSH:GSSG) being indicative of reductive
stress (23, 118). GSH is synthesized from cysteine, gluta-
mate, and glycine (48, 61). Many of the antioxidant genes
regulated by Nrf2 are enzymes involved in the biosynthesis
and regeneration of GSH, including GCL, GSH synthase
(GS), GR, and G6PD (61, 88). GCL catalyzes the rate-limiting
step in GSH synthesis by catalyzing the formation of c-
glutamylcysteine from glutamine and cysteine and an in-
crease in its expression leads to higher GSH levels (61, 108).
GSH becomes oxidized to a disulfide GSSG form in the
presence of ROS. To recycle GSSG back to the reduced GSH
form, GR catalyzes the NADPH-dependent reduction of
GSSG to GSH. This process is dependent on the sufficient
availability of NADPH as an enzymatic cofactor. G6PD can
provide this NADPH by catalyzing the oxidation of glucose-
6-phosphate to 6-phosphogluconate, while reducing NADP +

to generate NADPH (98).
We have recently provided new evidence for GSH-induced

reductive stress, which is causally linked to mitochondrial

FIG. 4. Schematic illustration of the spectrum ranging
from oxidative to reductive stress. Adapted from (9a).
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oxidation and cytotoxicity (133). In these studies, two com-
plementary approaches were undertaken for examining the
effects of a more reducing redox potential generated by either
pharmacologic or genetic maneuvers. In H9c2 cells, treatment
with 4 mM N-acetyl-L-cysteine (NAC), a precursor of GSH,
led to significant (*3-fold) increases in total levels of GSH, a
decrease in the GSH/GSSG ratio due to correspondingly
more oxidized GSH, but a 7mV more reducing Ehc (GSSG/
2GSH) by the Nernst equation ( - 197 – 1.6 mV compared to
- 190 – 2.6 mV, p < 0.05). Similar to NAC, we demonstrated
that the individualized actions of GCL and GS over-
expression, which are required for the biosynthesis of reduced
GSH in the cytosol, causes a more reducing Ehc (GSSG/
2GSH), mitochondrial oxidation, and cytotoxicity. Such pro-
oxidative consequences of GSH-mediated reductive stress in
mitochondria were corroborated by redox biosensors, mito-
chondrial reduction–oxidation green fluorescent protein
(roGFP), or the oxidation of mitochondrial thioredoxin (Trx2).
These findings are significant, since they challenge the con-
ventional wisdom for increasing GSH levels through NAC,
which have been shown to protect against oxidative stress-
induced cell death (53, 132), by providing evidence for re-
ductive stress, defined by a more reducing GSH redox po-
tential (Ehc), linked to cell death.

Because NAC treatment has been shown to induce cell
death in vascular smooth muscle cells and to enhance apo-
ptosis during hypoxia in murine embryonic fibroblasts, the
rationale that NAC functions solely as an antioxidant should
be reappraised, particularly, in relation to the dynamic events
underlying oxido-reductive signals and redox-dependent
pathways. How the reductive GSH potential Ehc (GSSG/
2GSH) triggers mitochondrial oxidation and cytotoxicity is
presently unknown, but several plausible hypotheses exist.
First, we observed that neither levels of ROS production nor
dichlorodihydrofluorescin diacetate were significantly ele-
vated compared with controls, indicating that the reductive
GSH potential was associated with lower levels of either su-
peroxide or H2O2. Superoxide generation from the electron
transport chain could be secondary either to increased mito-
chondrial production from GSH biosynthesis or alternatively,
we hypothesize the glutathionylation of mitochondrial tar-
get(s), perhaps, influenced by either oxidative stress and/or
the GSH/GSSG ratio. Ongoing studies are seeking to deter-
mine whether NAC-induced oxidation might trigger glu-
tathionylation of Trx as one possible target (19).

Conclusions and Perspectives

The field of redox biology embodies storied histories
ranging from longstanding endeavors on the oxidative
theory of aging to more recent fundamental advances of the
dual specificity roles for ROS in signaling pathways and
disease pathogenesis. Spectacular progress for sophisti-
cated measurements of ROS using electron spin resonance
microscopy at the subatomic levels has been matched with
global surveys of oxidative modifications of the entire
proteome. Notwithstanding numerous clinical trials, ther-
apeutic interventions for mitigating oxidative stress have
been uniformly disappointing and even deleterious. With-
out advances in redox diagnostics, the existing strategies to
combat ROS imbalances are seriously flawed, since current
experimental approaches rely exclusively on global end

points, which lack critical sensitivity and specificity at the
subcellular levels. By establishing that alterations of GSH
and, perhaps, NADPH homeostasis tilt the redox status
toward the reductive phase, which is critically linked to
survival and cell death fates, our recent studies have stim-
ulated much interest to develop complementary model
systems, mimicking experimental reductive stress. This
review was primarily designed to explore the conceptual,
biochemical, and molecular consequences—at the reduc-
tive ends of the redox spectrum—mediated by key effector
pathways (Fig. 4). Although earlier the deleterious effects of
reductive stress have been explored in both unicellular
eukaryotic and mammalian cells (49, 99, 118, 134), there
remains a paucity of robust experimental models beyond
the examples described herein (99, 135). We embrace the
widespread use of redox biosensors, such as roGFPs, Trx1,
and Trx2, which are well suited to independently assess
GSH depletion, after induction of either H2O2 or superoxide
production at subcellular levels. Future studies are needed
to identify genetic polymorphisms that either increased
susceptibility or resistance to oxido-reductive and clinical
manifestations. Along with improved diagnostic tools for
assessment of reducing GSH redox potential or reductive
stress, there is considerable excitement that the field of re-
dox biology will turn the corner at an accelerated pace into
the genomic personalized medicine.
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Abbreviations Used

Ang II¼ angiotensin II
ARE¼ antioxidant response element

CryAB¼ aB-crystallin
DRM¼desmin-related myopathy
G6PD¼ glucose 6-phosphate dehydrogenase

GCL¼ glutamate-cysteine ligase
GPx¼ glutathione peroxidase
GR¼ glutathione reductase
GS¼ glutathione synthase

GSH¼ glutathione
GST¼ glutathione transferase
HSP¼heat shock protein
I/R¼ ischemia/reperfusion

Keap1¼Kelch-like ECH-associated protein 1
MW¼molecular weight

NAC¼N-acetyl-L-cysteine
NO¼nitric oxide

NOX¼NADPH oxidase
NQO1¼NAD(P)H quinone oxioreductase 1

Nrf2¼nuclear erythroid 2-related factor 2
PKC¼protein kinase C

roGFP¼ reduction–oxidation green fluorescent protein
ROS¼ reactive oxygen species

sHSP¼ small MW heat shock protein
SOD¼ superoxide dismutase
TAD¼ transactivation domain

TG¼ transgenic
Trx¼ thioredoxin

TrxR¼ thioredoxin reductase

OXIDO-REDUCTIVE PATHWAYS IN HEART 1127


