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Abstract
Cells in vivo are constantly exposed to reactive oxygen species (ROS) generated endogenously and
exogenously. To defend against the deleterious consequences of ROS, cells contain multiple
antioxidant enzymes expressed in various cellular compartments to scavenge these toxic species.
Under oxidative stresses, these antioxidant enzymes are upregulated to restore redox homeostasis.
Such an adaptive response results from the activation of a redox-sensitive gene regulatory network
mediated by nuclear factor E2-related factor 2. To more completely understand how the redox control
system is designed by nature to meet homeostatic goals, we have examined the network from a
systems perspective using engineering approaches. As with man-made control devices, the redox
control system can be decomposed into distinct functional modules, including transducer, controller,
actuator, and plant. Cells achieve specific performance objectives by utilizing nested feedback loops,
feedforward control, and ultrasensitive signaling motifs, etc. Given that endogenously generated
ROS are also used as signaling molecules, our analysis suggests a novel mode of action to explain
oxidative stress-induced pathological conditions and diseases. Specifically, by adaptively
upregulating antioxidant enzymes, oxidative stress may inadvertently attenuate ROS signals that
mediate physiological processes, resulting in aberrations of cellular functions and adverse
consequences. Lastly, by simultaneously considering the two competing cellular tasks - adaptive
antioxidant defense and ROS signaling - we re-examine the premise that dietary antioxidant
supplements is generally beneficial to human health. Our analysis highlights some possible adverse
effects of these widely consumed antioxidants.
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1. Introduction
By utilizing molecular oxygen as the final electron transfer recipient, living aerobic organisms
are at a tremendous evolutionary advantage over anaerobic species for effective energy
abstraction from organic nutrients. However, with the emergence of this mitochondrial
respiratory process, comes a number of byproducts, mainly in the form of reactive oxygen
species (ROS) (Turrens, 2003; Brand et al., 2004). Highly reactive, ROS, which include
superoxide anion (O2

-·), hydrogen peroxide (H2O2), and hydroxyl radical (OH·), etc., are
generally deleterious to the structures and functions of the macromolecular constituents of the
cell. By reacting largely in a nonspecific manner with nucleic acids, proteins, and membrane
lipids, they can cause gene mutation, impairment or loss of enzyme activity, and altered cell
membrane permeability (Finkel, 1998; Finkel, 2003).

Besides being produced by oxidative respiration in the mitochondrion, ROS also arise as
intermediates in many other metabolic processes in the cell. These processes include β-
oxidation of fatty acids in the peroxisome, cytochrome P450 enzyme-catalyzed metabolic
reactions in the endoplasmic reticulum, and prostaglandin synthesis from arachidonic acid at
the cell membrane, etc (Thannickal and Fanburg, 2000). ROS are also generated deliberately
as part of a cellular defense mechanism against invaded pathogens (Forman and Torres,
2002). Phagocytosis of bacteria by neutrophils and macrophages is frequently accompanied
by a respiratory process characterized by heightened oxygen consumption. NADPH oxidase
(NOX) and myeloperoxidase are employed during this so-called respiratory burst to generate
O2

-· and hypochlorous acid to kill invading bacteria (Nauseef, 2007). Leakage of ROS from
this innate immune response may unnecessarily subject the host cells to high concentrations
of the bactericidal reactive species, leading to undesirable toxicity.

Given their ubiquitous cellular toxicity, ROS need to be tightly controlled so that they do not
accumulate in the cell unchecked. Living in an oxygen-rich atmosphere for thousands of
millions of years, cells have evolved to contain a suite of antioxidant molecules and detoxifying
enzymes that can quickly remove or detoxify reactive species. The thiol-containing tripeptide,
glutathione (GSH), is the most abundant small-molecule antioxidant that scavenges ROS and
neutralizes electrophiles (Meister and Anderson, 1983). Large-molecule antioxidant and
detoxifying enzymes include superoxide dismutase (SOD), glutathione peroxidase (GPx),
catalase (CAT), glutathione reductase (GR), glutamate cysteine ligase (GCL), NAD(P)
H:quinone oxidoreductase 1 (NQO1), heme oxygenase1 (HO-1), and other phase II
xenobiotic-metabolizing enzymes such as glutathione S-transferase (GST), UDP-glucuronyl
transferase (UGT), and sulfotransferase (SULT), etc (Nguyen et al., 2003). Expressed in a
number of isoforms and distributed in various organelles and subcellular compartments, these
enzymes cooperatively participate in a network of interconnected metabolic reactions that
eliminate reactive species at the sites of origin. At basal, non-stress conditions, these enzymes
are adequately expressed, keeping ROS at low non-toxic levels within the cell. Besides
controlling the absolute concentrations of ROS, the antioxidant enzymes also maintain the
redox states of various cellular compartments at levels that are conducive to the operation of
many redox-sensitive processes, such as protein folding in the endoplasmic reticulum (Go and
Jones, 2008). A primary metric of the redox state is redox potential, which is determined by
the ratios of major thiol/disulfide pairs, including GSH/GSSG, cysteine/cystine, thioredoxin-1
(SH2/SS), and NADPH/NADP+ (Jones, 2006; Kemp et al., 2008). By controlling the
concentrations and thus the ratios of these redox pairs, antioxidant enzymes such as GCL, GR,
GPx, and glucose-6-phosphate dehydrogenase (G6PD), etc., help maintain a generally
favorable intracellular redox environment.

The favorable redox environment can be disrupted by a number of oxidative events, leading
to an initial imbalance between the production of ROS and the cellular antioxidant capacity.
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As a result, ROS rise and the intracellular milieu is shifted to a more oxidizing condition.
Oxidative events (stresses) may result endogenously from increased aerobic metabolism in the
mitochondrion, respiratory burst during microbial phagocytosis, or in some cases, inhibition
of antioxidant enzymes. In many circumstances, oxidative stress originates from exogenous
sources in the environment. Common external ROS-inducing stressors include UV light,
ionizing radiation, and various oxidative chemicals. Regardless of the origin, cells need to
respond quickly to adapt to the stressful condition and restore redox homeostasis. Otherwise,
prolonged elevations in ROS may cause irreparable oxidative damage and even cell death.

To achieve the homeostatic goal, cells, when confronted with oxidative stressors, must augment
their antioxidant capacity quickly and sufficiently to counteract the increased ROS production.
Extensive research in the past decade has gradually filled out the details of a redox homeostatic
gene regulatory network that centers on a master regulating transcription factor named nuclear
factor erythroid 2-related factor 2 (Nrf2) (Nguyen et al., 2003; Itoh et al., 2004; Motohashi
and Yamamoto, 2004; Kensler et al., 2006; Kobayashi and Yamamoto, 2006). Under oxidative
and electrophilic stresses, this Nrf2-centered network is adaptively activated, enhancing the
expression of a suite of antioxidant and phase II enzymes to restore redox homeostasis.

ROS have been implicated in etiology of a number of pathological conditions and diseases,
such as cancer, diabetes, atherosclerosis, aging, and neurodegeneraion (Droge, 2002). The
magnitude and duration of ROS elevation are likely to be important quantitative determinants
for the initiation, progression, and severity of their pathological consequences. The dynamics
of the fluctuating ROS concentrations and redox potentials in various intracellular
compartments are expected to be dependent on the operation of the redox homeostatic control
network. Thus, understanding the quantitative behavior of this Nrf2-centered adaptive system
is a necessary step for quantitative risk assessment for human exposure to environmental
toxicants that alter cellular ROS. Yet, as the list of parts and interactions involved in redox
regulation expands, it becomes evident that the redox control network is a complex system
containing nested feedback loops, fast and slow adaptation pathways, signal amplification
motifs, and feedforward controls. The network complexity makes it challenging to understand
the design characteristics for fast adaptation and robust redox homeostasis. The situation is
further complicated by the fact that ROS, despite their deleterious effects, also serve as normal
second messengers (Finkel, 2003; Buetler et al., 2004). In this signaling context, the adaptive
induction of antioxidants may not be entirely beneficial if it blunts ROS signals that mediate
physiological responses (Pi et al., 2007b). The structural complexity and nonlinear interactions,
characteristic of the redox control network, require a computational systems biology approach
to comprehend its dynamic and steady-state behaviors (Kitano, 2002). It is increasingly
discovered that biological systems appear to operate by the same principles that govern many
man-made devices except that the parts that implement these principles are genes and proteins,
etc., rather than resistors, capacitors, and transistors as in electronic circuits (Tyson et al.,
2003; Xiong and Ferrell, 2003; El-Samad et al., 2005). The principles and theories, developed
by engineers, can be borrowed, with or without modifications, to study biological systems
(Åström and Murray 2008).

This review first describes the engineering-oriented modular organization of the molecular
circuit underlying cellular redox homeostasis. It is followed by enumeration of the composition
and function of each functional module. After specifying the performance objectives of the
redox homeostatic system, we show how nested feedback loops and embedded ultrasensitive
motifs help achieve these goals. With this background established, the issue of physiological
ROS signaling in the context of adaptive antioxidant response is examined and placed into
perspective, which leads to a novel mechanism proposed for oxidative stress-induced cell
malfunction. Finally, by taking into consideration the interplay between the adaptive
antioxidant response and ROS signaling, we discuss, from a systems biology perspective, the
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potential adverse consequences of consuming dietary antioxidant supplements, which are
widely used nowadays for general health promotion and chemoprevention.

2. Architecture of the Nrf2-mediated redox homeostatic control system
Mechanical and electrical engineers have worked on man-made control devices for decades.
Familiar examples of these devices are thermostat for temperature control, automatic cruising
system for car speed control, and auto-piloting for airplane altitude and speed control. It
becomes increasingly clear that man-made control devices and biological control systems share
similar structures and perhaps operate by similar principles (Yi et al., 2000; El-Samad et al.,
2005; Zhang and Andersen, 2007). From an engineering perspective, a control system using
negative feedback comprises several functional modules: transducer/sensor, controller,
actuator, and plant (Åström and Murray 2008). Organizing the components of a biological
homeostatic system into these functional modules and visually presenting them in a layout that
engineers routinely use would greatly facilitate our investigation into how the system functions
to meet its objectives mandated through evolution. Fig. 1 illustrates an engineering approach
to describe the Nrf2-mediated redox control network. This system has multiple variables that
need to be effectively controlled, including ROS, lipid peroxides, electrophiles, as well as the
redox potential as represented by the ratios of GSSG/GSH and other redox pairs.

2.1. Transducer
When an oxidative stressor is encountered by cells, ROS and redox potentials will initially
deviate from their basal levels. The deviation, especially in ROS levels, is detected by the
transducer module comprising two key proteins - Kelch-like ECH-associated protein 1 (Keap1)
and Nrf2 - where Keap1 functions as the actual sensor molecule and Nrf2 relays the redox
signal gathered by Keap1 to the controller module. Keap1 is a cysteine-rich protein that is
anchored to the cytoskeletal actin in the cytosol (Dinkova-Kostova et al., 2002). By physically
interacting with Nrf2 and acting as an adaptor protein for a Cul3-dependent E3 ubiquitin ligase
complex, Keap1 promotes ubiquitination of Nrf2 and its eventual degradation by the
proteasome (McMahon et al., 2003; Stewart et al., 2003; Hong et al., 2005; Kobayashi et al.,
2006). Under non-stress conditions Nrf2 is rapidly degraded via Keap1, exhibiting a short half-
life of 13~21 minutes (Hong et al., 2005; Kobayashi and Yamamoto, 2006). This rapid turnover
keeps Nrf2 at a low basal level. The multiple cysteine residues contained in the amino acid
sequence of Keap1 enable it to function as a molecular sensor dectecting changes in the cellular
redox state. A rise in the intracellular levels of ROS or electrophiles results in an increase in
the oxidation or conjugation of key cysteine residues in the Keap1 molecule (Zhang and
Hannink, 2003; Levonen et al., 2004). Although the exact cysteine residues that become
oxidized and the nature of oxidation appear to be chemical agent-specific (Kobayashi et al.,
2009), modifications of the Keap1 molecule at multiple cysteine residues generally weaken its
activity as an E3 ligase adaptor. As a result, Keap1 becomes less capable of promoting Nrf2
degradation, leading to stabilization of Nrf2 - its half-life can be extended to 100~200 minutes
under high-level oxidative stresses (Hong et al., 2005; Kobayashi et al., 2006). With slower
degradation, cytosolic Nrf2 increases from de novo protein synthesis before moving into the
nucleus. It was previously thought that oxidative stress activates Nrf2 by promoting its
dissociation from Keap1 sequestration, yet subsequent studies indicated this is not the case as
the binding affinity between Keap1 and Nrf2 was not affected by exposure to oxidative stressors
(Eggler et al., 2005; He et al., 2006; Kobayashi et al., 2006; Tong et al., 2006).

Although Keap1 is the main sensor molecule in the Keap1/Nrf2 transducer, Nrf2 itself also
appears to be redox-sensitive (Li et al., 2006). The transactivation domain of Nrf2 contains a
nuclear export signal (NES), which is responsible, at least partially, for shuffling Nrf2 out of
the nucleus (Li and Kong, 2009). The nuclear-exporting activity of this NES sequence, which
contains a cysteine residue at position 138, is regulated by the redox state of the cell. Under
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oxidative stress, the cysteine residue is modified, which weakens the NES activity (Li et al.,
2006). As a result, the trans-nuclear equilibrium shifts away from Nrf2 exporting, leading to
increased retention of Nrf2 in the nucleus. Therefore, oxidative stress-induced nuclear Nrf2
accumulation is a consequence of two independent processes - increased cellular abundance
due to stabilization and increased nuclear retention due to weakening of NES activity. In the
redox control system, nuclear Nrf2 is the output signal of the transducer module, which is fed
into the controller to transcriptionally regulate antioxidant and phase II enzymes.

2.2. Controller
In a man-made control system, controller is the functional unit that receives the error signal,
i.e., the difference between the current value of the controlled variable fed back through the
transducer and the set-point (e.g., the desired room temperature or car speed). The controller
then processes the signal according to a preset mathematical algorithm and at the same time
integrates other regulatory inputs. In most engineering applications, the processing algorithm
generates an output that is either a proportional (P), integral (I), or differential (D) function of
the error signal (PID control in engineering terminology), representing the present, past, and
projected future state of the controlled variable, respectively (Åström and Murray 2008). The
output of the controller is then used to drive the actuator to counteract perturbations. By this
analogy, the controller in the redox homeostatic system contains a set of transcriptional
processes in the nucleus which receive inputs from Nrf2 and other control signals. The
controller integrates all these inputs to regulate the transcription of a battery of antioxidant and
phase II genes. The redox controller contains a number of transcription activators and
repressors. Among them the small Maf protein is an obligatory dimeric partner of Nrf2
(Katsuoka et al., 2005b). The Nrf2-Maf dimer is a transcription activator possessing high
specificity and affinity to the antioxidant response element (ARE) located in the promoters of
most antioxidant and phase II genes. Bach1 is a transcriptional repressor that binds to small
Maf, making it unavailable for Nrf2 (Shan et al., 2004; Dhakshinamoorthy et al., 2005). The
promoters of many antioxidant and phase II genes also receive regulatory input from other
transcription factors, such as AP-1 and NF-kB (Harada et al., 2008; Liu et al., 2008; Kimura
et al., 2009), suggesting that the antioxidant response is coordinately regulated with other
cellular processes such as the inflammatory response (Woods et al., 2009). Implicitly the
controller contains the general transcription apparatus and cofactors involved in the formation
of the transcription initiation complex.

2.3. Actuator
In man-made control devices, actuator is the “heavy-duty machine” that receives control
signals from the controller and executes the corrective process to minimize perturbations of
the system by external disturbance. In the redox homeostatic control system described here,
the set of antioxidant and phase II enzymes are the molecular actuators that directly catalyze
a series of reactions neutralizing and detoxifying ROS and electrophiles. The antioxidant
capacity of the actuator is regulated primarily through transcriptional control of the amounts
of antioxidant and phase II enzymes located in various cellular compartments. As described in
details later, the antioxidant capacity is additionally regulated through redox-sensitive
alteration in the activities of certain antioxidant enzymes and stabilization of mRNA molecules.

2.4. Plant
The biochemical plant is all the cellular space where ROS, redox pairs, and antioxidant and
phase II enzymes co-exist. It includes the cytosol, nucleus, mitochondrion, peroxisome, and
other ROS-producing organelles. In these spaces, metabolic reactions occur continuously,
producing and removing ROS and other reactive species. Antioxidant enzymes, which act as
molecular actuators, catalyze a number of reactions that produce small-molecule antioxidants
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and neutralize ROS into nontoxic or less reactive species. Examples of these reactions include
the de novo synthesis of GSH by GCL and GS, recycling of GSSG back to GSH by GR,
production of NADPH by G6PD, conversion of O2

-· to H2O2 by SOD, and reduction of
H2O2 into water by GPx and CAT.

2.5. Nested feedback loops
As illustrated in Fig. 1, the sequential connection of the functional modules - transducer →
controller → actuator → plant → transducer - forms a standard negative feedback control
system. Although Keap1 is the high-profile redox sensor and the Nrf2-mediated transcriptional
feedback loop is the mainframe architecture of the control system, the Keap1/Nrf2 transducer
is not the sole redox sensor mediating the antioxidant response. Certain antioxidant enzymes
themselves are redox sensors - changes in the cellular redox state can directly modify the
structures and activities of the enzyme molecules (Ochi, 1995;Ochi, 1996). Just like Keap1,
the redox-sensitive antioxidants and related enzymes all contain cysteine residues in their active
sites that can be reversibly modified by ROS (Schuppe-Koistinen et al., 1994;Tu and Anders,
1998).

The most studied redox-sensitive antioxidant is GCL, the enzyme that catalyzes the first step
of the de novo synthesis of GSH. The fully active GCL holoenzyme is a heterodimer comprising
two monomeric protein molecules: the GCL catalytic subunit (GCLC) and GCL modulatory
subunit (GCLM) (Yang et al., 2001a; Yang et al., 2001b). The catalytic activity of the GCL
holoenzyme can be directly augmented under oxidative stress in the absence of any increases
in the expression of the two protein subunits (Ochi, 1995; Ochi, 1996). Additionally, the
reversible heterodimerization between GCLC and GCLM that forms the holoenzyme GCL is
also a redox-regulated process. An oxidizing environment favors association and a reducing
environment favors dissociation between the two subunits (Seelig et al., 1984; Huang et al.,
1993; Tu and Anders, 1998; Fraser et al., 2002). The redox-sensitive regulation of GCL’s
enzymatic activity and subunit heterodimerization appears to be mediated via cysteine residues
present in both the GCLC and GCLM subunits, since the formation of intra- and inter-molecular
disulfyl bonds between these cysteine residues is likely regulated by redox conditions (Tu and
Anders, 1998; Fraser et al., 2003). The catalytic activity of GCL is also subject to inhibitory
regulation by GSH. GSH competes with glutamate, one of GCL’s substrates, for its binding
site on GCLC to inhibit the enzyme’s activity (Chen et al., 2005). It should be noted that
although GSH and its oxidized form GSSG are the dominant redox couple that influences the
cellular redox potentials, the competitive inhibition of GCL by GSH is not a redox-regulated
process. The inhibition is sensitive only to the absolute concentration of GSH. Regardless, the
redox-sensitive regulation of GCL activity and subunit heterodimerization, and competitive
inhibition of GCL by GSH jointly form a short feedback loop from the plant to the actuator to
regulate de novo GSH synthesis. Under oxidative stress, the intracellular redox environment
becomes more oxidizing, and concomitantly the level of GSH often drops, at least initially, as
it is consumed by reactions to neutralize ROS and electrophiles (Pi et al., 2008; Woods et
al., 2009). These changes in the plant are fed back to the actuator through this short feedback
pathway to synergistically enhance the total GCL activity and consequently the GSH synthesis
rate.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a redox-sensitive metabolic enzyme
involved in the glycolysis pathway. It catalyzes the reversible phosphorylation of
glyeraldehyde-3-phosphate to 1,3-bisphosphoglycerate. Under oxidative stress, GAPDH’s
enzymatic activity is reversibly inhibited due to modification to certain thiol groups in the
protein sequence (Brodie and Reed, 1990; Schuppe-Koistinen et al., 1994). This inhibition
results in a reduction in the metabolic flux along the glycolytic pathway, and a re-routing to
the pentose phosphate pathway (PPP). A higher carbon flux to the PPP pathway leads to
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increased production of NAPDH, which serves as electron donor for both glutaredoxin (Grx)
and thioredoxin reductase (TrxR)-catalyzed antioxidant reactions, and is required by GR to
recycle GSSG to GSH. Strictly speaking GADPH is not an antioxidant enzyme in itself, but
its redox-sensitive activity change indirectly leads to increased NADPH production and
subsequent enhancement of cellular antioxidant capacity (Ralser et al., 2007). Together, the
redox-sensitive regulation of GCL activity and metabolic re-routing of glucose catabolism
constitute a short, fast negative feedback loop. The feedback regulation is fast because unlike
the Nrf2-mediated feedback loop, it does not involve gene transcription. The response time
could be in the order of seconds to minutes. Since this short/fast feedback loop is nested within
that mediated via the Keap1/Nrf2 transducer, we refer to it as the fast inner feedback loop (Fig.
1).

In addition to Nrf2-mediated transcriptional activation, the levels of certain antioxidant
enzymes are also regulated post-transcriptionally in a redox-sensitive manner. Notably, the
stability of both the GCLC and GCLM mRNAs is redox-regulated. Their half-lives can be
doubled when cells are challenged with various prooxidants (Sekhar et al., 1997; Liu et al.,
1998; Song et al., 2005). The mechanism for this redox-sensitive response is not well
understood. Stabilization of GCLC mRNA induced in colon cancer cells seems to involve
redox-sensing through mitogen-activated protein kinase (MAPK) p38 and accumulation of
HuR, a mRNA-stabilizing factor (Song et al., 2005). Upregulation of protein expression as a
result of mRNA stabilization is a slow process however - the time to reach a new steady state
is in the order of hours or even longer, depending on the lengthened half-life values. Since
redox-sensing through antioxidant mRNA stabilization bypasses the Keap1/Nrf2 transducer,
structurally it is also a nested feedback loop. Due to its longer response time, we refer to it as
the slow inner feedback loop (Fig. 1).

2.6. Feedforward control via xenosensors
The cellular toxicity of many xenobiotics does not reveal itself until they are metabolized into
some reactive intermediates, mainly by the phase I enzymes (Isin and Guengerich, 2007). Many
of these reactive species are electrophiles that can react with DNA and protein, leading to
genetic mutation and cancer. About 75% of carcinogens are actually reactive metabolites of
procarcinogens after bioactivation by xenobiotic-metabolizing enzymes (Nebert and Dalton,
2006). Many of these reactive metabolites can activate Nrf2 through conjugating the sensor
molecule Keap1. Subsequent induction of phase II and antioxidant enzymes, such as GST,
UGT, and GCL, promotes reactions that detoxify the reactive metabolites. This negative
feedback-mediated cellular detoxification and homeostasis is in some cases complemented by
a separate control pathway. A number of parent xenobiotics can be detected by a small set of
xenosensors, which are nuclear receptors including aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR), and pregnane X receptor (PXR). While activation of
these xenosensors by the parent chemicals can induce the phase I enzymes to accelerate their
bioactivation, they can also induce the phase II enzymes either directly or indirectly through
transcriptionally upregulating Nrf2 (Paulson et al., 1990; Favreau and Pickett, 1991; Emi et
al., 1996; Miao et al., 2005; Sugatani et al., 2005; Chen et al., 2007). In terms of controlling
the intracellular levels of electrophilic metabolites, the induction of the phase II metabolizing
enzymes by the xenosensors constitutes a form of feedforward control (Zhang et al., 2009).
Activation of the controller and actuator through this feedforward control pathway (Fig. 1) is
independent of the controlled variable, which, in this case, is the intracellular electrophilic
species derived from bioactivation of xenobiotics.
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3. Performance objectives, nature’s design principles and implementations
3.1. Performance objectives

To have a better understanding of how the redox control system, as described above, performs
robustly against oxidative stresses, it is necessary to be explicit about the performance
objectives of the system. The ultimate goal of antioxidant defense is to limit and protect cells
from overt oxidative damages and adverse consequences. The cellular redox control system
fulfills this goal by minimizing the magnitude and duration of the excursions that the
intracellular ROS and associated redox state deviate from their basal steady-state levels. The
generalized dynamic change in ROS levels in response to continuous sublethal oxidative stress
is illustrated in Fig. 2A. At the onset of the oxidative stress, ROS rise quickly to a high level
that is likely proportional to the dose of the oxidative stressor. Then the cell starts to adapt by
upregulating the antioxidant enzymes, which gradually lower the elevated ROS. We refer to
this initial rise-and-fall in ROS as the adapting state/period. Eventually ROS settle to a new
steady state that is above the basal level but can still be tolerated by the cell chronically (herein
referred to as the adapted steady state). Given this ROS dynamics, there are evidently two
primary performance objectives expected from the cellular redox control system. (1) The
transient rise in ROS levels during the adapting period should be controlled so that it is not too
high and does not last too long. In other words, a fast adaptation is necessary. Otherwise, even
if the redox control system is able to return ROS to a low adapted steady state at last, a large
and prolonged upward excursion of ROS at the beginning may not be comfortably tolerated
by the cell without adverse consequences. (2) When the oxidative stressor persists, it is
desirable that the adapted steady state, although somewhat elevated, stays close to the basal
steady-state level. If the steady-state deviation is too large, the cell, which may have survived
the initial transient ROS rise, could still be chronically affected with impaired fitness and
functional aberrations. Therefore, the second objective is equivalent to having an adapted
steady-state ROS level that is relatively insensitive to the dose of the oxidative stressor (Fig.
2B). Robust redox homeostasis is concerned with meeting both objectives. The next section
discusses the design principles for achieving these objectives and elaborates on how nature
implements these principles.

3.2. Ultrasensitive motifs and feedback loop gain
The negative feedback structure of the cellular redox control system allows the antioxidant
capacity to increase in response to elevation in ROS levels. Intuitively, keeping the adapted
steady-state ROS level low (i.e., the second objective) requires a high steady-state induction
of the antioxidant capacity. In quantitative terms, this means that when the ROS level increases
by a fixed percentage, that change needs to be amplified somehow to drive a much greater
percentage increase in the overall antioxidant activity in the cell. This sensitivity amplification
requires a type of nonlinear response that is referred to as ultrasensitivity in quantitative
computational biology (Ferrell, 1996; Legewie et al., 2005). A biochemical process that can
amplify signals in such a way is referred to as an ultrasensitive motif. The degree of
ultrasensitivity is quantitatively evaluated by the ratio of the percentage change in the output
signal to that in the input signal. By convention, the ratio is referred to as response coefficient
or logarithmic gain (or gain for simplicity) given that the ratio of percentage changes is
mathematically equivalent to the ratio of logarithmic changes (Savageau, 1976; Fell, 1992).
When multiple ultrasensitive motifs are linked in tandem, the overall gain is the mathematic
product of individual gains of all motifs. In the case where ultrasensitive motifs are linked
sequentially to form a loop, the product of the motif gains is usually called loop gain.

To demonstrate the importance of ultrasensitive motifs in redox homeostasis, it is helpful to
conceptually simplify the negative feedback-mediated redox control (Fig. 3A). According to
our previous study on anti-stress cellular systems (Zhang and Andersen, 2007), the steady-state
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ROS level in relation to the dose of the oxidative stressor (S) can be approximately captured
by the systems-level response coefficient RS

ROS (Fig. 3B, Equation 1 and 2). Rloop is the overall
loop gain which is the sum of both the inner and outer feedback loop gains, and the latter
comprises primarily the product of individual gains of the transducer, controller, actuator, and
plant as they are linked sequentially. Since the value of RS

ROS is usually less than 1, a fixed
percentage increase in the dose of the oxidative stressor results in a smaller percentage increase
in the steady-state ROS level. This loop performance gives rise to a nonlinear dose response
that has a downward-concave appearance (Fig. 3C), which is highly desirable for homeostatic
purpose. Obviously, for ROS to be minimal, a high Rloop is desired, which would in turn require
that the functional modules along the feedback loop process signals in a highly ultrasensitive
manner. Within limits, the higher the gain conferred by each module, the more resistant the
system is to oxidative perturbations. The mammalian redox control system seems to have
evolved along this line of design principle by using various response motifs that can transfer
signal ultrasensitively. The following section enumerates these ultrasensitive motifs.

3.2.1. Nrf2 activation via stabilization—One mechanism of Nrf2 activation is through
protein stabilization, as Keap1 loses its ability under oxidative stress to promote ubiquitination
and degradation of Nrf2 (Hong et al., 2005; Kobayashi et al., 2006). Depending on the binding
affinity between Nrf2 and Keap1 and their respective intracellular concentrations, the Keap1-
mediated Nrf2 degradation may operate close to saturation, making the degradation essentially
a near zero-order process. Under this circumstance, a small percentage decline in the
concentration of the reduced form of Keap1 would result in a larger percentage increase in the
steady-state concentration of Nrf2. Thus, the Keap1/Nrf2 transducer itself may be designed as
an ultrasensitive module that not only detects but also amplifies cellular redox fluctuations.
This potential ultrasensitive Nrf2 response is mechanistically analogous to zero-order
ultrasensitivity proposed for reversible covalent modification of proteins, such as
phosphorylation and dephosphorylation of signaling proteins by kinases and phosphatases
(Goldbeter and Koshland, 1981). The exception is that Nrf2 degradation is an irreversible
process without being counterbalanced. The mode of Nrf2 activation is very similar to that of
hypoxia inducible factor 1α (HIF1α), which is stabilized via inhibition of proline hydroxylase
in response to hypoxia. A highly ultrasensitive increase in HIF1α abundance via zero-order
degradation has been proposed to explain the observed switch-like response to molecular
oxygen (Jiang et al., 1996; Kohn et al., 2004).

3.2.2. Auto-regulation of Nrf2 and small Maf genes—In response to oxidative and
electrophilic stresses, Nrf2 accumulates in the nucleus, where it associates with small Maf
proteins to form a heterodimer in order to bind to AREs in the target genes (Katsuoka et al.,
2005b). Among the target genes are Nrf2 and small Maf themselves. Both genes have been
demonstrated to contain functional AREs in the promoter regions (Kwak et al., 2002; Katsuoka
et al., 2005a), and in response to stresses, the mRNAs of both genes are upregulated (Kwak
et al., 2002; Pi et al., 2003; Katsuoka et al., 2005b). Although the increases in the mRNA levels
(2- to 3-fold) are not as robust as observed with antioxidant and phase II genes, the two positive
feedback loops mediated by Nrf2 and small Maf gene auto-regulation are likely to serve as
ultrasensitive response motifs to increase the transducer and control’s gains (Kholodenko,
2000; Legewie et al., 2005). Removal of the Nrf2 auto-regulation was shown to impair the
steady-state homeostatic performance (Zhang and Andersen, 2007).

3.2.3. MAPK cascade: a conserved ultrasensitive motif—Extensive studies have
demonstrated that protein phosphorylation is a potential mechanism for Nrf2 activation. A
variety of cytosolic kinases, including protein kinase C, phosphatidylinositol 3-kinase, casein
kinase 2, and MAPK, can modify Nrf2 and its activity posttranslationally (Huang et al.,
2002; Kang et al., 2002; Xu et al., 2006; Pi et al., 2007a). It is particularly interesting to note
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that oxidative stresses can activate MAPK such as p38 and JNK (Yu et al., 2000; Zipper and
Mulcahy, 2000; Xu et al., 2006; Yuan et al., 2006). The role of the MAPK cascade as an
ultrasensitive motif has been well established in a variety of cell types (Huang and Ferrell,
1996; Bagowski et al., 2003). By phosphorylating Nrf2 and other regulatory proteins, MAPK
may mediate ultrasensitive activation of transcription factors involved in cellular antioxidant
defense (Iles et al., 2002; Xu et al., 2006; Harada et al., 2008). The ultrasensitive role played
by the MAPK cascade has been demonstrated in numerous signaling processes, such as
Xenopus oocyte maturation and sustained MAPK activation in response to growth factors in
fibroblasts (Ferrell and Machleder, 1998; Bhalla et al., 2002).

Ultrasensitivity in the MAPK cascade originates from three independent sources: (1) multi-
step signaling, (2) zero-order ultrasensitivity, and (3) cascading arrangement (Huang and
Ferrell, 1996). It was recognized that the MAPK kinase (MKK) and MAPK each contain two
of either serine, threonine, or tyrosine residues that can be phosphorylated by the upstream
kinases. Phosphorylation of the two sites involves two separate collisions between the enzyme
and substrate molecules (Ferrell and Bhatt, 1997). This non-processive mechanism of dual
phosphorylation for MKK and MAPK activation provides a basis for multi-step signaling and
thus some degree of ultrasensitivity. Secondly, phosphorylation and dephosphorylation of
MKK and MAPK by respective kinases and phosphatases is a typical covalent modification
cycle. Some of these enzymes in the cascade may work under conditions that are close to
saturation, providing the possibility for zero-order ultrasensitivity (Goldbeter and Koshland,
1981). The third source of ultrasensitivity lies in the fact that the MAPK cascade has a layered
signaling structure that is conserved throughout evolution. This structure allows the output of
one layer to be fed as an input into the next layer; therefore the gain of each layer can be
multiplied as the signal propagates down the cascade. As a result of these ultrasensitive
mechanisms, the overall stimulus-response property of the MAPK cascade is highly sigmoid
and may actually be a switch (Bagowski et al., 2003). It is likely that the activation of the
MAPK cascade under oxidative stress may contribute to an ultrasensitive activation of Nrf2,
which in turn is responsible for ultrasensitive inductions of antioxidant and phase II enzymes.

3.2.4. Homo-multimerization of antioxidant enzymes—In cell signaling networks, an
important ultrasensitive response motif is protein homo-multimerization (or oligomerization),
which includes homo-dimerization, homo-trimerization, and homo-tetramerization, and so on.
Protein homo-multimerization is usually a reversible process involving association of
monomers into multimers and dissociation of multimers into monomers. According to the
kinetic law of mass action, the rate of monomer association is a nonlinear function, proportional
to the concentration of the monomer raised to the power of the multimeric order (i.e., the power
is 2 for dimer, 3 for trimer, and so on). Then the steady-state concentration of the multimer
will increase in proportion to the concentration of the monomer raised to the multimeric order,
constituting a classical ultrasensitive response. Ultrasensitivity via protein homo-
multimerization is widely utilized in cellular systems for signal amplification. For example, in
response to heat stress, three monomers of heat shock factor 1 (HSF1) form a homo-trimer,
which then induces robust expression of chaperone proteins (Liu and Thiele, 1999). In the
cellular redox control system, the fully active forms of most antioxidant and phase II enzymes
are homo-multimers (Table 1). For instance, GR, Grx, Prx, and GST are homo-dimers
(Carlberg and Mannervik, 1975; Evrard et al., 2004; Vargo et al., 2004; Lillig et al., 2005). It
is particularly interesting to note that GPx and CAT, the two key enzymes responsible for
H2O2 detoxification, are homo-tetramers (Kirkman and Gaetani, 1984; Asayama et al.,
1994). G6PD, the enzyme involved in NADPH generation through the PPP pathway, is also a
homo-tetramer (Lee et al., 1979). Some isoforms of bacterial CAT even exist as homo-
hexamers (Loewen and Switala, 1986; Loewen and Switala, 1987). The functional implications
of the homo-multimerization process for metabolic enzymes have long escaped satisfying
explanations. It has been argued that multimerization might be required for enzymes to achieve
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full activity, or to become more stable. Here in the context of cellular redox control, we propose
that homo-multimerization of antioxidant enzymes is likely to act as crucially important
ultrasensitive motifs. With such a motif, a fractional increase in the transcription rate of an
antioxidant gene would result in a much greater fractional increase in the abundance of the
fully-active, multimeric antioxidant enzyme. Thus homo-multimerization is one means by
which the cellular antioxidant capacity is amplified in response to oxidative stress, contributing
to robust redox homeostasis (Zhang and Andersen, 2007).

3.2.5. Ultrasensitivity via multi-step signaling—An important way to achieve
ultrasensitive response is via multi-step signaling, in which a signaling molecule controls a
target molecule in more than one way, and the controls are synergistic rather than additive. For
instance, if a signal X not only increases the transcription of protein Y, but also decreases the
degradation of Y, then a fractional increase in X would lead to a fractional increase in Y that
is twice as much, corresponding to a gain of 2. In the redox homeostatic network, multi-step
signaling is utilized extensively at various levels to achieve a high loop gain.

As noted above, oxidative stress not only increases the total abundance of Nrf2 via stabilization,
but also increases its nuclear retention by inhibiting one of the NES domains (Li et al., 2006).
As a result of this coherent dual-regulation, the amount of Nrf2 that eventually accumulates in
the nucleus is expected to be a highly nonlinear function of the intracellular ROS level. Another
example of multi-step signaling is the induction of the holoenzyme GCL. Both of its two
subunits, GCLC and GCLM, can be upregulated simultaneously by Nrf2, which then
heterodimerize to form the fully active holoenzyme (Dickinson et al., 2004). Convergence of
the two separate induction events at GCL confers ultrasensitivity to the induction of the
holoenzyme by Nrf2. At a higher architectural level of the redox control network, the inner
feedback loop itself is also an ultrasensitive pathway containing multi-step signaling. It
comprises at least two converging paths: redox-sensitive regulation of antioxidant enzyme
activities (fast loop) and redox-sensitive regulation of antioxidant mRNA stability (slow loop).
More globally, the inner and outer feedback loops also work synergistically to generate
ultrasensitivity, as they separately regulate the transcription, degradation, and activity of the
antioxidant enzymes, which are independent signaling steps that would impact the total
antioxidant capacity in a multiplicative manner.

Another location in the feedback loop where ultrasensitivity may arise is the reversible binding
between the Nrf2-Maf heterodimer and the promoters of antioxidant genes. Ultrasensitivity
arises if a promoter contains multiple ARE copies clustered in close proximity and Nrf2-Maf
heterodimers bind to these AREs cooperatively. With positive cooperative binding, the
occupancy of one ARE by an Nrf2-Maf molecule facilitates the binding of neighboring AREs
by other Nrf2-Maf molecules, and so on. Amplification of gene induction through cooperative
transcription factor binding at gene promoters has been demonstrated in the heat shock
response, wherein HSF1 transcriptionally induces heat shock proteins (Erkine et al., 1999). It
is likely that certain antioxidant genes such as HO-1 and NQO1, which are often induced by
hundreds and sometimes even thousands of folds, may involve cooperative Nrf2-Maf dimer
binding to their promoters. Taken together, multiple ultrasensitive motifs distributed along the
feedback loops contribute to a high overall loop gain. And by employing these multiple
ultrasensitive motifs, cells are able to accomplish the second performance objective, i.e.,
keeping the adapted steady-state ROS as close as possible to the basal level.

In theory, a similar loop gain can be achieved by replacing the multiple ultrasensitive steps
described above with one or two highly ultrasensitive motif(s). Concentrating the loop gain in
one or two ultrasensitive motifs, however, may make the redox control system extremely
vulnerable to functional failures of these few motifs, jeopardizing redox homeostasis. By using
multiple ultrasensitive motifs, which appear to be “redundant” at first glance, the redox control
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system is better designed against internal component failures. A high loop gain can be achieved
even when each motif is only fractionally ultrasensitive. In this way a failing motif in terms of
its ultrasensitive function will only reduce the loop gain by a small amount, limiting its impact
on the homeostatic performance of the system.

3.3. Fast inner feedback loop
Under persistent oxidative stress, intracellular ROS first rise then fall before settling to an
adapted steady-state level (Fig. 2A). While keeping the adapted steady-state ROS level low is
one objective of the redox control system, another important performance objective is to
minimize the initial upward excursion of ROS so that it does not cause irreversible adverse
consequences. To have a fast adaptation, it requires that the antioxidant capacity be upregulated
also at a fast pace. However, the majority of the adaptive increase in the antioxidant capacity
is driven by Nrf2-mediated transcriptional upregulation, which is a slow process. The time for
antioxidant enzymes to reach new steady states is usually in the order of hours or even days,
depending largely on the half-lives of antioxidant mRNAs and proteins (Glass and Doyle,
1972;Geisler et al., 1978;Knight and Sunde, 1987;Liu et al., 1998;Chen et al., 2005). This slow
response indicates that the Nrf2-mediated antioxidant upregulation is unable to launch a fast
adaptation to limit the initial rise in ROS. In contrast, the redox-sensitive antioxidant and related
enzymes, such as GCL and GAPDH, which constitute the fast feedback loop that bypasses the
Nrf2-mediated outer loop (Fig. 1), can upregulate the antioxidant capacity quickly, albeit to a
limited extent. The redox-sensitive changes in GCL activity, heterodimerization, and GAPDH-
mediated re-routing of glucose metabolism to the PPP do not involve transcriptional and
translational events and can occur almost instantaneously within seconds to minutes. This
extremely fast feedback response would limit the initial sharp rise in ROS at the onset of the
oxidative stress, reducing potential cellular damage before the Nrf2-mediated transcriptional
mechanism is fully activated. Moreover, the fast feedback loop also seems better positioned
to cope with transient oxidative stresses. A transient oxidative stress may be too short to engage
the transcriptionally-mediated antioxidant upregulation, yet it may cause a large, albeit short-
lived, spike in ROS levels. The increase may be limited through the instantaneous activation
of the fast feedback loop mediated by the redox-sensitive antioxidant enzymes. Moreover, the
role of the fast feedback loop is not restricted to handling minute-to-minute changes in the
redox state; it also contributes to the overall loop gain of the entire feedback system as part of
the inner loop (Fig. 3B). In the absence of the fast feedback loop, the system would not only
be less capable of dealing with quick rises in ROS, but also - as a result of lowered overall loop
gain - has an impaired control over the the adapted steady-state ROS level (Fig. 4). Lastly, the
differential response times of the fast and slow feedback loops may increase the stability of
the redox control network by reducing the probability of oscillation, which is an issue intrinsic
to negative feedback systems with high loop gains (Kholodenko, 2000).

In summary, nature has designed the redox control system to meet specific performance goals.
By using a combination of fast and slow feedback loops and multiple ultrasensitive motifs, the
control system is not only able to keep the adapted steady-state ROS close to the basal level,
but also limit the initial sharp rise in ROS shortly after the onset of oxidative stresses.

3.4. Feedforward control and hormesis
As noted earlier, as far as controlling the intracellular levels of electrophilic metabolites is
concerned, the induction of the phase II metabolizing enzymes by the xenosensors constitutes
a form of feedforward control (Zhang et al., 2009). The emergence of this xenosensor-mediated
feedforward control mechanism provides additional evolutionary advantage for cellular fitness
and survival. If a biological organism frequently encounters a xenobiotic compound that, after
phase I bioactivation, becomes a harmful reactive species, it would be highly beneficial when
the parent chemical can directly engage a detoxification mechanism to reduce the level of its
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toxic metabolite. With feedforward control, a nearly perfect adaptation may be achieved if the
feedforward gain, which is contributed to by ultrasensitive motifs in the xenosensor, controller
and actuator, matches closely the bioactivation gain. In this way this control motif may generate
a threshold response (Zhang et al., 2009). Moreover, if the ultrasensitive motifs located in the
feedforward loop are able to produce a greater feedforward gain than the bioactivation gain, a
J-shaped change in the level of the electrophilic metabolite may result with respect to the dose
of the parent chemical (Zhang et al., 2009). Such a hormetic change in the level of the
intracellular electrophilic species may underpin a similar downstream endpoint response such
as mutagenesis and carcinogenesis as seen with many carcinogenic chemicals (Camurri et
al., 1983; Kitano et al., 1998; Masuda et al., 2001; Puatanachokchai et al., 2006).

4. ROS signaling and redox homeostasis
Despite their well-known deleterious effects on biomacromolecules, ROS, particularly
H2O2, also function as physiological signaling molecules (Finkel, 2003; Buetler et al., 2004).
Like nitric oxide, the fast turnover and high diffusibility of H2O2 make it a good candidate as
a second messenger (Rhee et al., 2003; Rhee, 2006). The signaling role of ROS has been
demonstrated in a variety of physiological processes, including glucose-stimulated insulin
secretion in β-cells, glucose sensing in the hypothalamus, and growth factor-induced
differentiation, etc (Denu and Tanner, 1998; Suzukawa et al., 2000; Goldstein et al., 2005;
Leloup et al., 2006; Pi et al., 2007b; Leloup et al., 2009).

Employing ROS as signaling molecules implies that the magnitude of the ROS signal is likely
to be inversely correlated to the antioxidant capacity in the cell. In this regard, it is interesting
to note that β-cells, which are believed to use glucose-induced ROS to trigger insulin secretion
(Pi et al., 2007b; Leloup et al., 2009), have very low levels of antioxidant enzymes compared
with other cell types (Tiedge et al., 1997). This low antioxidant capacity may provide an
intracellular redox environment that is conducive to robust ROS signaling. Conversely if the
intracellular antioxidant capacity becomes elevated, signaling ROS are expected to be
attenuated. Such attenuation effects occur with epidermal growth factor (EGF)-induced AKT
activation, a process mediated by H2O2 generated following EGF binding to its membrane
receptors. When cells were overexpressed with GPx1 and CAT, the two primary H2O2-
degrading antioxidants, activation of AKT is significantly reduced (Handy et al., 2009). The
generally inverse relationship between ROS signaling and antioxidant capacity has important
implications for the mechanism by which oxidative stresses impairs cellular functions. When
chronically under oxidative stress, cells may have their antioxidant enzymes upregulated
through the Nrf2-mediated transcriptional induction. The adaptive augmentation of antioxidant
capacity is usually widespread, involving various isoforms of antioxidant enzymes located
throughout the cytosol and major ROS-producing organelles. Indiscriminately, these high-
level antioxidants would not only work to degrade the ROS molecules generated as metabolic
byproducts, but as a side effect, may also dampen the nearby ROS generated as physiological
signals.

The pathological consequences of oxidative and electrophilic stresses have long been proposed
to result from direct impairment of the molecular components of the cell by toxic reactive
species. Except for certain occupational exposure scenarios, oxidative stresses imposed on the
general population by environmental factors are more likely to be minimal to mild. After
compensated by the redox homeostatic control network, oxidative stresses at low or even
moderate levels may not produce significant oxidative damages that have pathological
consequences. Instead, we propose the following mode of action to explain some pathological
conditions rendered by environmentally-derived oxidative stresses. When chronically under
mild to moderate oxidative stress, most cells are able to adequately adapt by engaging the redox
homeostatic control system. Robust upregulation of the antioxidant enzymes maintains ROS
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at low adapted levels, keeping oxidative damage-associated cell malfunctioning at a minimum.
However, persistently high antioxidant content in the cell would attenuate the signaling ROS
generated for a variety of physiological responses (compare Fig. 5A and 5B). Thus by
tampering with ROS signaling, mild to moderate oxidative stresses may disrupt a number of
ROS-mediated cellular functions. This unconventional mode of action appears to underlie the
suppression by oxidative stress of glucose-stimulated insulin secretion in β-cells, contributing
to the progression of type 2 diabetes (Pi et al., 2007b). For a review on this topic, see the article
by Pi, et al. in the same issue.

For this unconventional mode of action of oxidative stress to gain acceptance, a couple of
confounding issues need to be clarified. One question is whether endogenously generated
signaling ROS would reach a magnitude and spatial extent that constitute an oxidative stress
to the cell such that the Nrf2-mediated antioxidant response is triggered. The other question is
whether the ROS generated by oxidative stressors can also serve as signals to trigger
physiological responses normally mediated by endogenously generated ROS. Answers to these
questions are likely to hinge on several important aspects of ROS signaling that have not been
well understood, including concentration, duration, and subcellular location of physiological
ROS signals. The predominant source of signaling ROS identified so far seems to come from
NOX located on the plasma membrane (Fisher, 2008; Ushio-Fukai, 2008). NOX can be
activated by membrane events such as growth factor binding to cognate receptors and glucose
uptake by transporters (Sturrock et al., 2006; Morgan et al., 2009). Activated NOX first
generates O2

-· on the extracellular side of the plasma membrane. O2
-· is then converted to

H2O2 which diffuses through aqueous channels into the cell to continue the signal transduction
process. Because the cytosol is filled with potent H2O2-degrading enzymes such as GPx and
Prx, H2O2 is not expected to diffuse very far to the interior of the cell before its concentration
drops precipitously (Forman, 2007). Therefore a steep H2O2 concentration gradient may exist
in the cytosolic space near the plasma membrane where signaling H2O2 first appears (Forman,
2007; Fisher, 2008). It is perhaps within this highly compartmentalized space which contains
highly concentrated H2O2 that downstream ROS signaling occurs. A primary target of
signaling H2O2 is protein tyrosine phosphatase (PTP) (Denu and Tanner, 1998). By inhibiting
the phosphatase activity of PTP, H2O2 increases the phosphorylation level of target proteins
further downstream. The averaged physiological concentration of H2O2 in the cell has been
estimated to fluctuate in the low nanomolar to sub-micromolar range, whereas activation/
inactivation of target effector proteins such as PTP requires H2O2 at micromolar concentrations
(Stone, 2004). This concentration mismatch suggests that NOX-generated H2O2 may have to
reach micromolar concentrations in the subcellular space close to the plasma membrane to
effectively inactivate PTP molecules. This requirement is consistent with a number of
experimental observations showing that micromolar exogenous H2O2 is usually needed to
generate significant cellular signaling responses (Meng et al., 2002; Salmeen et al., 2003; Pi
et al., 2007b). With respect to the duration of ROS signaling, experimental evidence indicates
that the increase in ROS generated endogenously as messenger molecules are usually short-
lived (Bae et al., 1997; Bae et al., 2000; Suzukawa et al., 2000). In summary, the endogenously
generated ROS functioning as second messengers, such as those produced by NOX, are likely
to be highly localized, concentrated, and transient.

If the second messenger ROS is indeed highly localized and transient, they are not expected
to activate the Nrf2-mediated redox control system. To induce antioxidant enzymes, the redox
sensor Keap1 has to be in contact with elevated ROS to become modified at cysteine residues.
Since Keap1 molecules are largely immobilized to the cytoskeletal actin filaments in the
cytosol, and NOX-generated signaling ROS is highly compartmentalized to the immediate
vicinity of the plasma membrane, physical contacts between Keap1 and the signaling ROS is
likely to be rather limited. Moreover, transiently elevated signaling ROS would not provide
enough time to allow Nrf2-mediated transcriptional induction of antioxidant enzymes to reach
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significant levels. Based on these considerations, it is unlikely that signaling ROS constitute
an oxidative stress that can trigger the Nrf2-mediated antioxidant upregulation in a tangible
manner, which may attenuate subsequent ROS-mediated signaling.

Upon exposure to exogenous oxidative stressors, the intracellular ROS first rise then fall.
Depending on the dose of the stressor, the initial rise in ROS levels may be high enough to
effectively activate/inactive redox-sensitive protein molecules that are normally targeted by
physiological signaling ROS. Such effects, mimicking physiological responses, have been
clearly demonstrated in cell cultures to which oxidative agents such as H2O2 were added
(Maechler et al., 1999; Pi et al., 2007b). However, if the oxidative stressor is present
continuously, the adaptive upregulation of antioxidant enzymes through the Keap1/Nrf2
transducer will likely cut the stress-induced ROS short and keep them down at low adapted
levels (Fig. 5B). Therefore, depending on the dose of the stressor, persistent oxidative stress
may generate transient ROS to mimic signaling effects.

5. Antioxidant supplements revisited
Decades of research emphasizing the detrimental aspect of ROS in biological organisms has
led to the premise that by eliminating reactive species, generated either endogenously or
exogenously by environmental pollutants, antioxidant supplements are universally beneficial
to human health. This consensus has led to a widespread consumption of antioxidant
supplements as part of people’s daily diet. Most of these supplements are originally derived
from vegetables, fruits, and other food sources. Among them, vitamin C, E, and β-carotene
have been popular choices for their effectiveness to directly scavenge ROS, terminating the
chain reactions that lead to oxidative damage. In contrast to these direct antioxidants, a number
of plant-derived antioxidant compounds are actually weak prooxidants, which include
resveratrol from grape seeds, isothiocyanate from cruciferous vegetables, catechins from green
tea, and curcumin from turmeric (Keum et al., 2004; Surh et al., 2005; Son et al., 2008). The
antioxidant effect of these phytochemicals is indirect. Acting as weak prooxidants, they have
limited ability to cause oxidative damage, yet they are potent enough to activate the Nrf2-
mediated adaptive response (Surh, 2003; Surh et al., 2005; Kohle and Bock, 2006). The
enhanced expression of endogenous ROS-scavenging and electrophile-detoxifying enzymes
is believed to protect cells from potential DNA and protein damage caused by oxidative and
electrophilic stresses. For this reason these phytochemicals have been widely taken as
chemopreventive agents to retard carcinogenesis initiated from environmentally-induced
genotoxicity. Numerous population-based studies show consumption of fruits and vegetables
containing these phytochemicals can reduce the risk of developing cancer by up to 50% (Surh,
2003).

Despite the widely self-prescribed ingestion of antioxidant supplements in the general human
population, a number of well-controlled clinical studies aiming to evaluate the health effects
of these antioxidant compounds have so far produced inconclusive results; in some cases, they
even increased incidence for certain pathological conditions, such as cancer and diabetes, or
all-cause death (Wiernsperger, 2003; Bjelakovic et al., 2007; Ristow et al., 2009). In retrospect,
the biological effects of dietary antioxidants may need to be evaluated more comprehensively
from a systems perspective. Although intuitively sound, the idea to artificially raise our
antioxidant capacity to ward off potential oxidative damages may be naïve when the concept
is re-examined in the context of Nrf2-mediated redox homeostasis. The feedback nature of the
redox control network has to be taken into consideration. An oversupply of direct antioxidants,
such as vitamin C and E, can indeed lower ROS and free radical levels in cells and extracellular
fluids. However, this would result in a more reducing intracellular environment, which keeps
more Keap1 molecules in the reduced configuration. With less oxidized Keap1 molecules
around, ubiquitination and degradation of Nrf2 increases, leading to a lower basal steady-state
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Nrf2 level. A decline in Nrf2 would result in lower basal levels of endogenous antioxidant and
phase II enzymes. In addition, a more reducing intracellular environment will also cause a
decrease in the activities of redox-sensitive antioxidant enzymes such as GCL. Therefore, daily
ingestion of direct antioxidants may lead to a chronically diminished endogenous antioxidant
capacity and phase II enzyme expression. With less GSH and phase II detoxification enzymes,
detoxification of electrophilic metabolites of certain environmental procarcinogens will be
compromised, with attendant increases in genotoxicity and carcinogenesis. This may explain
why many randomized human studies with vitamin C, E, and β-carotene did not observe
unambiguous improvement in cancer reduction by these direct antioxidants, and in some cases
there were increased cancer incidence and associated mortality (Bjelakovic et al., 2004; Bairati
et al., 2006; Hercberg et al., 2007; Omenn, 2007; Plummer et al., 2007; Lin et al., 2009). This
potential side effect of direct antioxidants is consistent with the concept of hormesis, which
would argue that conversely, taking low-dose prooxidants should be beneficial (Calabrese,
2001). Low-dose prooxidants such as isothiocyanate and resveratrol may activate the Nrf2
antioxidant system, providing protection against existing or future high-level stresses.

Clearly, the overall cellular antioxidant capacity can be generally enhanced by exogenous
supply of either direct antioxidants such as vitamin C and E, or prooxidant type of antioxidants
which, by activating Nrf2, augment the endogenous antioxidant content. While the enhanced
antioxidant capacity is generally good for preventing and limiting oxidative damages and
related pathological consequences, it could become a damper to physiological responses
mediated by signaling ROS, such as glucose-stimulated insulin secretion (Pi et al., 2007b).
Therefore, whether antioxidant supplements are beneficial or detrimental may well depend on
the health endpoint evaluated. It is likely that the basal intracellular redox environment and
antioxidant capacity is already at a tradeoff optimally tuned through evolution, which on one
hand provides adequate protection against the damaging effect of ROS, and on the other hand
is also conducive to cell type-specific ROS signaling. From time to time cells may have to
juggle between these two competing tasks and in some circumstances favor one over the other.
Artificial interventions aiming to alter the redox balance one way or the other seem unlikely
to be precise enough to produce overall beneficial consequences. Thus, antioxidant
supplements are unlikely to be a one-size-fits-all panacea as we hoped that would categorically
prevent, eradicate, or moderate many oxidative stress-related pathological conditions without
adverse consequences. In the absence of more detailed understanding of redox homeostasis,
ROS signaling, and the relationship between them, it may be unwise for healthy people to
tamper with their antioxidant system through excessive intake of dietary antioxidants. To
protect populations from oxidative stresses exerted by environmental factors, shifting our
efforts from indiscriminate antioxidant consumption to identifying the oxidative sources and
avoiding future exposures may be a better option for now. More personalized and targeted
therapeutic approaches may be available in the future as we gain a more complete quantitative
understanding of the biochemical networks underlying redox homeostasis and ROS signaling.
Choosing the therapeutic parameters, such as antioxidant/prooxidant type, dose, timing, and
frequency, may one day require computer simulations of the underlying biological system in
individual patients and for specific endpoints.

6. Final remarks
The details of the molecular circuitry underlying redox homeostatic control demonstrate a
robust, well-designed feedback and feedforward structure. To understand the quantitative
behaviors of such a system, intuitive reasoning is inadequate and more quantitative tools are
necessary. Ideas borrowed from engineers who design and make man-made control devices
play an increasingly important role in reverse-engineering and understanding complicated
biochemical networks. Using an engineering-oriented approach, we have re-examined the
redox homeostatic control system from a systems biology perspective. This approach
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elucidates nature’s design principles for robust redox homeostasis and how these principles
are implemented at the molecular level. The systems biology of redox homeostasis has also
prompted us to rethink the pathological modes of action for oxidative stressors and to re-
evaluate the popular practice of including antioxidant supplements in our diet and its promised
benefits. The health effects of antioxidants need to be evaluated more comprehensively without
focusing solely on a subset of problems. As we gain further understanding of the cellular redox
control system and its interactions with ROS signaling, the systems biology approach begun
here will allow us to move closer to multi-target, multi-stage therapeutic interventions that may
reverse many pathological conditions stemming from cellular redox disruptions.
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Figure 1.
An engineering view of the Nrf2-mediated redox homeostatic control system. The system
comprises several functional modules routinely found in man-made control devices -
transducer/ xenosensor, controller, actuator, and plant - which are linked in tandem through
feedback and feedforward loops. Refer to the main text for a detailed description of the
components and functions of individual modules. The inner feedback loop contains two
pathways which are not separately illustrated here: a fast loop through increasing the activities
of redox-sensitive antioxidant enzymes, and a slow loop through increasing the stabilization
of antioxidant mRNAs. The two dashed loops represent positive auto-regulation of Nrf2 and
Maf genes. Constitutive and other signals represent inputs to the controller other than Nrf2,
such as those mediated by AP-1, NF-kB, and other redox-sensitive signals, etc. Nuclear
receptors acting as xenosensors include AhR, PXR, and CAR. ROS: reactive oxygen species,
ROOH; lipid peroxides, X: reactive electrophiles.
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Figure 2. Adaptive changes in intracellular ROS levels under oxidative stress
(A) Typical dynamic fluctuation in the ROS level in response to persistent oxidative stress. In
the initial adapting state/period, ROS first rise sharply at the onset of the stress then gradually
decline towards the basal steady-state level. ROS then settle to a fully adapted steady state that
is close to but still above the basal level. To reduce short and long term oxidative damage, the
performance objectives of the redox control system are two-fold: (1) minimize the magnitude
and duration of the initial rise in ROS level during the adapting period; (2) keep ROS levels
in the adapted steady state as close to the basal level as possible. (B) The desirable dose response
relationship between the adapted steady-state ROS level and dose of oxidative stressor. Dashed
line represents the basal steady-state ROS level.
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Figure 3. Loop gain analysis and associated steady-state dose response curve for redox homeostatic
control
(A) Conceptually simplified redox control system. (B) Equation 1 indicates that the adapted
steady-state ROS level is a nonlinear function of the stressor dose S - proportional to S raised
to the power of RS

ROS. The latter is the systems-level response coefficient ROS in response
to S, as expressed by Equation 2. rloop is the overall loop gain which is the sum of the outer
(router_loop) and inner (rinner_loop) loop gains. The outer loop gain is the product of individual
gains of the transducer, controller, actuator, and plant. (C) Since RS

ROS is usually less than 1,
the dose response curve between the adapted steady-state ROS level and the dose of the stressor
S has a curvature that is concave downward. The higher the overall loop gain, the less the ROS
level increases with S. Dashed line represents the basal steady-state ROS level.
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Figure 4.
Illustration of the dual role of the fast inner feedback loop as mediated by redox-sensitive
antioxidant and related enzymes. (A) The fast loop (1) limits the initial ROS rise at the onset
of the oxidative stress, and (2) helps to keep the adapted steady-state ROS at low levels by
contributing to the overall loop gain (rloop). (B) Disabling the fast loop and increasing the slow
loop gain to keep the same overall loop gain will result in a higher initial ROS rise but same
adapted steady-state ROS level as the full system. (C) Disabling the fast loop without
compensating for the loss in the overall loop gain will result in a higher initial ROS rise and a
higher adapted steady-state ROS level. Dashed line represents the basal steady-state ROS level.
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Figure 5.
Illustration that chronic oxidative stress attenuates ROS signaling by adaptively upregulating
antioxidant enzymes. (A) When there is no oxidative stress, signaling ROS generated by
physiological stimulus is transient and high, which do not significantly upregulate the
antioxidant enzymes. (B) Under chronic oxidative stress, antioxidant enzymes are upregulated
to high levels, which attenuate signaling ROS generated by physiological stimulus. Note that
the oxidative stress can also generate ROS as signals at the onset, but the rise in ROS is
temporary as adaptation occurs after antioxidant enzymes are upregulated. Dashed lines
represent the basal steady-state ROS level and antioxidant level.
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Table 1
Homo-multimeric Antioxidant and Phase II enzymes

Enzyme Multimeric order References

CAT Tetramer (Kirkman and Gaetani, 1984)

G6PD Tetramer (Lee et al., 1979)

GPx Tetramer (Asayama et al., 1994)

GR Dimer (Carlberg and Mannervik, 1975)

Grx Dimer (Lillig et al., 2005)

GS Dimer (Huang et al., 1995)

GST Dimer (Vargo et al., 2004)

NQO1 Dimer (Faig et al., 2000)

Prx Dimer (Evrard et al., 2004)

SOD Dimer (SOD1) (Lindberg et al., 2004)

Tetramer (SOD2) (Matsuda et al., 1990)

Tetramer (SOD3) (Antonyuk et al., 2009)

SULT Dimer (Pedersen et al., 2000)

Trx Dimer (Weichsel et al., 1996)

TrxR Dimer (Oblong et al., 1993)

UGT Dimer (Meech and Mackenzie, 1997)
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