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ABSTRACT

Diet and nutrition contribute to both bene�cial and harmful aspects of oxidative processes. The harmful processes,

termed oxidative stress, occur with many human diseases. Major advances in understanding oxidative stress and

nutrition have occurred with broad characterization of dietary oxidants and antioxidants, and with mechanistic studies

showing antioxidant ef�cacy. However, randomized controlled trials in humans with free-radical-scavenging antioxidants

and the glutathione precursor N-acetylcysteine have provided limited or inconsistent evidence for health bene�ts. This,

combined with emerging redox theory, indicates that holistic models are needed to understand the interplay of nutrition

and oxidative stress. The purpose of this article is to highlight how recent advances in redox theory and the development

of new omics tools and data-driven approaches provide a framework for future nutrition and oxidative stress research.

Here we describe why a holistic approach is needed to understand the impact of nutrition on oxidative stress and how

recent advances in omics and data analysis methods are viable tools for systems nutrition approaches. Based on the

extensive research on glutathione and related thiol antioxidant systems, we summarize the advancing framework for diet

and oxidative stress in which antioxidant systems are a component of a larger redox network that serves as a responsive

interface between the environment and an individual. The feasibility for redox network analysis has been established by

experimental models in which dietary factors are systematically varied and oxidative stress markers are linked through

integrated omics (metabolome, transcriptome, proteome). With this framework, integrated redox network models will

support optimization of diet to protect against oxidative stress and disease. J Nutr 2019;194:553–565.
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Introduction

Nutrition science includes approaches for both population
and individual health and is an inherently holistic discipline.
Despite this, nutrition has largely relied upon the logic of
Descartes (Cartesian reductionism), namely, that the whole can
be understood by understanding the component parts. This
reductionist approach has had considerable success in terms
of understanding essential and nonessential nutrients and their
distributions, functions, and fates (Figure 1A) (1). This has
effectively complemented the central dogma of biology by
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illuminating which gene-directed products require exogenous
nutrients for function and which genetic variations can be
complemented by targeted nutrient support. This success is
elegantly demonstrated by management of genetic variants of
phenylketonuria with therapeutic levels of tetrahydrobiopterin
(2).

Despite such achievements in other areas, success in
protecting against oxidative stress in disease has been more
modest. Extensive observational and experimental research
provides evidence that oxidative stress is involved in most
major human diseases (3, 4). Furthermore, mechanistic studies
and targeted treatments in oxidative stress models show
ef�cacy of antioxidants in protection against chemical reactions
characterized as oxidative stress (5–7). In spite of this, large-
scale double-blind interventional trials in humans showed
that free-radical-scavenging antioxidants had limited evidence
for health bene�ts (8–13). Similarly, trials with the thiol
antioxidant and glutathione (GSH) precursor N-acetylcysteine
(NAC) provide inconsistent evidence for widespread bene�t
(14).

Advances in redox theory and introduction of new omics
tools are beginning to address this conundrum and transform
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FIGURE 1 A holistic approach is needed to advance research in nutrition and oxidative stress in disease. (A) Cartesian reductionism has

provided details concerning oxidative stress causes and mechanisms, as well as extensive knowledge of dietary oxidants and antioxidants. (B)

Omics technologies and systems biology approaches are available to study how the functional outcomes (right) of an individual interacts with the

array of oxidant exposures and dietary factors (left). This interaction occurs through a redox interface in which multiple systems work together to

provide a functional network to defend against and adapt to environmental challenges and resources (middle). Cys, cysteine; GSH, glutathione.

oxidative stress research. In this, oxidative stress is part
of the larger scope of nutrition in systems biology and
medicine (Figure 1B). Nutrition science is advancing along
with other biomedical disciplines in an integrative approach
toward providing personalized medicine. Pharmacogenomics
has already demonstrated success in advancing patient care
and treatment (15). For some drugs, genetic testing allows
identi�cation of patients who may be nonresponders or at
risk of adverse outcomes (15–17). With the recognition that
many complex diseases result from interacting genetic and
environmental factors, gene-environment interaction studies
have started to be leveraged in environmental health research
to address complex disease etiologies (18, 19). By de�ning
nutritional requirements for an individual within the context
of an individual’s interacting genome and exposome, science
and medicine move beyond the limits of population-based
guidelines. In the past, such a holistic view of nutrition for an
individual has been intractable. Today omics technologies are
becoming increasingly affordable to enrich phenotypic data and
biomarkers of risk with details of large numbers of molecular

mediators. Simultaneously, tools are being developed to describe
the integrated function and dysfunction of these systems within
individuals.

In the following, we start with the conclusion that a
holistic approach is needed to understand nutritional impact
upon oxidative stress. We �nish with results from studies
that use omics data and data-driven methods to understand
functional network responses to nutrition and oxidative stress.
In between, we use the extensive research on the GSH and
related thiol antioxidant systems as a basis to summarize the
advancing conceptual framework for diet and oxidative stress
in which antioxidant systems are part of a redox network of
proteins and small molecules with redox switches to serve as
an interface between an individual and the environment to
maintain internal redox organization (Figure 1B). Although
such a holistic approach is not new, this perspective reveals the
research needs for interacting and understudied redox players
and opportunities to develop precision nutrition through
leveraging advances in integrated omics and redox systems
biology.
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Oxidative Stress: A Disruption of Redox

Signaling and Control and/or Molecular

Damage

A recent review provides details on de�nitions and progress
in oxidative stress (3). Brie�y, an important role for oxidants
in redox signaling was recognized over the same time frame
as data accumulated from interventional trials showing that
supplemental antioxidants above nutritional requirements
provide little health bene�t (20). With this recognition of redox
signaling, the de�nition of oxidative stress was updated to “an
imbalance between oxidants and antioxidants in favor of the
oxidants, leading to a disruption of redox signaling and control
and/or molecular damage” (21). This de�nition preserved
the original de�nition of oxidative stress (22) as an adverse
process, i.e., oxidative distress. With redox signaling de�ned as
“transmission of a redox signal via an essential redox element
from a source to a target,” this allows parallel use of oxidative
eustress, de�ned as “physiological generation of oxidants,” to
clearly discriminate between the adverse and bene�cial aspects
of oxidant production (3).

Free-radical and nonradical oxidants

Both 1-electron (free radical) and 2-electron (nonradical) trans-
fer reactions occur in biological systems, and disruption of either
can result in oxidative stress (23). Free radicals are reactive
and unstable molecules leading to chain reactions of oxidation
(24). Free-radical reactions are targeted by the properties of
antioxidants such as vitamin E and vitamin C, which terminate
the chain reactions. Although free-radical reactions have been
a common target in oxidative stress research, data show that
scavenging mechanisms in biological systems limit propagation
under most conditions and that nonradical reactions predom-
inate under most oxidative stress conditions (23). Nonradical
oxidants include H2O2, reactive sulfur species, disul�des, and
many common metabolites containing carbonyl and quinone
structures (3, 25). Additionally, O2 and other chemicals can
exist in activated states with electrons or electron pairs in
orbitals other than the ground state. For O2, this is termed
singlet oxygen (1O2) which can be formed as a consequence of
chemical reactions or due to activation by visible light in the

presence of photosensitizers. Activated chemicals such as 1O2

are far more reactive with biomolecules than ground-state O2

and result in oxidative stress. The number of known oxidants
that cause oxidative stress (Table 1), along with their respective
broad range of physical and chemical properties, is daunting.
Across a lifespan, individuals are exposed regularly to dietary
oxidants, glyco-oxidative stress, endoplasmic reticulum stress,
proteotoxic stress, disul�de stress, photo-oxidative stress, ioniz-
ing radiation, nitrosative stress, nanoparticles, and air pollution
(Table 1) (3).

Dietary antioxidants

The number and respective characteristics of dietary antioxi-
dants (Table 1) is similarly overwhelming. This includes antiox-
idant vitamins (e.g., tocopherols, tocotrienols, and ascorbate)
as well as other direct antioxidants (e.g., GSH, ubiquinols)
(Table 1). It also includes other nutrients (Se, Fe, Cu, Zn,
and ribo�avin and other B vitamins) needed to support
antioxidant systems. The spectrum additionally includes thou-
sands of dietary compounds that affect oxidative metabolism
and oxidative stress, such as carotenoids (lutein, lycopene),
�avonoids (anthocyanins, phloretin), �avonols (keampferol,
quercetin), �avanols (catechin, epicatechin), �avanones (eriod-
ictyol, hesperetin), �avones (luteolin), iso�avonoids (daidzein,
genistein), organosulfur compounds (allicin), phenolic acids
(caffeic acid, chlorogenic acid), polyphenols (curcumin, resver-
atrol), stilbenes (tetrahydroxystilbene glucoside), and tannins
(ellagitannins) (Table 1) (26). Considering the historic use
of Cartesian reductionism in nutrition and oxidative stress,
one must conclude that this approach has effectively de�ned
the relevant oxidants and antioxidants and provided useful
understanding of dietary components and function. At the same
time, these extensive lists, along with variability in exposure
doses, metabolic pathways, and molecular interactions, force
a shift away from reductionist approaches in understanding
oxidative stress within a functioning organism, i.e., there are
too many components to allow practical de�nition of variation
of 1 component when this is interacting with many other
varying components. The original de�nition of oxidative stress
(22) actually captured the sense of a collective imbalance
between antioxidants and oxidants, but the analytic tools were

TABLE 1 Humans are commonly exposed to causes of oxidative stress and dietary antioxidants1

Source of oxidative stress Dietary antioxidant

Dietary oxidants: peroxides, nitrites, sul�tes Tocopherols and tocotrienols

Glyco-oxidative stress (AGE) Ascorbate, GSH, ubiquinols

ER stress Supporting nutrients: Se, Fe, Cu, Zn, B vitamins

Proteotoxic stress Carotenoids: lutein, lycopene, zeaxanthin

Disul�de stress Flavonoids: anthocyanins, phloretin

Photooxidative stress: ultraviolet (UV-A, UV-B), visible, infrared-A Flavonols: keampferol, quercetin, epicatechin, epicatechin gallate

Ionizing radiation Flavanones: eriodictyol, hesperetin, naringenin

Nitrosative stress Flavones: luteolin

Nanoparticles Iso�avonoids: daidzein, genistein

Air pollution: sulfur dioxide, nitrogen dioxide, ozone Organosulfur compounds: allicin

Physical forces: wind, sound, heat Phenolic acids: caffeic acid, chlorogenic acid

Toxic trace metals Polyphenols: butein, curcumin, resveratrol

Environmental pollutants: pesticides, POPs Stilbenes: tetrahydroxystilbene glucoside

— Tannins: ellagitannins

1Reductionist approaches are needed to identify and elucidate mechanisms of the individual elements; whereas, systems biology and

network analyses are needed to understand biological responses to simultaneous exposure to multiple oxidants and antioxidants.

AGE, advanced glycation end-product; ER, endoplasmic reticulum; GSH, glutathione; POP, persistent organic pollutant.
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insuf�cient to measure the many oxidant and antioxidant
components and map their interactions. New high-resolution
metabolomics (HRM) methods combined with transcriptome
and redox proteome analyses now provide an opportunity to
�ll in the details.

Redox Theory and Oxidative Stress

Mechanisms

Advances in redox theory (27) provide a framework to address
mechanisms of oxidative stress inclusive of the range of
dietary oxidants and interacting antioxidant systems. Important
advances resulted from studies of NADPH oxidase (NOX)
family of enzymes. These are widely distributed across most
cell types (28, 29) and contribute to superoxide anion radical
(O2

−.) production and maintenance of steady-state H2O2

concentrations in the low nanomolar range (30) (Figure 2A).
Elucidation of these systems showed that in combination
with well-described GSH peroxidase- and thioredoxin (TRX)-
dependent peroxiredoxins, NADPH-dependent systems func-
tion in opposition to simultaneously produce and eliminate
H2O2 (Figure 2A). This creates a failsafe system to maintain
an oxidant tone in cells; decline in NADPH limits reactions
for both oxidant generation and oxidant elimination. Thus, like
the parallel NADP and NAD systems that allow anabolism and
catabolism to occur simultaneously in cells (31),maintenance of
steady-state pools of reductants and oxidants allows reductive
and oxidative metabolism to occur simultaneously in cells.

This is further elaborated in a redox control structure which
regulates the redox state of protein cysteine (Cys) residues in
functionally related proteins (Figure 2A) (32, 33). Importantly,
this redox organizational structure allows diverse functional
systems to be coordinated through redox control of thiol sulfur
switches in proteins (34), and maintains relative stability of
these systems against both oxidants and reductants. Redox
signaling occurs within this structure by activation of NOX
enzymes in speci�c subcellular sites with creation of localized
oxidant gradients (35).

Thiol/Disul�de Redox Systems as

Measures of Oxidative Stress

The steady-state redox potential (Eh) of a molecule undergoing
oxidation-reduction reactions provides a simple way to describe
the tendency to donate or accept electrons. Eh is commonly
expressed as an oxidation potential, given in millivolts and
named in terms of the electron acceptor in the pair (e.g., GSSG
for the GSH/GSSG couple); a highly oxidizing acceptor/donor
couple has a more positive value, whereas a more reducing
couple has a more negative value. Values are calculated from
the Nernst equation, which contains a term (Eo) for a chemical’s
inherent tendency to accept or donate electrons at the relevant
pH of the environment in which the reaction occurs, as
well as a term containing the concentrations of the reduced
and oxidized species in the redox couple (38). Steady-state

FIGURE 2 In redox theory, NADPH plays a central role in supporting redox organization and defense against environmental threats. (A) NADPH

is used by NADPH oxidases (NOX), such as NOX4, tomaintain a steady-state pool of H2O2, which functions alongwith H2O2 frommitochondria to

maintain steady-state oxidation of Cys thiols in proteins. NADPH is used by TRXRs and GR to maintain the TRX and GSH pools to counterbalance

the oxidation. This redox steady state is part of a broader epiproteomic system for integration of bioenergetics and metabolism with protein

structure and function. (B) NADPH is used by NOX and MPO in a respiratory burst to kill invading microorganisms. NADPH is also used by

NADPH:quinone reductase 1 (NQO1) to reduce and prevent toxicity from quinones. The product quinols are conjugated and eliminated. NADPH

also maintains the GSH pool to support detoxi�cation of quinones and other electrophiles by GST. Based upon the principles of the Redox

Code (27) and Redox Theory of Aging (36, 37). GPX, glutathione peroxidase; GR, glutathione reductase; GSH, glutathione; GST, glutathione

S-transferase; MPO, myeloperoxidase; NOX, NADPH oxidase; NQO1, NADPH:quinone reductase 1; NQO2, NRH:quinone reductase 2; PRX,

peroxiredoxin; TRX, thioredoxin; TRXR, thioredoxin reductase.
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estimates of Eh provide information about how redox-active
elements are responding under different biological conditions
and compartments. For example, EhGSSG for the GSH couple
varies based on the cellular state. Proliferating cells are relatively
reducing (EhGSSG, –260 to –230 mV) (38, 39); cells under
growth arrest are more oxidized (–220 to –190 mV) (39, 40);
and cells undergoing apoptosis are more oxidized (–80 to 0 mV)
(41, 42).

As indicated above, these thiol/disul�de redox systems sup-
port elimination of H2O2 and other nonradical oxidants as well
as maintenance of the structural and functional organization of
cells through reversible sulfur-switching mechanisms (34). Of
speci�c importance to diet and nutrition, these systems serve as
part of the defensive barrier to protect tissues from the relatively
oxidizing environment provided by an O2-rich atmosphere.
This defensive network is further elaborated in the use of
NOX2 in phagocytes to generate high levels of oxidants to
kill invading microorganisms, use of GSH to eliminate reactive
electrophiles and oxidants, and use of NADPH to support
reduction of reactive dietary quinones for conjugation and
elimination (Figure 2B).

Several nutritionally important metals, including Fe, Cu,
Mn, Se and Zn, interact with redox systems both positively
and negatively in oxidative stress and disease (43–45). Mn,
for instance, is a critical component of the mitochondrial
antioxidant enzyme superoxide dismutase-2 but also directly
interacts with protein thiols and peptides and, in excess,
causes oxidative stress. Nutritional and nonnutritional metals
bind to many speci�c metal-binding proteins, such as ferritin
for Fe transport and metallothionein for Cd sequestration.
Additionally, many metals have less-speci�c interactions with
protein thiols and low-molecular-weight thiols, including GSH
and Cys. These interactions can have considerable importance
in biological function yet are dif�cult to study over the usual
dietary ranges because of the number and diversity of metals
and the large range of thiol targets in the cysteine proteome (32).

The abundant cellular antioxidant GSH provides a useful
example because this tripeptide has six possible binding sites
(S, N, O) for metals, with the thiol group having the greatest
af�nity for metal cations (46). Metal-GSH complexes form
nonenzymatically and are thermodynamically favored. GSH
transporters move metal-GSH complexes across the plasma
membrane (47). Thus, the redox state of the GSH system inter-
acts with redox activity of metals, i.e., GSH levels are affected
by dietary exposure to nutritional and nonnutritional metals.
In turn, this can affect GSH’s functions in the mobilization and
delivery of metal ions within the body. These interactions are
further complicated because dietary phytochemicals also bind
metals. Phytic acid (48) and phytochelatins (49) have potential
to broadly affect redox control through effects on absorption
of trace metals. The spectrum of dietary metals, metal
reactivities, and metal interactions with dietary phytochemicals
adds to the complexity of oxidant and antioxidant systems
described above and emphasizes the need to include nutritional
and nonnutritional metals within systems biology models of
nutrition and oxidative stress.

Redox Systems Biology in Nutrition

Redox systems biology is de�ned as the computational
and mathematical modeling of redox-dependent processes
in complex biological systems (50). In integrated systems,

individual reactions involving electron transfer (i.e., reduction-
oxidation reactions) are not separable from downstream
processes dependent upon such transfer. Therefore, systems
biology captures the full dynamic range of redox interactions.
This includes more traditional considerations, such as reactions
causing oxidative distress, tomore recent concepts such as redox
signaling and control (Figure 1B). Details highlighting advances
in the understanding of redox organization are provided
elsewhere (27, 32, 51), and additional needs to understand
regional differences within tissues and subcellular structures are
discussed below.

Knowledge-based assembly of redox models

Systems engineering uses bottom-up and top-down approaches
to describe complex systems. The challenges to developing
bottom-up redox system models with a knowledge-based
assembly of component parts were recently reviewed (52).
Simply, 20,000 genes are expressed into a larger number of
transcripts; many of these are translated into multiple protein
forms which can further undergo dozens of post-translational
modi�cations. This ampli�es the number of functional redox
elements, probably into the range of hundreds of thousands
in mammalian cells. To add to complexity, the proteins
have differential distribution among cellular and subcellular
compartments and multiple domains with large differences in
propensity for interactions with lipids, other proteins, nucleic
acids, metals, and small molecules. The large number of
possible interactions makes knowledge-based reassembly of an
individual’s redox network from the component parts virtually
impossible. Consequently, despite the remarkable wealth of
knowledge about redox biology in mammalian systems and
redox-active components in the diet, substantial barriers exist to
the formulation of mechanism-based hypotheses for oxidative
stress research.

Data-driven redox network models to test nutritional
interventions to protect against oxidative stress

Redox theory provides a way around this limitation to
mechanistic research of oxidative stress in complex systems.
Speci�cally, in redox theory, redox mediators, such as thiore-
doxins, GSH, and Cys, interact with many other redox elements
and provide hubs to monitor network activity. Considerable
information is available on GSH and Cys in health and disease,
and we use these below as a foundation to develop a path
forward to test nutritional interventions to protect against
oxidative stress as a causative factor in disease development
and progression. With measures of GSH and Cys systems as
a foundation, integration of omics-level data with functional
and phenotypic measures can, in principle, provide a powerful
top-down approach for mechanistic studies of oxidative stress
in humans and model systems. As described below, tools are
now available to support data-driven analyses within a redox
systems biology framework.

Redox hubs, compartmentalization, and interorgan
redox control

Considerable detail is available concerning the steady-state
redox potentials of thioredoxins, GSH/GSSG, and Cys/CySS
in different subcellular compartments (53, 54). Intracellular
variation of redox potentials across macromolecular struc-
tures (e.g., mitochondria, nucleus, endoplasmic reticulum)
and microcompartments (e.g., spatiotemporal variation in
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D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
/a

rtic
le

/1
4
9
/4

/5
5
3
/5

4
2
8
1
1
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



production of redox-signaling molecules) provides means to
re�ne models of redox signaling and control. Differences in
the free concentrations of redox couples among compartments
can be driven by permeability barriers, macromolecule binding,
nonhomogenous distribution of redox-sensitive molecules, and
heterogeneity of cell types across different tissues (27).

Redox states of intracellular compartments.

Generalizations concerning redox states of subcellular com-
partments are largely derived from cell culture studies and
must be used with caution because each exists as a dynamic
steady state and is subject to variation due to speci�c conditions
of measurement. Mitochondria are central hubs of energy
production, utilizing the electron transport chain as a means of
producing ATP, and using oxygen as the �nal electron acceptor.
Mitochondrial thioredoxin and GSH systems are maintained at
relatively reducing steady-state values (54), perhaps re�ecting a
need for powerful defenses against the range of reductive and
oxidative forces among redox couples (55). Mitochondria have
unique redox-related enzymes and transporters serving in this
protection, such as glutaredoxin 2, which functions to catalyze
reversible oxidation and glutathionylation of mitochondrial
membrane proteins as well as protecting from oxidative stress
and apoptosis (56).

The nuclear redox state is also relatively reducing (53,
57), with translocation of TRX1 into nuclei in response to
oxidative stress. Several transcription factors (e.g., NRF2,
P53, NF-κB) have redox-sensitive cysteine residues in the
DNA-binding region, providing nuclear redox control in
addition to cytoplasmic activation of signaling cascades in
response to oxidative stress (58–61). Studies of thiol-dependent
antioxidant systems in subcellular compartments of human
colonic epithelial HT-29 cells following depletion of the energy
precursors, glucose and glutamine, from the culture medium
showed that cytosolic TRX1 and mitochondrial TRX2 were
oxidized without nuclear TRX1 oxidation (62). A TRX1
substrate, redox factor-1, was also oxidized in cytosol but was
reduced in nuclei, and protein S-glutathionylation was also
increased in cytosol but not in nuclei. The results indicate
that nuclei are better protected against oxidative stress than
cytoplasm or mitochondria and suggest that energy precursors
are critical to maintain thiol redox systems.

The endoplasmic reticulum has speci�c enzyme systems
to support introduction of disul�de bonds to ensure proper
folding of proteins for secretion (63). These systems maintain
an oxidized state relative to the cytoplasm, and disruption
by either a more reducing or oxidizing environment leads to
aberrant protein folding in the secretory pathway, endoplasmic
reticulum stress, and cell death. Peroxisomes, with several
H2O2-producing enzymes, and lysosomes, with degradation
products of endocytosis and organelle turnover, are also
relatively oxidizing (54). The available data emphasize that
organelles are functionally diverse and contain multiple redox
systems operating in a dynamic steady state to support
specialized functions.

Among the more exciting advances for mechanistic studies
of oxidative stress was the development of �uorescence-
based indicators, which have become a critical tool in redox
biology research. However, only recently have �uorescence-
based redox-sensitive protein probes been developed to allow
real-time monitoring of thiol redox dynamics intracellularly.
With genetic encoding, speci�c subcellular locations can be
targeted (64). The primary redox probes in use are the
redox-sensitive yellow �uorescent proteins (rxYFP) and green

�uorescent proteins (roGFPs). Through fusion of probes with
redox enzymes (e.g., glutaredoxin-1 or peroxidase ORP1), the
probes have better dynamic response to physiologically relevant
changes in GSH/GSSG or H2O2 production. In an initial
demonstration of this technology, researchers were able to assess
redox changes as they related to cell density, mitochondrial
depolarization, and growth factor availability across nanomolar
changes in GSSG on a timescale of seconds to minutes (65).
Sensors are mostly limited to the glutaredoxin/GSH system,
although the feasibility for other systems such as the Trx and
nicotinamide nucleotide systems have been established (64).
Such tools can be expected to improve the ability to monitor
the responses of redox systems, and complement the relatively
limited capabilities to study complex oxidative reactions under
relevant conditions of diet and nutrition.

Plasma and extracellular redox state.

A holistic network model for oxidative stress must address the
differences of redox systems across body compartments and
account for mixed effects of dietary interventions focused on
reducing global oxidative stress (8–11, 13, 66). In consideration
of heterogeneous compartments, organ systems communicate
through the plasma, so plasma redox measures provide both
a conceptual connectivity and a practical approach to link
diet, oxidative stress, and human health impact. Research is
available showing dietary factors such as sulfur amino acid
(SAA) and glutamine intake are linked with plasma redox state
(67, 68). Additionally, a noninvasive method that used magnetic
resonance spectroscopy showed a relationship between dietary
SAA and human midbrain glutamate (69). Parallel redox
measurements of other extracellular environments, such as the
gastrointestinal lumen and cerebrospinal �uid, are needed to
develop redox network maps. Such maps could then be used to
investigate dietary effects on oxidative stress at a redox systems
level. Stable isotopic tracer studies have provided such maps for
SAA turnover (70–72), and extension of this research is needed
to address interorgan thiol/disul�de redox systems homeostasis.

Intraorgan redox control

Little research is available to address the extent of redox varia-
tions in different regions of organs. Higher GSH concentrations
occur in rapidly growing regions of tumors and also in crypts
in intestinal epithelia. GSH contents also differ among cell
types in brain, lungs, bone marrow niche, and other organs,
and therefore local differences can be expected based upon
the cell types present. The pancreas is a unique organ for
studying redox variations due to regionally distinct endocrine
and exocrine functions. Redox signaling is a key component
of normal insulin release from β cells, and oxidative stress is
linked to β-cell dysfunction and the risk of type 2 diabetes
(73, 74). The high diversity of cell types and known endocrine
activities within the pancreatic islets of Langerhans provide a
natural opportunity to investigate how the interplay of redox
signaling affects normal and disrupted functioning. Laminar
�ow in capillaries creates heterogeneity in oxygenation, and
therefore additional variations could occur as a consequence
of differences in position of cells relative to the oxygen supply.
On the other hand, relatively small differences in GSH were
observed between periportal (3.6 ± 0.8 µmol/g) and pericentral
hepatocytes (3.3 ± 0.8 µmol/g) (75). Thus, additional research
is needed to understand the magnitude and importance of
thiol/disul�de redox heterogeneity within regions of organs.

Thiol/disul�de redox control in the extracellular space was
previously reviewed (76), and more recent research shows
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FIGURE 3 Known and hypothetical redox control systems in mammals. (A) Adaptive redox control systems have been described for 1) the

NRF2 transcription factor system that controls both the initial step in GSH biosynthesis and also a major transport system for cellular uptake

of CySS, an important precursor for GSH synthesis. 2) GSH ef�ux is stimulated by vasopressin and α-adrenergic agonists and inhibited by

extracellular methionine. 3) Control of extracellular EhCySS is stimulated by growth factors IGF-1 and EGF. In principle, regulation could occur by

stimulation of signaling systems for reduction of 4) GSSG and 5) CySS, but these mechanisms have not been reported. (B) Intrinsic redox control

systems (hypothetical) could include endogenous control of GSSG reductase activity by GSH/GSSG and also by PAS [PER (period circadian

protein), ARNT (aryl hydrocarbon receptor nuclear translocator protein), and SIM (single-minded protein)] domain proteins. 1) GR activity was

reported to be stimulated by oxidative stress, suggesting that redox sensitive activation of GR could provide an intrinsic redox control mechanism.

Multiple proteins with PAS domains are known to occur in mammalian cells and hypothetically could serve to autoregulate redox systems. 2)

BMAL1 and CLOCK are PAS domain proteins which respond to light and serve to regulate diurnal variation of redox state of peroxiredoxins

(PRX). 3) HIF is a PAS domain protein that functions to sense O2 and control adaptation to oxidative stress. 4) The PAS domain of NQO2 could

serve to regulate redox responses to dietary quinones and polyphenols. Solid arrows indicate a metabolic reaction or transport of substrate.

Dashed arrows indicate the agent stimulates the metabolic reaction or transport step (as marked). BMAL1, brain and muscle Arnt like protein-1;

CLOCK, circadian locomotor output cycles kaput; Cys, cysteine; CySS, cystine; EGF, epidermal growth factor; Eh, redox potential; GR, glutathione

reductase; GSH, glutathione; GSSG, glutathione disul�de; HIF, hypoxia-inducible factor; IGF-1, insulin-like growth factor; NQO2, NRH:quinone

reductase 2; NRF2, nuclear factor (erythroid-derived 2)-like 2; PAS, Per-Arnt-Sim; PRX, peroxiredoxin.

its function in maintaining the redox status of thiols in
integrins, receptors, and transporters in the cell membrane
(77). A relatively tight homeostatic regulation of plasma redox
potentials was noted in the original description of EhGSSG
and EhCySS in human plasma, where the standard deviations
were only ∼10 mV in young healthy adults despite a biological
redox range of ∼1000 mV from the NADPH/NADP+ couple to
H2O/O2 (78). The average diurnal variations in human plasma
similarly were found to be small, i.e., <10 mV over 24 h (79).
Many studies have examined interorgan Cys supply, conversion
of Met to Cys, and transport systems for Cys and CySS (80–
82), but relatively little research is available on mechanisms
providing tight regulation of plasma Cys/CySS or GSH/GSSG
redox potentials.

Mechanisms for tight control of plasma thiol/disul�de
redox potentials, despite diverse environmental exposures and
oxidative stress, could be key to understanding diet, oxidative
stress, and disease. Evidence is available to support 2 general
models (Figure 3), one dependent upon intercellular/interorgan
signaling (Figure 3A) and another dependent upon intrinsic
characteristics of redox systems within cells (Figure 3B). Soon
after the demonstration that GSH was transported out of liver
(83), Aw et al. (84) showed that the GSH precursor, Met,
inhibited hepatic GSH release. Sies and Graf (85) then showed
that α-adrenergic agonists stimulated GSH release (85), and
this was corroborated by studies showing that α-adrenergic
agonists stimulated GSH transport in the small intestine (86,
87). Subsequent studies showed that cellular release of GSHwas
also stimulated by oxidized extracellular EhCySS (88). Together
these results indicate that circulating factors related to plasma

redox systems, as well as stress hormones, affect homeostatic
mechanisms for plasma GSH (Figure 3A).

Similar evidence exists for the Cys/CySS couple. For instance,
regulation of extracellular EhCySS in cell culture was enhanced
by growth factors [IGF-1, EGF (88)], and rates of thiol
ef�ux were stimulated by high perfusate GSSG in perfused
rat intestine (89) (Figure 3A). Although speculative, these
results suggest that a humoral redox control system could
operate to maintain systemic plasma EhGSSG and EhCySS.
Such a system could account for changes in redox potential
accompanying in�ammation, obesity, exercise conditioning, and
aging (78, 90, 91), and also be part of the CySS and GSH redox
ratio (R-ratio) system ([CySS]/[GSH]) serving as a predictive
biomarker of death in coronary artery disease patients (4). Such
an interorgan control system would effectively parallel well-
described humoral systems controlling blood glucose, blood pH,
blood O2, and blood CO2. Indeed, such a control system may
be essential given that EhCySS controls in�ammatory signaling
(77) and EhGSSG controls platelet activation (92).

If such an adaptive redox control system exists, failure of
the system to control plasma redox potentials could occur as
a consequence of a “redox resistance,” analogous to insulin
resistance in type 2 diabetes. For instance, if NRF2 were central
to this adaptive redox regulation system, decline in responsive-
ness of the NRF2 system with age (93) would cause oxidative
stress. From this perspective, a key antioxidant strategy might
be to target “redox resistance” for activation of NRF2 rather
than attempting to activate NRF2 with sulforophane or other
inducers. Thus, a key need is to clarify adaptive redox control
mechanisms for plasma EhGSSG, EhCySS, and the associated
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R-ratio (4), because understanding of these mechanisms could
catalyze development of new therapeutic approaches for the
prevention and treatment of oxidative stress.

Redox theory also highlights alternative mechanisms for
tight redox control, which depend upon the intrinsic char-
acteristics of proteins within cells (36). Evidence for stable
thiol networks has been reviewed (32, 51) and will not
be further discussed here. Other redox control mechanisms
depend upon intrinsic characteristics of proteins and these
could be fundamental to understanding diet and oxidative
stress. For instance, Per-Arnt-Sim (PAS) domain proteins are
found in mammals and function to bind small molecules and
regulate responses to environmental change (94) (Figure 3B).
In prokaryotes, these enable responses to be made to O2,
redox potential, and light (95). In mammals, PAS domain
proteins are present in hypoxia, circadian, and dioxin response
pathways that regulate cellular and whole-organism responses
(94). Of relevance to redox control, several CLOCK-related
proteins contain PAS domains, and CLOCK genes directly
function in diurnal redox variation of the peroxiredoxin systems
in organisms as diverse as fungus (Neurospora), fruit �ies,
and mice (96). Similar diurnal variation in plasma redox
potential occurs in humans (27, 79). It is noteworthy that the
character of diurnal variation in plasma EhGSSG and EhCySS
changes with age in humans (79). Thus, it is intriguing to
consider the possibility that this could be part of an intrinsic
redox control system which has evolved to anticipate and
respond to environmental change (94). If so, this would link
to diet, nutrition, and the environment because the human N-
ribosyldihydronicotinamide:quinone reductase 2 (NQO2) and
human aryl hydrocarbon receptor nuclear translocator contain
PAS domains. These systems interact with many phytochemicals
and also with polycyclic aromatic hydrocarbons generated
by cooking at high temperatures (Figure 3B). Improved
understanding of these intrinsic redox control mechanisms, in
addition to the adaptive control mechanisms discussed above,
could catalyze development of new approaches for nutritional
prevention and treatment of oxidative stress.

Detailed analysis of dietary factors in human health
and disease

New HRM methods measure tens of thousands of chemicals
in biological samples (97, 98), creating a possibility to quantify
diverse antioxidant chemicals (e.g., see Table 1) within an indi-
vidual’s diet. Corresponding metabolomics and redox measures
of plasma could then be used with tools such as xMWAS to
connect these data (99). If performed with sequential measures,
trajectory analyses would show which metabolites are linked
to variations in redox parameters. Thus, nutrition science
is poised to rapidly transition from targeted analysis of 1
chemical at a time to systems biology models in which complex
dietary mixtures are studied. In principle, the methods will
allow simultaneous analysis of components which positively
and negatively affect oxidative stress and health outcomes.
Such studies can build upon well-developed pharmacokinetic
models to evaluate distribution, metabolism, and elimination
of individual food components and also examine metabolites
of the intestinal microbiome. Studies are already available in
environmental health research in which computational methods
were used to connect individual chemical exposures to effects
on metabolism and biomarkers of health outcomes (98).

This research can build upon the extensive data on GSH
and related systems. Considerable information is available
concerning nutritional and nonnutritional dietary factors

affecting plasma GSH, gastrointestinal GSH, and oxidative
stress. The gastrointestinal tract has 2 sources of GSH, from
bile and the diet. GSH from food plays an important role
within the gastrointestinal tract (100) in increasing antioxidant
capacity and protecting luminal epithelial cells from dietary
reactive chemicals, including carcinogens. Quanti�cation of
GSH and total GSH reactive units (GRUs) in 142 food items
showed that many foods contain GSH without a substantial
amount of reactive materials, whereas other foods contain high
GRU content without GSH (101, 102). The GRU includes
lipid hydroperoxides formed from polyunsaturated fatty acids;
dietary lipid peroxides can be absorbed via chylomicrons (103)
and have consequent effects on plasma GSH when released
into the bloodstream (104, 105). Studies in rodents show
that supply of GSH to the intestinal lumen decreases uptake
of lipid peroxides into lymph (106). Studies also show that
GSH in the intestinal lumen is used to detoxify electrophiles
due to the presence of GSH S-transferase in the mucus
lining the intestinal epithelium (107). Effects involving the
microbiome or subsequent bioactivation of polycyclic aromatic
hydrocarbons and heterocyclic amines, and food processing
products, such as nitrosamines (108), are also feasible. Of
considerable importance for nutrition and oxidative stress
research, the new HRM methods are suf�ciently powerful to
measure individual oxidants, electrophiles, and antioxidants
within complex biological samples, and computational systems
are now available to enable nutrition scientists to link dietary
oxidants and antioxidants to relevant in vivo redox network
responses.

Research Opportunities

Available omics technologies and integrative omics tools create
an opportunity for molecular nutrition and nutritional epidemi-
ology to achieve the goal of precision nutrition (109, 110).
These tools also open a pathway forward for oxidative stress
research to link functional responses to nutritional interventions
(Figure 4A). In a study of Mn-induced mitochondrial oxidant
production in a human neuroblastoma cell line, increasing
Mn over an adequate to upper limit range (111) stimulated
both H2O2 generation and O2 consumption rate. Over this
range, a Redox proteome × Metabolome × Transcriptome
(RMT) analysis showed that mitochondrial proteins were
increasingly oxidized, adaptive changes in mitochondrial energy
metabolism occurred, and transcripts for Ca2+ homeostasis,
energy metabolism, and growth factor signaling were altered
(52, 111) (Figure 4B). The results showed that proteomics,
metabolomics, and transcriptomics data could be linked to
central sites of oxidative stress that are potentially amenable to
nutritional intervention (Figure 4B). Perhaps more importantly,
the research showed that an integrated omics framework can
support experiments to test speci�c nutritional interventions
within a complex biological response.

The value of integrated omics to understand nutrition in
prevention of oxidative stress is further illustrated by effects of
supplementation with the redox-active nutrient Se on oxidative
stress caused by low Cd concentrations in mice (112). Low-
dose Cd causes oxidative stress in mouse lung (113) and has
been linked to in�ammation (113, 114) and �brosis (115). Se is
an essential element for the antioxidant enzymes, thioredoxin
reductases (TRXR) and GSH peroxidases. Cd caused a shift in
the central hubs in an integrated transcriptome-metabolome-
wide association study (TMWAS) (112). Metabolic structure
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FIGURE 4 Integrative omics provides the foundation for data-driven network analysis of diet, nutrition, and oxidative stress. (A) Data-driven

network analysis based on the use of the R package xMWAS (99) provides an analytical approach for visualization and identi�cation of top

correlations across multiple omics layers and nutritional or redox variables. Downstream analysis based on the use of the identi�ed central

clusters can identify functional pathways with tools such as the Kyoto Encyclopedia of Genes and Genomes. (B) Exposure of human acetyl-CoA

acyltransferase 1b (Acaa1b) neuroblastoma cells to increasing nontoxic Mn concentration was used to map mitochondrial-nuclear cell signaling.

Measures of redox proteomics (R), metabolomics (M), and transcriptomics (T) were combined with the use of xMWAS to provide an RMT

network analysis. Results showed that metabolites of central energy metabolism correlated with oxidation of aconitase, a citric acid cycle

enzyme, and metabolites and a mitochondrial translation elongation factor (TUFM) correlated with transcripts to de�ne functional pathways

linked to Mn-dependent oxidative stress. This provides an approach to study nutritional factors in complex systems. (C) In vivo study of Se

supplementation in mice shows the utility of the same approach in a TMWAS to identify central response hubs in liver. In this study, 1 hub

was centered on glucose transporter-2 (Glut2), with correlated TGs, CLs, PEs, and acylcarnitines. The other hub was centered on carnitine-

palmitoyl transferase 2 (Cpt2) and Acaa1b, acetyl-CoA acyltransferase 1b; and correlated with bile acids, acyl-CoAs, phosphatidylcholines and

acylcarnitines. Panels A and B modi�ed with permissions from Go et al. 2018 (52). Panel C modi�ed with permissions from Hu et al. 2018

(116). Acaa1b, acetyl-CoA acyltransferase 1b; CL, cardiolipin; Cpt2, carnitine-palmitoyl transferase 2; DHCCoA, 3α, 7α-dihydroxy-5β-cholestanoyl-

CoA; Glut2, glucose transporter-2; LC, long chain; Mn, manganese; MWAS, metabolome-wide association study; PC, phosphatidylcholines; PE,

phosphatidyl ethanolamine; Se, selenium; TG, triglyceride; TMWAS, transcriptome-metabolome wide association study; TrHOCCoA, 3α, 7α,

12α-trihydroxy-5β-24-oxocholestanoyl-CoA; TUFM, translation elongation factor-mitochondrial.

collapsed around the Cd-responsive genes Zdhhc11 (protein-
cysteine S-palmitoyltransferase) and Ighg1 (immunoglobulin
heavy constant gamma-1), and this collapse in network
structure was prevented by supplementation with Se. Although
the details of these functional changes are not yet clear, the
results establish feasibility to use integrated omics to evaluate
nutritional interventions (112).

In vivo TMWAS data of Se supplementation in the absence
of oxidative stress further indicate that integrated omics could
be useful to optimize nutrition (Figure 4C) (116). Improved
Se status has been associated with decreased cancer risk,

and cancer chemoprevention studies have been performed
in humans to test for protection (117–120). Results showed
that potentially bene�cial anticancer effects were offset by
stimulated risk of obesity and type 2 diabetes (117, 121).
In studies to determine the effects of increasing from an
adequate Se intake to a 4-fold higher intake that was within
an adequate intake range but below the upper limit causing
toxicity, TMWAS showed 2 metabolic hubs (Figure 4C).
One hub centered on the transcript for the bidirectional
glucose transporter 2, Glut2, and the other centered on the
transcripts for carnitine-palmitoyl transferase 2 (Cpt2) and
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acetyl-CoA acyltransferase (Acaa1). Correlated metabolites
included acylcarnitines, triglycerides and glycerophospholipids,
long-chain acyl coenzyme As, phosphatidylcholines, and sterols.
The results show that integrated omics can identify functional
responses to variation in an essential nutrient in vivo within
the adequate intake range. In principle, this could be used to
optimize intake of speci�c nutrients within an individual.

Together, these results illustrate the value of integrated omics
to improve understanding of oxidative stress and nutritional
interventions to protect against oxidative stress. Although it is
not clear whether curricula in nutrition research cover concepts
and tools essential to conduct integrated omics research, the
potential value of such training for oxidative stress only serves
to emphasize a broader utility for these approaches in all areas
of nutrition. With such training will come additional demand
for improved tools and databases for integrated omics research
in diet and nutrition studies.

Although training and courses to analyze omics data
are becoming increasingly available, additional gaps and
opportunities exist to improve the databases and tools required
for integrated approaches. Initiatives are underway to improve
harmonization and storage of metabolomics data generated
across different platforms, but this remains an ongoing
challenge (122). Additionally, analysis tools for omics data have
become increasingly available through open-source codes and R
packages. For instance, a recently developed integrative omics
package, xMWAS, is available as an app (https://kuppal.shiny
apps.io/xmwas/) to enhance usability (99). However, adequate
training to facilitate use of omics data and interpretation of
results will continue to be a challenge with the complexity of
the emerging integrative omics �eld (123).

Advancements in understanding redox signaling and control
across unique cellular compartments, within organs, and
between organs, de�nes the speci�city with which redox
processes need to be considered. With improvements in omics
technology, redox sensors, and data analysis approaches, studies
can now incorporate the inherent complexity of redox processes
into the study design and analysis. Additionally, integrated data
analyses allow incorporation of other contributing factors such
as nutritional variables.

In conclusion, despite the failure of antioxidant trials to
provide health bene�ts in humans, the recent �nding that an
oxidative stress biomarker, plasmaCySS/GSHR-ratio, predicted
death in coronary artery disease patients has renewed interest
in oxidative stress as an important disease mechanism. A
contemporary mechanistic view is that the broad array of causes
of oxidative stress is balanced by an equally broad range of
antioxidant systems; this highlights the critical nature of a
holistic redox systems approach for studying nutrition and
oxidative stress. Recent integrated omics research establishes
the feasibility for redox network analysis in which dietary
factors are systematically varied and oxidative stress markers
are linked through the use of computational methods. Thus,
redox systems nutrition is poised to support development of
improved methods to use diet and nutrition to protect against
oxidative stress and disease.
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