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For decades, conventional thinking has championed the idea
that oxidative stress — the internal and external factors that give
rise to oxidative damage to cellular proteins, membranes, and DNA
— was “bad”, serving as the rationale for using dietary supplemen-
tation with antioxidants as a strategy to promote health and fight
disease. Yet, even today, the precise role of reactive oxygen species
(ROS) in most human diseases remains mostly unknown [1,2]. In
some instances, elevated markers of oxidative damage may merely
correlate with pathology, rather than be causative. Antioxidant in-
terventions may lower oxidative damage, but still have no signifi-
cant impact on disease outcomes. Methodological shortcomings
encountered in the measurement of ROS production and oxidative
damages need to be meticulously addressed so that sound conclu-
sions can be drawn from the burgeoning number of clinical and

mechanistic studies [1].

A deepening of our understanding of the role of ROS in human
disease will require drawing our attention to how ROS operate
within a vast number of distinctive physiological contexts. What is
needed are conceptual frameworks that will enable us to move be-
yond generalized, monolithic statements, such as “Oxidative stress
is bad”, because these statements may distort or conceal the ben-
eficial role that ROS actually plays in health and disease. The two
terms introduced by Helmut Sies [3] to distinguish between condi-
tions of physiological reduction-oxidation (redox) signaling (oxi-
dative eustress) and conditions of disrupted redox signaling and
oxidative damage (oxidative distress) serve as an example of such
an explanatory framework. What emerges from this kind of dual

thinking is an appreciation for the potential importance of redox-

dependent targets that can substantially impact cellular function.

The concept of redox homeostasis

Growing evidence indicates the essential role that ROS plays in
regulating a wide range of biological phenomena [2,4]. Reactive
oxygen species — once clearly ear-marked as the villainous con-
tributor to cell damages — are now being seen in a different light.
The previously satisfying view of chaotic, dysregulated ROS pro-
duction leading to the damage of everything in its wake has given
way to a richer picture of biological complexity. Tightly-regulated
ROS production (particularly hydrogen peroxide, H,0,) along with
tightly-regulated systems dedicated to H,O, removal contribute to
redox homeostasis. To maintain intracellular redox state within
these workable limits, cells are dynamically equipped to respond or
adapt to changes in their redox state, including critical spatiotem-

poral variations in the concentration of oxidants and reductants.

Some of the key players contributing to redox homeostasis are
depicted in figure 1. ROS are generated by the electron transport
chain of mitochondria as a by-product of cellular respiration and
ATP production. ROS are also produced by a group of professional
ROS-generating enzymes called NADPH oxidases (NOX) [3,5]. Tis-
sue NOX orchestrates the availability of H,0, in response to diverse
physiological stimuli. For example, following epidermal growth fac-
tor (EGF) ligand-receptor binding, H,0, production leads to oxida-
tion of protein tyrosine phosphatases resulting in their inactivation.
This inactivation temporarily shifts the signaling balance toward
unopposed tyrosine kinase activity, leading to the phosphorylation

(activation) of downstream targets responsible for EGF action.
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Figure 1: The essential role of the glutathione system, thioredoxin system, and the Nrf2 pathway in the regulation of redox homeosta-

sis. ARE, antioxidant response element; AQP, aquaporin; bZIP, basic leucine zipper; Fe**, ferric iron; Fe?, ferrous iron;
GCL, glutamate-cysteine ligase; GSH, glutathione; GSSG, glutathione disulfide; H+, hydrogen; H,0,, hydrogen peroxide;

Keap1, Kelch-like ECH-associated protein 1; NADP, nicotinamide adenine dinucleotide phosphate; NADPH, nicotinamide adenine
dinucleotide phosphate hydrogen; Nrf2, nuclear factor erythroid 2-related factor 2; 02, oxygen; 02e’, superoxide anion;

OHe, hydroxyl radical; ROS, reactive oxygen species; Se, selenium; Trx, thioredoxin
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Reactive oxygen species differ in their capacity to damage mac-
romolecules and to serve as signaling moieties. Superoxide anion
generated by mitochondria and by NOX is readily converted by su-
peroxide dismutase (SOD) to H,0,. By removing superoxide anion,
the cell is protected from the generation of hydroxyl radical (OH),
a highly reactive, toxic species for which cells have evolved no en-
zymatic systems to eliminate. Pharmacologic concentrations of the
ROS scavenger vitamin C can exert pro-oxidant effects, serving as
a prodrug for the formation of H,0, in the extracellular space [6].
H,0, can diffuse into cells, and in the presence of ferrous ions (Fe?"),
react to form hydroxyl radical via the Fenton reaction. Based on its
stability and intracellular concentration gradient, H,0, seems to be
best suited among the various ROS for mediating redox reactions

under physiologic conditions [3].

Not unexpectedly then, ROS production whether by NOX or by

mitochondria, is funneled toward H.O

,0,, for which two major sys-

tems have evolved for its removal: the glutathione (GSH) system
and the thioredoxin (Trx) system. Both systems rely upon selenium
(Se)-dependent enzymes [7]: glutathione peroxidase (GPx), and
thioredoxin reductase (TrxR) which regenerates (reduces) thio-
redoxin necessary for the recycling of peroxiredoxins, which are
major handlers of the large amounts of H,0, produced in the brain
[8]. Redox homeostasis is tightly linked to energy metabolism be-
cause NADPH, produced from the shuttling of glucose through the
pentose pathway, supports both the production of H,0, by NOX

and removal of H,0, by the glutathione and thioredoxin systems.

A third pathway involves the master regulator known as nu-
clear factor erythroid 2-related factor 2 (Nrf2), which integrates
environmental challenges with redox homeostasis, sometimes re-
ferred to as hormetic cytoprotection [9]. In response to carcino-
gens or oxidative challenge by other electrophiles, Nrf2 is trans-
located into the nucleus where it binds to antioxidant response
element (ARE), driving the transcription of key players: glutamate-
cysteine ligase (GCL), the enzyme that catalyzes the rate-limiting
step in the synthesis of glutathione [10]; thioredoxin reductase-1
(TrxR1), which is one of the factors that returns Nrf2 to a resting
state, readied for subsequent challenge [9]; and phase Il enzymes,
such as glutathione S-transferases which detoxify carcinogens. It
is instructive to note that the Nrf2 pathway is highly regulated by
Keap1, which is itself a redox-sensitive protein. Under reducing
conditions, Keap1 promotes the proteosomal degradation of Nrf2

in the cytosol, thereby preventing Nrf2 transcription [11].
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The picture that can be painted is a cellular display capable of
delivering rapid, reversible responses mediated by the action of
H,0, on the Cys, SeCys and Met residues of redox-sensitive pro-
teins, analogous to the critical switching role that phosphorylation
- dephosphorylation of Ser and Thr residues plays in tissue homeo-
stasis and normal physiology. It is not surprising then that diverse
physiological processes, ranging from sleep and circadian rhythms,
to autophagy and the adaptation of skeletal muscle to exercise, are

redox sensitive [12-15].

If redox-sensitive processes are an integral part of cell-sustain-
ing responses to factors that challenge homeostasis, might certain
pathologies represent a breakdown or inadequacy of ROS-mediat-
ed action, rather than the all-too-often assumed consequences of
ROS-induced damage? Such questioning, once considered
heretical, is now leading investigators to explore the possible
benefit of pro-oxidant strategies against human diseases. Let us

examine some of the compelling, albeit preliminary, findings.

Tuberculosis (TB)

Tuberculosis is a leading cause of mortality world-wide [16].
The disease occurs in susceptible persons exposed to a bacteri-
um (most commonly Mycobacterium tuberculosis, Mtb) leading to
pathologic damage of lung and other tissues. As infection proceeds,
Mtb replicates within host macrophages. In response to the invad-
ing pathogen, tissue macrophages initiate a respiratory burst, pro-
ducing high levels of ROS and nitric oxide in an attempt to eradicate
the bacteria [17]. Not surprisingly, Mtb has co-evolved extensive
systems to maintain its own intracellular redox balance, enabling
the pathogen to survive and replicate within hostile host macro-
phages [18]. Prolonged (6 months) drug treatment can be effec-
tive, but resistance to first-line antibiotic treatment (e.g., isoniazid,

rifampin) has increasingly become a threat to global health [19].

But treatment failure in TB is not limited to the acquisition of multi-
ple drug resistance. Mtb can evade drug killing by assuming a state
of metabolic dormancy [20]. The dormant state of these “persister
cells” is characterized by low cellular respiration, low ROS produc-
tion, and resistance to bactericidal antibiotics. Could the manipula-
tion of cellular respiration [21] in drug-insensitive persistent Mtb
serve as a pro-oxidant strategy that would lead to eradication of
dormant bacteria? The rationale for pursuing this kind of approach
is strengthened further by the discovery that although Mtb is en-
dowed with robust defenses against exogenous oxidative assaults

by host macrophages, Mtb is highly sensitive to perturbations in
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endogenous ROS levels [22].

Investigators are now studying closely the redox context that
supports Mtb persistence. Recent in vitro studies by Vilchéze., et
al. [23] have shown that administering small thiols (e.g. cysteine)
to induce higher Mtb respiration can convert Mtb persisters to
metabolically active bacteria. This metabolic conversion led to in-
creased concentration of endogenous ROS and sterilization of cul-
tures with treatment using the first-line anti-Mtb drug isoniazid.
The investigators attributed the Mtb killing to endogenous ROS-
induced DNA damage.

Further evidence for the potential benefits of such pro-oxidant
strategies to enhance the efficacy of existing anti-Mtbh chemother-
apy comes from experiments in which the bactericidal effects of
pharmacologic dosing with vitamin C on Mtbh were accompanied
by upregulation of Mtb ROS production [24,25]. In separate experi-
ments [26], the combination of vitamin C and isoniazid induced
more rapid sterilization of Mtb cultures than using isoniazid alone.
Moreover, intraperitoneal vitamin C treatment potentiated the
ability of isoniazid and rifampin to decrease lung burden of Mtb in

mice following aerosol infection.

HIV

The human immunodeficiency virus type 1 (HIV-1) is a lenti-
virus that causes selective immune cell destruction, which can
lead to the life-threatening immunodeficiency syndrome known as
AIDS [27]. Remarkable advances in the use of combination anti-
retroviral therapy (referred to as cART or HAART) can effectively
suppress HIV viral load, saving lives, but cannot completely elimi-
nate transcriptionally inactive (latent) viral reservoirs. Among the
current challenges facing interventionalists is how to eradicate
these latent HIV reservoirs [28] and how to minimize the adverse
consequences of chronic immune activation, such as the elevated
risk for chronic, non-communicable diseases that occurs among

HIV treatment responders [29].

Redox alterations associated with HIV infection have been ex-
tensively catalogued, with one review concluding that “HIV infec-
tion leads to pronounced oxidative stress” [30]. Recently, investiga-
tors are turning to new classes of anti-HIV compounds that target
the patient’s redox-regulating enzyme thioredoxin reductase-1
(TrxR1). But the aim of this approach is not augmentation of TrxR1

activity, but rather inhibition.

84

The rationale behind this partially unexpected approach stems
from the observation that the entry of HIV-1 into host cells is a re-
dox-sensitive event [31]. Specifically, cellular TrxR1 plays an essen-
tial role in HIV-1 entry into CD4+ T lymphocytes. The Trx-1 - TrxR1
system is responsible for reduction of disulfide bridges in the
gp120 viral envelope protein of HIV. Failure of this reducing activ-
ity results in conformational changes in gp120 that prohibit fusion
of host cell membranes and viral membranes. The gold-containing
compound auranofin and organotellurium compounds are among
the agents that have been shown to block HIV entry using this pro-
oxidative TrxR1 - inhibiting approach [32].

Since central and transitional memory T cells serve as a major
reservoir for transcriptionally inactive virus in cART treated pa-
tients, approaches are being pursued to selectively remove these
memory lymphocyte subsets. Again, the pro-oxidant auranofin, a
potent inhibitor of thioredoxin reductases, was shown to have ben-
eficial effects, preferentially triggering apoptosis in these memory
subsets, presumably by exploiting the already lower baseline anti-
oxidant defenses of these cells compared to naive T lymphocytes
[33]. More recently, the efficacy and safety of auranofin - buthio-
nine sulfoximine (BSO) combinations have been demonstrated in
a simian model of HIV [34]. The rationale for using this dual tar-
geting combination is that BSO, a selective inhibitor of glutathione
synthesis, can act in concert with auranofin as a pro-oxidant by
depleting intracellular glutathione [35]. The suggestion that the
establishment and persistence of HIV reservoirs may be redox sen-
sitive and therefore susceptible to pro-oxidant targeting requires

further investigation.

Cancer metastasis

Cancer metastasis is the multi-step process by which cancer
cells escape the primary tumor to establish deposits in distant lo-
cations within the body. Metastasis, not the local effects of primary
tumor growth, accounts for the vast majority of cancer-attributable
deaths. Metastasis is a highly inefficient process — few tumor cells
gaining access to the systemic circulation are capable of success-
fully establishing a tumor metastasis in the foreign soil of a distant

target organ [36].

The use of antioxidants to reduce the risk of cancer develop-
ment has been proposed and large-scale prevention trials have
been conducted with few favorable results [37,38]. However, a
study published in Nature by Piskounova.,, et al. [39] has provided a

closer appraisal of the redox context of cancer cells. The results of
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this study in mice are intriguing: ROS may limit cancer metastasis.
Exposure to the antioxidant, N-acetylcysteine (NAC), had no effect
on primary tumor growth but increased the number of circulating
cancer cells and increased the formation of distant colonies. The
experiments revealed that metastasizing tumor cells underwent
reversible metabolic changes during metastasis that increased
their capacity to withstand oxidative stress. The finding that cel-
lular oxidative stress limits metastasis in vivo opens the door to
the development of pro-oxidant drugs or inhibitors of antioxidant

responses to target lethal cancer progression.

In separate work using mouse xenograft models, antioxidant
antidiabetic agents increased cancer metastasis, without affecting
the incidence of tumor formation [40]. Consistent with the work
cited above, those agents that activated Nrf2 — one of the prime
pathways used to upregulate antioxidant defenses — had the most
potent metastasis-promoting effect. These results were subse-
quently confirmed by experiments showing that targeted genetic
overexpression or pharmacological upregulation of Nrf2 increased
the ability of cancer cells to migrate and metastasize [40]. Taken
together, the results suggest that the preferred choice of antioxi-
dant versus pro-oxidant strategies may differ in cancer chemopre-

ventive versus cancer treatment settings [41].

Synthesis

A proposition is presented that a deeper appreciation for the
complexity of redox homeostasis and how it relates to biological
regulation in different contexts might contribute significantly to
our search for health-promoting and disease-fighting interven-
tions. The proposition urges movement away from overgeneral-
ized, stagnant statements about the purely harmful aspects of ROS
that may cut us off from new avenues of discovery. Context mat-
ters and the words we use to describe the particular contexts con-
tributing to biological phenomena are our critical starting points
— guiding today’s clinical practice, fueling tomorrow’s inquiry.
The growing body of evidence that the intentional production of
ROS plays a critical role in cell signaling and tissue homeostasis,
encourages us to grow our receptivity to the idea that strategies
that exert pro-oxidant effects may actually be beneficial to the host
under certain circumstances. This pregnant possibility is illustrat-
ed here by ongoing research in the fields of tuberculosis, HIV, and
cancer metastasis. Finally, the proposition carries no insinuation of
finishedness, but rather a call for seeing these new starting points

glittering amidst old ways. And though much uncertainty re-
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mains, we should be communicating with elevated confidence our
need for nuanced approaches, the kind of approaches that incite
attention to the primacy of context as we work to define more

completely the role of ROS in health and disease.
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