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Reactive oxygen species (ROS) as
pleiotropic physiological signalling

agents

Helmut Sies’?™ and Dean P. Jones3®

Abstract | ‘Reactive oxygen species’ (ROS) is an umbrella term for an array of derivatives of

molecular oxygen that occur as a normal attribute of aerobic life. Elevated formation of the
different ROS leads to molecular damage, denoted as ‘oxidative distress’. Here we focus on ROS
at physiological levels and their central role in redox signalling via different post-translational
modifications, denoted as ‘oxidative eustress’. Two species, hydrogen peroxide (H,0,) and the

superoxide anion radical (O, "), are key redox signalling agents generated under the control of

growth factors and cytokines by more than 40 enzymes, prominently including NADPH oxidases
and the mitochondrial electron transport chain. At the low physiological levels in the nanomolar
range, H,0, is the major agent signalling through specific protein targets, which engage in

metabolic regulation and stress responses to support cellular adaptation to a changing environment

and stress. In addition, several other reactive species are involved in redox signalling, for instance
nitric oxide, hydrogen sulfide and oxidized lipids. Recent methodological advances permit the
assessment of molecular interactions of specific ROS molecules with specific targets in redox

signalling pathways. Accordingly, major advances have occurred in understanding the role of these

oxidants in physiology and disease, including the nervous, cardiovascular and immune systems,
skeletal muscle and metabolic regulation as well as ageing and cancer. In the past, unspecific
elimination of ROS by use of low molecular mass antioxidant compounds was not successfulin

counteracting disease initiation and progression in clinical trials. However, controlling specific

ROS-mediated signalling pathways by selective targeting offers a perspective for a future of
more refined redox medicine. This includes enzymatic defence systems such as those controlled
by the stress-response transcription factors NRF2 and nuclear factor-«B, the role of trace elements

such as selenium, the use of redox drugs and the modulation of environmental factors collectively

known as the exposome (for example, nutrition, lifestyle and irradiation).

In biology and medicine, several types of ‘reactive
species’ have attracted interest. They are named accord-
ing to the nature of the reactive atom, that is, oxygen,
nitrogen or sulfur: reactive oxygen species (ROS), reac-
tive nitrogen species and reactive sulfur species. ROS
encompass a group of molecules derived from molecu-
lar oxygen, which are formed by reduction-oxidation
(redox) reactions or by electronic excitation (BOX 1).
The chemical reactivity of the various ROS molecules
is vastly different, spanning up to 11 orders of magni-
tude in their respective second-order rate constants with
specific targets'~*. Obviously, ROS’ is a term, not a mol-
ecule, and speaking of ROS therefore is not chemically
precise. However, because of difficulties in discerning
between individual ROS compounds, common practice

in redox biology has been up to now to use ‘ROS’ as an
umbrella term. Importantly, methodological advances in
the study of specific ROS molecules by chemical detec-
tion and by non-invasive imaging techniques permit
better characterization of the individual species, thereby
resulting in the reccommendation to restrict the use of
the term*’. A wealth of information has been accumu-
lated on the chemistry of the different ROS molecules,
and we can now better appreciate their biological sig-
nificance. Specifically, it is now clear that ROS are
fundamentally important for physiology as functional
signalling entities.

Hydrogen peroxide (H,0,) is recognized as the
major ROS in redox regulation of biological activ-
ities® ">, Like calcium (Ca*")'®"’, H,0, is a versatile
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Box 1| Reactive oxygen species and the usage of the term

Reactive oxygen species (ROS) derive from molecular oxygen and are
formed by redox reactions or by electronic excitation. They can be
divided into non-radical and free radical (with at least one free electron)
species. We present here basic information on selected ROS that are
discussed in this article; for more comprehensive list, see REFS'71,
Two-electron (non-radical) ROS include:

* Hydrogen peroxide (H,0,). H,0, is produced from O, mainly by

NADPH oxidases in conjunction with superoxide dismutases, by the
mitochondrial electron transport chain and by numerous other enzymes
(TABLE 1). H,O, is a strong two-electron oxidant, but its high activation
energy confines its reactivity to a few biological targets. H,0, is relatively
stable. It reacts very slowly with glutathione, cysteine and methionine,
but its reactivity towards cysteine in specific proteins can increase
greatly to 10’ M*s™! (which is approximately 10°-fold over that for
average cysteines in proteins) depending on the particular protein
structure and environment, providing a basis for selectivity and
specificity of H,0, in redox signalling. H,O, reacts moderately with iron—
sulfur (Fe=S) clusters and loosely bound metals. H,0, can react with
CO,/bicarbonate to form peroxymonocarbonate (HCO,"), an oxidant that
reacts with biological targets with a second-order rate constant about
two to three orders of magnitude greater than that for H,0, (REF.'*).
Organic hydroperoxides (ROOH). These ROS include hydroperoxides
formed enzymatically and non-enzymatically (lipid peroxidation) from
polyunsaturated fatty acids (PUFAs) and sterols (for example, cholesterol).
They function in cell signalling, especially in the immune system, and are
implicated in cell death via ferroptosis.

Singlet molecular oxygen (*O,). 'O, is an electronically excited form of
O, (REE*). Its generation by photoexcitation makes 'O, particularly
important in light-exposed tissues such as the skin and the eye.

By chemiexcitation it is also formed in enzyme reactions in the dark®’’.

Electronically excited carbonyl. Electronically excited (photoexcitation
or chemiexcitation) forms of hydrocarbons containing a carbonyl
(R-C=0)**. They can transfer energy to O, to create *O,.

Ozone (O,). O, is a very reactive oxidant that poses a health concern

in some geographic areas, especially with air pollution and certain
atmospheric conditions, because it causes oxidative stress in the lungs
and other exposed tissues.

Hypochlorous acid and hypobromous acid (HOCl and HOBr). HOCl and
HOBr are produced from H,0, by myeloperoxidase in the phagocytic
vacuole in neutrophils for pathogen defence®'.

Free radical ROS include:

* Superoxide anion radical (O, ). O, dismutates spontaneously or
catalysed by superoxide dismutases to H,0, and O,, serving as a major
source of H,0,. Owing to high electrostatic attraction, O, oxidizes Fe-S
clusters at a high rate, releasing iron, but its negative charge makes it
less apt for redox signalling via thiols. The perhydroxyl radical (HO,) is
the protonated form of O,; it is uncharged and can diffuse in lipids, and
it can produce a carbon-centred radical of polyunsaturated lipids. O,~
reacts efficiently with other radicals, notably nitric oxide (NO), forming
peroxynitrite (ONOQ"), a tyrosine-nitrating agent.

Hydroxyl radical (-OH). -OH is the most reactive ROS. It oxidizes
biomolecules at a diffusion-controlled rate (that is, it is an unspecific
oxidant). It is formed from H,O, by reduction in metal-catalysed Fenton
chemistry, involving free iron (Fe?*)***?%3, Because -OH reacts directly
with the nearest neighbour at the site of its generation, the location of
Fe?* determines the site of -OH toxicity. -OH is an initiator of lipid
peroxidation.

Peroxyl radical (ROO-). Formed following initiation of free radical
chain reaction of PUFAs in lipid peroxidation. Peroxyl radicals
propagate free radical chain reactions by abstracting a proton from
another PUFA, thereby creating a lipid hydroperoxide and another
carbon radical.

Alkoxyl radical (RO-). Formed as intermediates in lipid peroxidation by
metal-catalysed decomposition of lipid hydroperoxides and can amplify
lipid peroxidation chain reactions.

In biology and medicine, the term ‘reactive oxygen species’ is in
widespread use, with increasing trend. At the beginning of 2020, the Web
of Science had 204,000 entries for ‘reactive oxygen species’, with more
than 15,000 new ones per year (which corresponds to one new ROS
publication about every half hour). Obviously, the term is engraved in
researchers’ minds, and it is likely here to stay.

However, the use of the term ‘reactive oxygen species’ is problematic
because ‘ROS’ is not a defined chemical compound, it is not a
molecule. Rather, ‘reactive oxygen species’ is a collective term for a
number of related molecules with vastly divergent reactivity — the
second-order rate constants for the different ‘ROS’ spans up to 11
orders of magnitude. Therefore, whenever possible, the specific
ROS molecule should be mentioned, and the use of the term
‘reactive oxygen species’ should be restricted as much as possible
(see REFS!249),

Pleiotropic

From Greek pleion, meaning
‘more’, and tropos, meaning
‘way’, in biology originally
denoting that one gene can
influence two or more
seemingly unrelated
phenotypic traits. In current
usage, the term describes
multiple actions exerted by
a given agent. If the actions
generate opposing effects
(for example, both harmful
and beneficial to an organism),
it is antagonistic pleiotropy.

Redox signalling

Response of a cell to an oxidant
or reductant, or to an alteration
in redox status of a cellular
component, that leads to a
variety of downstream effects
on cell state directly or via an
essential redox relay from a
source to a target.

pleiotropic physiological signalling agent. H,O, was first
shown, now 50 years ago, to occur physiologically at a
low steady-state level in normally respiring eukaryotic
cells'®. Similarly to Ca?*, the intracellular concentra-
tion of H,0O, is maintained in the low nanomolar range
(approximately 1-100 nM), being under tight control:
the generation of H,O, is stimulated by metabolic cues
or by various stressors, such as growth factors, chemo-
kines or physical stressors'’, while its removal is achieved
by efficient reducing systems. Steady-state physiological
flux of H,0, to specific protein targets leads to reversible
oxidation, thereby altering protein activity, localization
and interactions, which contributes to orchestration
of various processes in cells and organs, including cell
proliferation, differentiation, migration and angio-
genesis>***!. This state of low-level H,0, maintenance
and its associated physiological redox signalling is called
‘oxidative eustress?>* (FIG. 1). The overall cellular concen-
tration of the superoxide anion radical (O,") is main-
tained at about 10" M, much lower than that of H,0,,
at 10®* M (REF*"). These numbers should serve only for

rough orientation, because the local subcellular concen-
tration of any reactive species varies depending on the
activity of generator and removal systems.

The major mechanism by which H,O, attains speci-
ficity to mediate biological signalling effects is through
oxidation of sulfur (thiolate groups) in target proteins
(BOX 2), which show rates of reaction with H,O, sev-
eral orders of magnitude higher than those of other
protein thiols'>”. Redox signalling can also occur
through reversible methionine oxidation®, through
selenoproteins?, through oxidation of protein metal cen-
tres” and through oxidized lipids®, but these aspects of
redox signalling will not be covered in detail here.

The ultimate target of the oxidant signal can be
addressed directly or, alternatively, through an interven-
ing carrier of the oxidant message in what is known as
redox relay, which provides a means for spatiotemporal
precision and specificity of signalling by directed and
confined interactions®. Overall, physiological targets
of oxidants serve as molecular redox switches in signal
transduction acting at various levels of cell regulation in
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response to stresses or other external perturbations.
In line with this important role of oxidants as signalling
agents, it has been observed that moderately elevated lev-
els of mitochondrial oxidants improve systemic defence
by inducing adaptive responses that support health and
longevity, a concept referred to as ‘mitohormesis, as an
extension of the broader term ‘hormesis™'~** and its role
in redox homeostasis™.

In contrast to physiological levels of H,0, that are
important for signalling, supraphysiological concentra-
tion of H,O, (roughly estimated to be above 100 nM)
leads to unspecific oxidation of proteins and altered
response patterns as well as to reversible and irreversi-
ble damage to biomolecules, causing growth arrest and
cell death, with associated pathological states, a state
referred to as ‘oxidative distress’ (FIG. 1). Oxidative dis-
tress causes damage to all classes of macromolecules,
thereby impairing their function™. In addition, products
of this damage can serve as secondary oxidant signals.
For instance, 4-hydroxynonenal and other reactive alde-
hydes are generated during lipid peroxidation and can sig-
nal through reaction with proteins*. An array of protein
oxidation products have been elucidated, and relevant
biological responses have been characterized’. Oxidative
DNA damage has also been extensively characterized in
mutagenesis and cancer development”, DNA methyla-
tion and chromatin structure®. Evidence is also accumu-
lating for oxidative damage to RNA*, but the potential
functional impact has not yet been fully elucidated.

This inherent duality of purposeful beneficial func-
tions of oxidants, on the one hand, and deleterious
products of oxidants that tend to accumulate over time,
on the other hand, represents antagonistic pleiotropy*.

Oxidative eustress

Term describing the
physiological oxidative
challenge (Greek eu, meaning
‘good’, ‘well’, ‘positive’),
essential in redox signalling.
Supraphysiological oxidative
challenge is denoted as
‘oxidative distress.

Thiolate

Anion formed from thiol
by dissociation of a proton
(RSH — RS~ + H*).

Selenoproteins

Proteins with selenocysteine,
the 21st amino acid, in the
primary structure.
Selenomethionine can
sometimes substitute for
methionine during protein
synthesis, but unlike
selenocysteine, this is not
encoded within the RNA
message and is generally
without functional significance.

Hormesis

From Greek hormesis ‘rapid
motion, eagerness’, describing
a biphasic dose-response
phenomenon: low-dose
exposure (stimulation,
preconditioning) and high-dose
exposure (inhibition), J-shaped
or inverted U-shaped
dose-response curve.

H,O, Concentration (uM)

011 ‘1 1‘0 (1?0) (1.0‘00) Extracellular (uM)
0000000 eeeeseeees O OO0
" | | | .
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l Cellular responses
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¢ Differentiation
* Migration Oxidative
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¢ Adaptation (e.g. NRF2) )
<
o Inflammation  © Fibrogenesis
e Tumour growth o
* Metastasis L QX|dat|ve
distress
¢ Growth arrest
¢ Cell death

Fig. 1| Estimated ranges of H,0, concentration with regard to cellular responses:
oxidative eustress and oxidative distress. The physiological intracellular range spans up
to approximately 100 nM. Stress responses and adaptation occur at higher concentrations.
Even higher exposure leads to inflammatory response, growth arrest and cell death by
various mechanisms. Green and red colouring denotes predominantly beneficial (eustress)
or deleterious responses (distress), respectively. An estimated 100-fold concentration
gradient from extracellular to intracellular is given for rough orientation; it would be
500-fold if one considers 5uM H,O, concentration in blood plasma®. Experimental high
extracellular H,0, exposure is given in parentheses. The gradient will vary with the cell
type, location inside the cells and activity of enzymatic sinks (see the main text). For further
detailed coverage, see REF.””. Adapted from REF.?*, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).
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Thus, similarly to Ca*, the pleiotropic character of oxi-
dants impacts numerous fundamental processes simul-
taneously, with widespread consequences in health and
disease (see REF*!).

In this Review, we address ROS generation and its
regulation with focus on H,0, and O,", their mecha-
nisms of redox signalling, major molecular physiologi-
cal redox targets and associated cellular stress responses.
We also discuss cellular functions and processes affected
by ROS as well as deregulation of redox signalling in age-
ing and some pathological states, with an outlook for
prospects of redox medicine.

ROS generation and regulation

ROS are generated by various sources. To maintain their
levels at physiological concentrations, various mecha-
nisms to control ROS production and availability,
including localized and compartmentalized generation
as well as engagement of sinks (detoxifying factors) and
redox relays, are in place (FIC. 2).

Endogenous and exogenous ROS sources. Overall, in
human cells a total of 41 H,O,- and/or O, -generating
enzymes have been identified* (TABLE 1), and this list is
increased to well over 50 by inclusion of enzymes gen-
erating other ROS such as lipid hydroperoxides or nitric
oxide (NO) and hypochlorous acid (Supplementary
Table 1). The major endogenous enzymatic sources of
0O,~ and H,0, are transmembrane NADPH oxidases
(NOXs)*** and the mitochondrial electron transport chain
(ETC)*. NOXs occupy various cellular localizations
(TABLE 1), which contributes to local generation of
ROS. NOXs have also been associated with specialized
redox-active endosomes (redoxosomes), which form
in response to specific extracellular stimuli, such as
nutrients, growth factors and cytokines, and allow com-
partmentalization of H,O, for local redox-mediated
regulation (microdomains) or cell signalling from
cell-surface receptors**. In the mitochondrial ETC,
complex I and in part complex II release O,7/H,0,
towards the mitochondrial matrix, whereas release
from complex III is towards the cristae lumen and the
intermembrane space’>*. This topological difference has
functional significance, which is shown by differences
in patterns of redox-modified proteins depending on
the source”. Apart from NOXs and the ETC, H,0, is
also generated by various other oxidases present in sub-
cellular localizations, prominently including the endo-
plasmic reticulum (ER) and peroxisomes, as well as by
several superoxide dismutases (SOD1-SOD3) (TABLE 1),
which contribute to the localized production of H,0,
from O, (FIC. 2b). It is worth mentioning that beyond the
biology of O,~/H,0,, an important area of ROS research
concerns lipid-derived ROS, whereby polyunsaturated
fatty acids are oxidized, generating lipid hydroperoxides
and related radicals, peroxyl and alkoxyl (Supplementary
Table 1). Such oxidized lipids have a major impact on
redox signalling®, especially in immune signalling®*->°.
For instance, lipoxygenases and prostaglandin synthases
(cyclooxygenases) generate reactive oxidants as interme-
diates in processes to activate and control inflammatory

responses’.
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4-Hydroxynonenal

A reactive aldehyde produced
during free radical chain
reaction of polyunsaturated
fatty acids.

Lipid peroxidation
Oxidative free radical chain
reaction of polyunsaturated
fatty acids.

Mitochondrial electron
transport chain

(ETC). Series of electron
transfer complexes in the
mitochondrial inner membrane
that support oxidation of
metabolic fuels to generate an
electrochemical proton
gradient for ATP synthesis from
ADP and inorganic phosphate.
Complexes within this chain are
also sources of O, and its
product, H,O,.

Cristae
Folds of the mitochondrial
inner membrane.

Box 2 | Principles of redox signalling

through thiol-based modification of target proteins’*

or microRNAs**!

interaction with peroxiredoxins®®.

The major mechanism by which reactive oxygen species (ROS) mediate their biological effects in redox regulation is
. However, other classes of molecules, such as non-coding RNA**
, have been shown to be redox sensitive (these microRNAs were termed ‘redoximiR’*%*) and to contribute to
redox signalling. The critical initial step in redox signalling through proteins is that H,0, reacts with a target protein cysteine
(Cys) thiolate (S7) to form the sulfenate (SO see the figure, part a; Pr refers to a protein backbone). This in itself can be
sufficient to lead to a change in function of the protein, and it can lead to subsequent reactions such as intramolecular or
intermolecular disulfide (SS) formation or glutathionylation (SSG) of the reactive cysteine. The superoxide anion radical (O, ")
reacts with Fe=S clusters in proteins, such as in aconitase, affecting function'**. When O, ~ is generated concomitantly with
nitric oxide (NO), peroxynitrite (ONOOQO") is formed efficiently, leading to nitration of tyrosine (Tyr) residues in proteins, again
causing functional modifications®” (a prototypical example being the inactivation of SOD2 on nitration of Tyr34 (REF.%)).
NO itself can lead to another cysteine modification, S-nitrosylation. Further, cysteines can be modified by persulfidation (also
called ‘sulfhydration’) with hydrogen sulfide (H,5) to yield protein persulfides or polysulfides®**** (see the figure, part b).
Disulfides and glutathionylated, nitrosylated as well as persulfidated cysteines can be reduced back to the original thiol
either by the thioredoxin system or by the glutathione (GSH) system, reversibility being an essential feature in redox
signalling. Sulfenate can be further oxidized to sulfinate and sulfonate. Sulfinate can be reduced by sulfiredoxin®**’,
whereas sulfonate is not reduced (see the figure, part b). These different forms of the oxidized entities of susceptible
protein thiols (RSH) provide ample potential for specificity in redox signalling. In human thioredoxin 1 for instance,
oxidation of Cys62 and Cys69 inhibits interaction with thioredoxin reductase 1, while oxidation of Cys73 inhibits

A long-standing question is the nature of the pre-
dominant intracellular oxidant generators. A recent
estimate of the relative contribution from NOXs and
mitochondrial ETC sites in resting myoblasts showed
that around 40% of net cellular H,O, production was
from NOXs and approximately 45% was from the ETC,
with the remainder coming from other enzymatic
sources”. Thus, in this case contributions by NOXs and
the ETC are commensurate. Nevertheless, the exact

a SOL‘II'CE Sigpal Tafget Progluct
o 1 1
,(CyS)-SI
"\(Cys)-S
H,0, dependent  NOX, mitochrondria H,0, + Pr(Cys)-S- — Pr(Cys)-SO~ — Pr ~(Cys)-SS-(Cys)-Pr,
Pr-(Cys)-SSG
O, dependent NOX, mitochrondria O, + Pr[4Fe-4S] — Pr[3Fe-4S]+Fe? + H,0,
RONS dependent NOS + NOX: -NO + O,~ — ONOO~; Pr(Tyr) + ONOO™ — Pr(Tyr)-NO,
b PE-y SSH
~ 3 /\NLw/\
H (0] H (0]
Glutaredoxin Cysteine thiolate Thioredoxin Persulfide
|6 s
SSG SO~ SSR
/\NJ/\/\ GSH /\NJ;/\ RSH /\NJ;/\
H (0] H (0] H (0]
Glutathionylated Sulfenate Disulfide
protein
Sulfiredoxin H H,0,
SO~ SO3~
H O
K N K N
&NJ/\/\ — &N/ir/
H (0] H (0]
Sulfinate Sulfonate

NOS, nitric oxide synthase; RNOS, reactive oxygen and nitrogen species; NOX, NADPH oxidase.

contribution of the different sources to the cellular pool
of ROS depends on the context of a given cell and a given
metabolic state and hence does vary.

In addition to intracellular sources, oxidants are also
generated as a consequence of the cumulative environ-
mental exposure called the ‘exposome’™, which includes
molecular factors such as nutrients, drugs, toxicants and
pollutants as well as physical stressors (UV, X-ray
and other ionizing radiation) and psychological stressors
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Peroxiredoxins

Enzymes that catalyse
reduction of H,O, with a
thioredoxin as the electron
donor.

Glutathione

Tripeptide (y-glutamylcysteinyl-
glycine) that is widespread in
biology and, among other
functions, supports antioxidant
reactions.

Peroxidases

Enzymes which catalyse the
reduction of H,0O, and other
hydroperoxides.

Catalatic reaction

One of the modes of catalysis
for catalase, along with
peroxidatic reaction. In the
overall reaction cycle,

the intermediate formed by
reaction of catalase haem iron
with H,0,, termed
‘compound I, can be reduced
by a second molecule of H,0,
(catalatic reaction) or by an
alternative hydrogen donor
(peroxidatic reaction).

* NOX1-NOX5
¢ DUOX1 and
DUOX2

Mitochrondrial
ETC complexes
=11

Oxidases

Exposome

* Peroxidases
 Peroxiredoxins
* Catalases

(lifestyle). Because these exposures are highly variable, it
is difficult to ascertain the contribution of the exposome
to the total pool of oxidants.
Controlling H,0, via sinks and redox relays. Peroxiredoxins™
and glutathione peroxidases® catalyse the removal of
H,O,. These enzymes have high second-order rate
constants in their reaction with H,0,, of the order of
10°-108M™'s™, contributing to the maintenance of low
cellular H,O, concentration in the subcellular spaces
where they are located". Catalase, a haem protein, dis-
mutates H,0, to H,O and O, in its catalatic reaction, and
in its peroxidatic reaction it reduces H,0, to H,O by
oxidizing hydrogen-donating compounds**. Thus, these
enzymes are sinks for H,0,. Some peroxidases, such as
myeloperoxidase, use H,0, to generate other oxidants,
such as hypochlorous acid, which is used by neutrophils
in defence against pathogens®', thereby repurposing the
ROS for immune function. Peroxiredoxins can trans-
mit the oxidizing equivalents from H,O, to other target
proteins, the reaction rate constants with H,0O, of which
are comparatively low. Examples of such a redox relay
were demonstrated for peroxiredoxin 2 and the tran-
scription factor STAT3 (REF*’) and for a kinase in the
stress-responsive p38 signalling pathway®’.
Mitochondrial nicotinamide nucleotide tran-
shydrogenase (NNT) also plays a role in clearing

b Growth factor

wr-h@% ffffffffff |

Nucleus

NOX —»—» : H,0, .‘.'.'.'.'.'.".«-m
~—
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cellular (including extramitochondrial) H,O, (REF.%).
This occurs by shifting reducing equivalents from
NADH to NADPH, thereby supporting and strength-
ening the capacity of the thioredoxin system and the
glutathione system, which depend on NADPH supply*’.
This serves both defensive functions to protect against
physical and chemical causes of oxidative stress and also
anabolic and repair functions after injury.

Steady-state gradients and their control. Cellular metab-
olism is characterized by steady states and by transitions
between them in response to changing conditions. It is
important to note that there are steady-state gradients
across cells and subcellular structures, meaning that at
a given steady state in a cell, for the agent in question
there is spatial distribution resembling a landscape’
with hotspots rather than a flat concentration across
the cellular space. Analogously, reactive species are
maintained at steady-state levels, called the ‘redox tone’
(which can be defined for individual reactive species,
for example, peroxide tone and sulfide tone) owing to
tight control of their sources and sinks. For H,0,, overall
intracellular concentration was estimated to be in the
range of 1-10 nM (REFS**%), cytosolic concentration
was estimated to be 80 pM (REF.“), the concentration in
the mitochondrial matrix was estimated to be 5-20nM
(H. Sikes, unpublished results) and the concentration in
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Fig. 2 | Key modulators and targets of H,0,. a| Shown are H,0, sources
(red), redox-sensitive targets and hubs (blue), aquaporins (AQPs)/
‘peroxiporins’ (yellow) and sinks (green). H,O, sources can include oxidases
(TABLE 1) and exposome (environmental) sources in addition to NADPH
oxidases (NOXs) and mitochondria. Redox-sensitive targets serve as hubs to
support biological functions (see FIG. 3). Sinks can include redox relay
(electron transfer) reactions in transfer of signalling oxidant. Superoxide
dismutases (SODs; not shown) also serve as both a source for H,0, and a sink
for the superoxide anion radical (O,"). b| The major reactive oxygen species,
0,~and H,0,, and their subcellular sites of generation. For a list of individual
enzymes, see TABLE 1.Key redox systems generating O, and H,O, at various
subcellular sites are provided in the text. Diffusion across membranes is
limited, and so O,~ and H,0, exist at different concentrations in different

subcellular compartments. Xanthine dehydrogenase/oxidase (XDH) s a liver
enzyme that is also found in blood and can have xanthine oxidase (XO)
activity, producing both H,0, and O, . The substrates hypoxanthine and
xanthine are produced from ATP breakdown during ischaemia, with resulting
increase in O, and H,0, levels following reperfusion of the heart and other
organs. ACOX, acyl-CoA oxidase; AMPK, AMP-activated protein kinase; CAT,
catalase; CYP, cytochrome P450-dependent monooxygenases; DAO,
D-amino acid oxidase; DUOX, dual oxidase; ER, endoplasmic reticulum;
ERO1, endoplasmic reticulum oxidoreductin 1; ETC, electron transport
chain; FOXO, forkhead box protein O; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HIF, hypoxia-inducible factor; NRF2, nuclear factor
erythroid 2-related factor 2; NF-kB, nuclear factor-kB; UCP, uncoupling
protein.
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Table 1| H,0,-generating and O, -generating human enzymes

Name

Aldehyde oxidase

Amine oxidase (flavin-containing) A
Amine oxidase (flavin-containing) B
D-Amino acid oxidase

L-Amino acid oxidase

D-Aspartate oxidase
Amiloride-sensitive amino oxidase (copper containing)
Cytochrome P450 3A4
Cytochrome P450 2D6
Cytochrome P450 2E1

Cytochrome P450 4A11

ERO1-like protein-a

ERO1-like protein-f

FAD-linked sulfhydryl oxidase ALR
Hydroxyacid oxidase 1
Hydroxyacid oxidase 2

Membrane primary amine oxidase
Peroxisomal N'-acetylspermine/spermidine oxidase
Peroxisomal acyl-CoA oxidase 1
Peroxisomal acyl-CoA oxidase 3
Peroxisomal sarcosine oxidase
Prenylcysteine oxidase 1
Prenylcysteine oxidase-like
Protein-lysine 6-oxidase

Pyridoxine 5’-phosphate oxidase
Retina-specific copper amine oxidase
Spermine oxidase

Sulfhydryl oxidase 1

Sulfhydryl oxidase 2

Sulfite oxidase, mitochondrial
Xanthine dehydrogenase/oxidase
NADPH oxidase 1

NADPH oxidase 2

NADPH oxidase 3

NADPH oxidase 4

NADPH oxidase 5

Dual oxidase 1

Dual oxidase 2

Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Mn], mitochondrial

Extracellular superoxide dismutase [Cu—Zn]

Protein abbreviation Location Product®
AOX1 C H,0,
AOFA M H,0,
AOFB M H,0,
OXDA Px H,0,
OXLA L H,0,
OXDD Px H,0,
AOC1 S H,0,
CP3A4 ER 0,7/H,0,
CP2D6 ER 0,7/H,0,
CP2E1 ER,M 0,7/H,0,
CP4AB ER 0O,7/H,0,
ERO1A ER H,0,
ERO1B ER H,0,
ALR C,M,S H,0,
HAOX1 Px H,0,
HAOX2 Px H,0,
AOC3 PM H,0,
PAOX Px,C H,0,
ACOX1 Px H,0,
ACOX3 Px H,0,
SOX Px H,0,
PCYOX L H,0,
PCYXL S H,0,
LYOX S H,0,
PNPO C H,0,
AOC2 PM, C H,0,
SMOX C,N H,0,
QSOX1 G H,0,
QSOX2 N, PM, S H,0,
SUOX M H,0,
XDH C,PM,S H,0,
NOX1 PM 0,
NOX2 (also known as CY24B) PM 0,
NOX3 PM O,”
NOX4 ER,PM,N H,0,
NOX5 ER O,-
DUOX1 PM H,0,
DUOX2 PM H,0,
SOD1 C,N,M H,0,
SOD2 M H,0,
SOD3 PM, S H,0,

*Enzymes have been characterized in terms of O, and H,0, production, but the analytical methods used are often unable to
discriminate the primary product owing to dismutation of O, to produce H,O,. Other proteins, such as other cytochrome P450
enzymes and haemoglobin, produce O,~ or H,O, but are not included because the rates are typically low. Enzymes generating
lipid peroxides are included in Supplementary Table 1. C, cytoplasm; ER, endoplasmic reticulum; G, Golgi apparatus; L, lysosome;
M, mitochondria; N, nucleus; PM, plasma membrane; Px, peroxisome; S, secreted.

the ER lumen was estimated to be approximately 700 nM
(REF.?). The last of these concentrations is high because
the ER is the site of protein folding involving formation
of disulfide bridges, and for each disulfide bond estab-
lished, one H,O, molecule is formed. The extracellular

concentration of H,O, is substantially higher, about
1-5uM in blood plasma®® (FIG. 1). Thus, there is a steep
gradient of H,0, concentration (100-500-fold) between
extracellular and intracellular spaces. The thioredoxin
system (see also later) has a predominant role in shaping
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Thioredoxin system

A thiol antioxidant system
consisting of NADPH,
thioredoxin reductase

and thioredoxin that supports
maintenance of protein thiols
and reduction of
hydroperoxides.

Glutathione system

A thiol antioxidant system
consisting of glutathione
peroxidases, glutathione
disulfide reductase, glutathione
S-transferases, glutaredoxin,
glutathione synthesis enzymes
and glutathione which supports
maintenance of protein

thiols and reduction

of hydroperoxides.

Iron—sulfur (Fe—S) clusters
Redox centres in proteins in
which iron is coordinately
bonded between cysteinyl
residues (thiolates) in protein
and sulfide (52), for example,
Fe,S, and Fe,S,.

Sirtuin family

Enzymes that remove acetyl
(that is, functioning as
deacetylases) or other acyl
groups (that is, functioning as
desuccinylases, demalonylases,
demyristoylases or
depalmitoylases) from
proteins.

intracellular H,0, gradients®. Control of H,0, levels
across the cell is also achieved by exchanges between
the different sources’*~"*, prominently including contacts
between ER, mitochondria and peroxisomes™ (see later).

The dynamics of H,0, metabolism is accessible
for analysis using genetically encoded fluorescent
protein indicator probes”. The first probe using the
H,O,-sensitive OxyR domain was HyPer’® (see REFS”""°
for the current status in this rapidly advancing field and
REF* for one recent example of such research). With
use of these sensors and other tools, heterogeneity of
individual cell responses to oxidants (for example, in
the cell cycle) can now be examined®'. As an uncharged
molecule, H,O, is able to traverse biological membranes
by passive diffusion at a certain low rate. However, it
was found that H,0, was transported at a much higher
rate through water channels in the membrane®. Indeed,
several aquaporins (AQP3, AQP5, AQP8, AQP9 and
AQP11) facilitate movement of H,O, across membranes,
for which reason they are referred to as ‘peroxiporins™®.
Thus, the pattern of rates of H,O, transfer across cel-
lular membranes contributes to the establishment of
steady-state gradients. Work on AQP8 revealed a gating
mechanism involving cysteine persulfidation (RSSH),
opening the possibility of H,O, gradient control by
peroxiporins in a redox-dependent manner®-®.

Because mitochondria are important sources of
H,O,, whether and how mitochondria in the intact cell
release H,O, as such is a matter of current research. So
far, there is no direct demonstration of H,O, release from
mitochondria in situ to the cytosol. With use of a novel
ultrasensitive genetically encoded indicator for intracel-
lular H,0,, HyPer7, H,0, diffusion from the mitochon-
drial matrix to the cytosol was demonstrable only when
the thioredoxin system in the intermembrane space was
inhibited, corroborating doubts of a physiological role
of direct H,O, release from mitochondria in the intact
cell*®. There is the possibility that the oxidant signal from
the ETC, generated as H,0,, is converted to an alterna-
tive oxidative signal for export to the extramitochon-
drial space; this requires further research. Likewise, it
has been suggested that mitochondrial membranes may
harbour aquaporins (AQP8 specifically)¥, but this also
appears controversial.

The importance of the maintenance of cellular H,0,
gradients can be exemplified by a condition of reductive
stress®”; this could reflect insufficient H,0, to maintain
steady-state oxidative eustress. On a systemic level,
long-distance communication between tissues and
organs by low-abundance oxidants such as H,0, appears
unlikely owing to the universal presence of systems for
their removal. Thus, short-lived oxidants are mainly
physiologically utilized for intracellular signalling, and
their production can be coupled to non-reactive sub-
stances such as hormones and cytokines, for exam-
ple, epidermal growth factor (EGF)*, for intercellular
communication. It is nevertheless worth mentioning
that lipid hydroperoxides can be transported between
tissues bound to lipoproteins, and immune cells with
high production rates of H,0, such as granulocytes are
highly mobile, which could allow oxidants to be used in
intercellular communication.

REVIEWS

Targets of redox signalling

Redox signalling affects protein function, leading to
changes in signalling outputs, enzyme activity, gene
transcription and membrane and genome integrity, to
just name a few examples® (FIC. 3). As mentioned already,
redox signalling can also occur through oxidative mod-
ification of RNA. This section highlights the pleiotropy
of ROS in physiological signalling. Regarding the total
number of cellular cysteines, a calculation showed that
about 10-20% thiols of the full 214,000 thiols in the
cellular cysteine proteome are readily oxidized under
aerobic conditions”. These include enzyme, trans-
porter, receptor and transcription factor regulatory
sites as well as allosteric and macromolecular inter-
action sites”. Various proteins, including cytoskeletal
elements, heat shock proteins, scaffold proteins such
as 14-3-3 and many ribonucleoproteins have cysteines
that are highly sensitive to oxidation, suggesting the
existence of functional protein networks under redox
regulation”. Cryptic cysteines in proteins can become
accessible by alterations in protein structure on growth
factor stimulation, as shown for EGF”’. Other oxidant
targets (iron—sulfur (Fe-S) clusters or tyrosine residues;
BOX 2) also have potential signalling functions and add
to the diversity of redox signalling mechanisms. The list
of targets of redox signalling is too extensive to cover
exhaustively (for reviews, see REFS’**). In a quantitative
tissue-specific landscape of the redox-regulated pro-
teome, called the Oximouse dataset, cysteine oxidation
networks have recently become accessible for detailed
study’. We present here a few prototypical examples of
signalling targets.

NRF2-KEAP1 and antioxidant response. The NRF2-
KEAP1 system is the paradigm for a physiological thiol-
based sensor—effector apparatus responding to oxidant
challenge with a role in maintaining redox homeostasis
in eukaryotes’**. Its mechanism and function in phys-
iology and pathophysiology is now known to some
detail. It is a major sensor for oxidative and electrophilic
stresses'’, whereby KEAP1, which functions as an NRF2
inhibitor, harbours several cysteine residues that can be
subject to oxidation. This oxidation, importantly includ-
ing Cys151 disulfide formation in the KEAP1 dimer®”,
leads to a conformational change of KEAP1, which pre-
vents NRF2 ubiquitylation, thereby increasing NRF2
stability and allowing its subsequent translocation to
the nucleus; there it serves as transcription factor for
expression of a number of antioxidant defence pro-
teins. The complexity of thiol-based regulation is illus-
trated by the multiple cysteine thiol groups of KEAP1,
which respond selectively to various oxidants®**'®*. The
NRF2-KEAP1 system is regulated by thioredoxin reduc-
tase 1 (REF'"") and by the sirtuin family of deacetylases'®.
Furthermore, redox-sensitive microRNAs modulate the
NREF2 system'®.

NEF-«B pathway. The transcription factor nuclear factor-
kB (NF-kB) is subject to complex regulation'”, with
many regulatory molecules involved'””. NF-kB serves as
a master switch of inflammation, which is associated with
extensive H,O, production, and hence it is not surprising
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Fig. 3 | Pleiotropy of redox signalling in cell biology. Cells respond to a
plethora of exogenous stimuli (pale yellow) via various receptors and
channels (dark yellow) in the plasma membrane, initiating generation of O,
and H,0, (red; see also FIG. 2 for an overview of sources of reactive oxygen
species), which subsequently act on a plethora of cellular targets (blue),
thereby eliciting diverse biological activities (purple). These activities are
highly pleiotropic, including the regulation of stress adaptation (including
antioxidant response), inflammatory response, cell death and metabolic
adaptation. For details the reader is referred to the main text. Also,
environmental inputs (such as diet and lifestyle; known as the exposome)
and exercise (yellow) contribute to cellular generation of O,~and H,0,,
contributing to redox signalling. Dashed arrows indicate indirect processes.

AMPK, AMP-activated protein kinase; AQP, aquaporin; EGFR, epidermal
growth factor receptor; ER; endoplasmic reticulum; ETC, electron transport
chain; FOXO, forkhead box protein O; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HIF, hypoxia-inducible factor; IkB, inhibitor of nuclear
factor-«B; IKK, inhibitor of nuclear factor-«B kinase; Ins(1,4,5)P,R, inositol
1,4,5-trisphosphate receptor; Keap1, kelch-like ECH associated protein 1;
LPS, lipopolysaccharide; NF-kB, nuclear factor-kB; NNT, nicotinamide
nucleotide transhydrogenase; NOX, NADPH oxidase; NRF2, nuclear factor
erythroid-2-related factor 2; PHD, prolyl hydroxylase; PRX, peroxiredoxin;
PUFAs, polyunsaturated fatty acids; TLR4, Toll-like receptor 4; TNF, tumour
necrosis factor; TNFR, tumour necrosis factor receptor; UCP, uncoupling
protein; UPR, unfolded protein response.

that NF-«B is subject to redox regulation. H,O, can have
both stimulatory and inhibitory roles in NF-kB function
depending on the context'®. Cytosolic H,O, can activate
the NF-kB pathway'”’, and this occurs via H,0,-mediated
oxidation and activation of the inhibitor of NF-«xB (IkB)
kinases, which negatively control the stability of IkB. H,O,
can also directly modulate NF-«kB owing to the presence
of oxidizable cysteines in the DNA-binding region of
NF-«B. In this context, increased nuclear H,0, generation
inhibited NF-kB DNA binding, reducing its transcrip-
tional activity, while increase in the nuclear content of
the H,0, scavenger peroxiredoxin 1 stimulated activity'®.

Hypoxia-inducible factor and response to hypoxia.
Hypoxia-inducible factor (HIF) is a transcription fac-
tor that serves as the master regulator of transcriptional
responses to decreased oxygen levels'*®''’. Hypoxia (oxy-
gen deficiency) has been associated with an increase in
O, (and subsequent H,0,) generation due to inhibition
of the mitochondrial ETC'"". In line with this, chronic

intermittent hypoxia, a life-threatening condition that
occurs in many different diseases, including sleep
apnoea (disturbed breathing during sleep), has been
shown to activate redox signalling, which contributes to
several systemic and cellular responses (which include
changes in blood pressure, increased release of neuro-
transmitters and neurotrophic factors, and alteration
of sleep and cognitive behaviours) that were associated
with activation of second-messenger pathways and tran-
scription regulators of hypoxia''2. Oxidants help stabi-
lize HIF during hypoxia, thereby helping to mount a
hypoxic response'>'"*. HIF prolyl hydroxylases, which
sense oxygen availability and drive HIF hydroxylation
and subsequent proteasomal degradation, are modulated
by oxidants. Even in normoxia, oxidant generation inter-
feres with Fe?" availability in the catalytic site of prolyl
hydroxylase, inhibiting their activity and promoting
HIF-mediated transcription (see REFS''>''). In this way,
oxidants affect HIF pathways also under non-hypoxic
conditions, thereby driving a stress-adaptive response.
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Autophagy

A process for removal of
damaged cellular structures
that contributes to
maintenance of cellular
homeostasis.

Glutathionylation

A post-translational protein
modification functioning in
redox signalling comprising the
reversible formation of an
S-glutathione adduct of a
cysteinyl residue in proteins.
Glutaredoxins are enzymes
that catalyse the formation and
removal of S-glutathionylated
proteins.

Src kinase

A member of a family of
non-receptor tyrosine kinases
with many protein targets and
functions in differentiation and
regulation of cell growth.

Regulation of stress sensors. The theme of homeo-
static adaptation mediated by redox signalling is also
reflected by the responsiveness of various stress sensors
to oxidants. For instance, the forkhead box protein O
(FOXO) family of transcription factors contributes to
maintenance of cellular and organismal homeostasis
through integrating redox signals with other signalling
cues. As observed with other redox signalling systems,
this occurs via direct cysteine oxidation in FOXO mem-
bers as well as via oxidant-mediated tuning of upstream
regulatory mechanisms'"”'*%,

There are also strong links between oxidants and p53,
a transcription factor that governs responses to a variety
of stresses associated with genomic instability and the
deregulation of which is strongly associated with can-
cer. p53 is under oxidant control, whereby H,O, modu-
lates selective transactivation of p53 target genes, which
occurs indirectly, via modulation of signalling networks,
and perhaps also directly, by oxidation of p53 cysteine
residues. Reciprocally, p53 maintains the cellular redox
balance by regulating the expression of antioxidant
genes'"”. This role could support its tumour-suppressor
function — in the tumour niche, which is typically
proinflammatory and characterized by oxidative stress,
p53 could act to limit oxidative stress-induced DNA
damage and tumour progression'”.

Regulation of energy stress mediated by AMP-
activated protein kinase (AMPK)™' is also under redox
control. However, even though AMPK harbours cysteine
residues which could be subject to redox regulation, it
was recently shown that AMPK activity in response to
redox changes is not due to direct oxidation on AMPK
itself but is a secondary consequence of redox effects on
other processes converging on mitochondrial respiration
and leading to decreased levels of energy generation'”.

Finally, redox signalling is coupled to nutrient stress.
Both nutrient excess and nutrient deprivation are asso-
ciated with increased oxidant formation and modulation
of the function of key nutrient sensors. These include
AMPK (discussed above), which senses glucose availa-
bility, as well as mMTOR'*, which responds to amino acid
availability by stimulating cell growth by promoting pro-
liferation and inhibiting autophagy. Furthermore, auto-
phagy is regulated by ROS in both an mTOR-dependent
fashion and an mTOR-independent fashion'*.

Glyceraldehyde phosphate dehydrogenase and metabolic
adaptation. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), a central enzyme in glycolysis, is an
interesting ROS target as it can acquire non-glycolytic
functions on oxidation. For example, it translocates to
the nucleus on oxidation and fulfils functions in DNA
repair. Further non-glycolytic functions include a role
in tRNA export and ER-to-Golgi transport of secretory
cargo'”. GAPDH is also inhibited by H,0,, which reacts
with a conserved catalytic cysteine that is required for
its sensitivity towards its glycolytic substrate, glycer-
aldehyde 3-phosphate. The sensitivity of this cysteine to
H,0, versus glyceraldehyde 3-phosphate is determined
by a proton relay with a neighbouring cysteine, which
was found to be required for metabolic adaptation and
cell survival in response to increased H,O, levels'*.

REVIEWS

Uncoupling proteins and regulation of mitochondrial
energetics. Mitochondrial uncoupling is a process
whereby the flux through the ETC is decoupled from
ATP synthesis. This uncoupling results in proton leak
and consequent dissipation of the electrochemical pro-
ton gradient as heat, which is a key principle of ther-
mogenesis in thermogenic fat (brown/beige adipocytes)
and has been attributed to an uncoupling protein'*’, now
referred to as UCP1 (REF.'*). There are five UCPs, UCP1-
USP5, and their role extends beyond brown/beige fat tis-
sue, with different isoforms being expressed in various
tissues'*>**. UCP uncoupling activity is promoted by
0,71, which causes mild mitochondrial uncoupling.
This has been shown to limit the activity of the ETC,
thereby providing negative feedback on mitochondrial
oxidant production. In addition, UCP2 and UCP3 are
maintained in an inactive state by glutathionylation. Slight
increases in mitochondrial oxidant production cause
deglutathionylation and thereby activation of these
UCPs'*. In addition, UCP2 activity involves redox-
activated mitochondrial phospholipase, the activity
of which releases free fatty acids that make possible

130

UCP2-mediated uncoupling'®.

Protein-tyrosine phosphorylation and dephosphoryla-
tion. Protein kinases mediate distinct cellular processes
ranging from proliferation and differentiation to deci-
sions on survival or cell death/apoptosis by protein
phosphorylation. Protein-tyrosine phosphorylation is
impacted by direct redox-based regulation of protein-
tyrosine phosphatases and protein-tyrosine kinases'*»'**.
On the one hand, oxidation of reactive cysteine in
protein-tyrosine phosphatases causes their inactivation,
resulting in an enhanced level of tyrosine phosphoryla-
tion; one example here is protein-tyrosine phosphatase 1B
(PTP1B), the oxidation-dependent inactivation of which
was shown to depend on its interaction with protein
14-3-3 (REF.'”). On the other hand, protein-tyrosine
kinases may be activated by H,O,. For example, EGFR
is a target of EGF signal-derived H,0,, and oxidation of
active site cysteine to sulfenate enhances its kinase activ-
ity"*. Likewise, cysteine sulfenylation drives activation
of Src kinase'””. CO,/bicarbonate was found to be essen-
tial for oxidation of PTP1B, a target in EGF-dependent
H,0, signalling, demonstrating a role for HCO," (REF."*®),
and likewise CO,/bicarbonate increased H,O,-mediated
hyperoxidation of peroxiredoxin 1 (REF.'*).

In addition to enzymes, signalling adaptors can
also be modulated by redox signalling. For example,
GRB2-associated-binding protein 1 (GAB1), a multi-
functional adaptor protein with a key role in tyrosine
kinase signalling pathways, has recently been identi-
fied as a novel redox target of NOX4, with Cys374 and
Cys405 as major target sites'*’.

Regulation of conductance through ion channels. Redox
signalling is also a common regulatory principle for ion
channels'*"'*?, At the plasma membrane, the prototypi-
cal example is provided by voltage-gated K* channels'”,
with early observation that inactivation of mammalian
fast I, channels is regulated by cysteine oxidation'*.
Furthermore, transient receptor potential channels,
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Xanthine oxidase

A form of xanthine
dehydrogenase that generates
a relatively high proportion of
O, instead of H,O, during
oxidation of hypoxanthine

to xanthine or xanthine to

uric acid.

Aconitase

An enzyme in the citric acid
cycle that has an Fe—S cluster
and is sensitive to inactivation
by O,".

ORAI calcium channels, voltage-gated calcium chan-
nels and purinergic receptors in the plasma membrane
are all subject to redox signalling'*'. Inositol 1,4,5-
trisphosphate receptor (Ins(1,4,5)P,R) Ca** channels in
the ER are also important targets of redox signalling and
will be discussed in the following section.

Cellular roles of redox signalling

In light of the many targets of ROS, redox signalling
has diverse cellular functions. These different down-
stream effects are strongly linked between subcellular
compartments (FIG. 3) and show extensive crosstalk with
other signalling modes, establishing intricate signal-
ling networks'*. Redox modifications of proteins also
interplay with other post-translational protein modifi-
cations. One example here is the interrelation between
protein S-glutathionylation and O-GlcNAcylation — the
covalent addition of O-linked B-N-acetylglucosamine
(O-GlcNAc) to hydroxyl groups of serine or threo-
nine residues in cytosolic and nuclear proteins'*®. The
reciprocal interplay between this nutrient-sensitive
form of glycosylation and redox signalling is an active
field of current study, and the term ‘glyco-redox’ has
been coined to capture this linkage'””. Here we highlight
key cellular hubs of redox signalling and demonstrate
the functional pleiotropy of ROS in cell biology (FIG. 3).

Signal transduction at the plasma membrane. The
plasma membrane is a key platform for cell signal-
ling, integrating and transmitting signals between the
extracellular space and the intracellular space. This
includes generation and transmission of redox signals
(see REF.'**). The plasma membrane is a major site of
oxidant generation (mediated by NOXs, xanthine oxidase
and so on) and transport (via aquaporins) (FIG. 2b). It
is also the site where a plethora of signalling recep-
tors (importantly including receptor tyrosine kinases)
and ion channels localize, which as discussed earlier,
are subject to redox regulation. Reciprocally, oxidant
generation at the plasma membrane can be regulated
by signalling pathways downstream of various cues,
including cytokines (for example, tumour necrosis fac-
tor) and pathogen products (via Toll-like receptor 4) in
the context of inflammation, growth factors (such as
EGF) and shear stress (via mechanoresponsive ion chan-
nels)'*. Hence, the plasma membrane is an important
hub of redox signalling that supports its regulation by
microenvironmental and intercellular communication.

In the context of membranes, oxidants also target
lipids. The resulting lipid peroxidation generates lipid
hydroperoxides and lipid-derived second messengers,
which then can attack key regulatory proteins (for exam-
ple, the NRF2 system) or heat shock response pathways,
generating lipid-protein adducts in a process known
as lipoxidation'*’. These events can have physiological
functions contributing to redox signalling but may also
lead to disease. This is exemplified by a form of regulated
cell death, known as ferroptosis, which is characterized
by iron-dependent accumulation of lipid hydro-
peroxides to lethal levels'’. The membrane-associated
phospholipid hydroperoxide glutathione peroxidase
(GPX4) has been shown to be required to prevent

hydroperoxide-induced ferroptosis by preventing
accumulation of lipid hydroperoxides™'.

Redox signalling in the nucleus. Signals from the plasma
membrane and other cellular sites control activation of
gene transcription, many of which are aimed at homeo-
stasis maintenance and are regulated by oxidants via
master switches such as NRF2 and NF-«B as discussed
earlier. The overall redox environment in the nucleus
is more reduced than in the cytosol, and gene expres-
sion is sensitive to oxidants, as is DNA replication.
Specifically, peroxiredoxin 2 has been shown to be an
important, redox-sensitive regulator of replication forks:
at low oxidant levels, peroxiredoxin 2 is oligomerized
and promotes replication fork progression; H,O, at an
elevated concentration oxidizes and dissociates peroxi-
redoxin 2 into its subunits with lower affinity to chro-
matin, which leads to replication fork slowdown. As
increase in the levels of oxidants is linked to the sup-
pression of synthesis of deoxynucleoside triphosphate
molecules — the building blocks of DNA — this redox
signalling via peroxiredoxin 2 has been proposed as
a general means of adaptation of DNA replication to
changing metabolic conditions'*’.

Another function of peroxiredoxins in the nucleus
was demonstrated for telomere length maintenance,
whereby peroxiredoxin 1 was shown to counteract the
oxidative damage of telomeric DNA mediated by H,0O,
and to work together with 7,8-dihydro-8-oxoguanine
triphosphatase (MTH1) — an enzyme ‘cleaning’ oxidized
nucleotide pools — to promote telomere elongation by
telomerase'**. Furthermore, redox signalling fine-tunes
the cell cycle, which occurs through cysteine sulfenylation
in CDC25 proteins — dual-specificity phosphatases that
are critical for cell cycle phase transitions'**'*>.

Finally, oxidants have modulatory effects on DNA
damage response, integrating DNA damage response
signalling'*, transcriptional regulation, DNA repair, cell
cycle and DNA replication regulation.

ROS in mitochondria. As mentioned already, mitochon-
dria are key cellular sources of O, and H,0, (REFS'®'¥).
The physiological role of mitochondrial redox metab-
olism spans numerous fundamental aspects beyond
energy capture, as diverse as participating in anabolic
and catabolic pathways and having a role in epigenetic
cell regulation'**. Mitochondria themselves respond to
oxidant exposure with functional consequences. Several
mitochondrial proteins, importantly including ETC
components, contain Fe-S clusters, which are highly
reactive towards O,~, which, as shown for aconitase in
the matrix'*’, leads to a change in the function of the
enzyme. Also, the assembly of Fe-S clusters is redox sen-
sitive’®’, and hence changes in oxidant availability will
inevitably impact mitochondrial functions in metab-
olism, including respiration and subsequent oxidant
generation. There is also a tight bidirectional interplay
between oxidants and mitochondrial dynamics (fusion
and fission events as well as cristae remodelling that
regulate the morphology of the mitochondrial network
and mitochondrial functions)'®-'*, In this process, the
morphology of the mitochondrial network impacts
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Mitochondrial permeability
transition pore

A pore formed from structural
changes in mitochondrial inner
membrane proteins that allow
influx of solutes into the
mitochondrial matrix.
Activation of the pore causes
high-amplitude swelling of the
mitochondria and activates cell
death mechanisms.

Unfolded protein response
(UPR). A cell stress response
triggered by disruption of
protein processing within the
endoplasmic reticulum.

ER stress

Perturbation of functions of the
endoplasmic reticulum (ER), for
example abnormal folding and

processing of proteins.

mitochondrial respiration and oxidant generation,
while reciprocally, oxidants lead to modifications in the
expression and/or activity of the proteins implicated in
the mitochondrial dynamics. Furthermore, downstream
of oxidant level-regulated AMPK lies the mitochondrial
biogenesis factor peroxisome proliferator-activated
receptor-y co-activator la (PGCla), thereby further con-
necting redox signalling to the regulation of mitochon-
drial networks'?'. Oxidants also regulate mitochondrial
quality control via autophagy, which permits removal of
dysfunctional mitochondria and thus has an important
role in maintaining cellular homeostasis. In this case, low
oxidant levels trigger primarily selective removal of mito-
chondria by mitophagy (in a fission-dependent man-
ner), whereas higher oxidant levels lead to non-selective
autophagy (macroautophagy)'®. Higher oxidant levels
also open the mitochondrial permeability transition pore,
which stimulates further oxidant formation, termed
‘ROS-induced ROS release’, and generally has been
linked to apoptosis'®. Nevertheless, transient opening of
the mitochondrial permeability transition pore has been
proposed as a mechanism to initiate extramitochondrial
adaptive responses, whereby oxidants activate local
pools of redox-sensitive enzymes involved in protective
signalling pathways'®.

Peroxisomal H,0, in redox homeostasis and signalling.
The role of peroxisomes in the metabolism of lipids and
H,0,"* has led to interesting new perspectives in redox
signalling’’. Peroxisomes contain a number of H,O,-
generating oxidases (TABLE 1), such as fatty acyl-CoA oxi-
dase and p-amino acid oxidase, as well as H,0,-reducing
enzymes, such as catalase and peroxiredoxin 5. While
peroxisomal H,0, metabolism obviously relates to regu-
lation of peroxisomal functions, it also addresses extra-
peroxisomal redox targets such as FOXO3 or PTEN"""".
In addition, peroxisomal catalases are able to modulate
oxidative stress at the cellular level'®, and catalase can
even be secreted, which has been associated with malig-
nant transformation'*®. The abundance and distribution
of peroxisomes is highly variable among cell types, rais-
ing the possibility of an important role in cell-specific
redox signalling.

Role in protein folding in the ER and ER stress. In the
context of protein metabolism, a major process is
the formation of disulfide bridges, which for proteins
that enter the secretory route occurs in the ER during
oxidative protein folding. For every disulfide formed
in a reaction catalysed by protein disulfide isomerases,
there is production of one oxidizing equivalent, H,0,,
resulting from reoxidation of protein disulfide isomer-
ases catalysed by endoplasmic oxidoreductin 1 (ERO1).
Hence, H,0, is a by-product of protein folding. The
ERO1-generated H,O, can be subsequently used by glu-
tathione peroxidase 7, which utilizes this H,0, to further
promote oxidative folding, at the same time reducing the
oxidative burden on the ER'®. Different cell types have
different secretory products dependent on these ER
systems. For instance, plasma cells use H,O, to support
antibody production'”’, and pancreatic islets use H,0, to
support insulin production'”".
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Deregulation of ER redox balance has been linked
to the activation of the unfolded protein response (UPR),
which is generally aimed at restoring ER homeostasis
on ER stress. Specifically, increase in the levels of both
oxidizing agents or reducing agents in the ER can lead to
ER stress and UPR activation. In turn, activation of the
UPR has been shown to lead to further increase in ROS
levels by affecting mitochondrial function'’>'”*. In line
with this interplay between oxidative stress and ER
stress, oxidative stress-induced endothelial dysfunction
was shown to be counteracted by targeting the UPR'”.

H,0, and interorganellar signalling. Substantial cross-
talk occurs between calcium signalling and H,O, signal-
ling'”>~'”7. Mobilization of Ca** from the ER in response
to stimulation by growth factors and hormones as well as
in response to ER stress (see earlier) occurs via Ins(1,4,5)
P.R channels, which are themselves redox targets, and
the functionally relevant cysteine residues in Ins(1,4,5)
P,R1 have now been identified'”*. Notably, ER establishes
close connections (membrane contact sites) with other
organelles, including mitochondria, with functional
consequences; ER-mitochondria contact sites have
been importantly linked to Ca** influx into mitochon-
dria. This Ca?* influx has been shown to occur at H,0,
mitochondrial nanodomains, which are induced by Ca**
signalling at the interface between ER and mitochon-
dria'”***, In addition to mitochondria, ER also estab-
lish contact sites with peroxisomes, and these three
organelles were suggested to form a ‘redox triangle’ that
would support exchange of oxidants and regulate redox
activities in the different organelles, thereby functioning
as a focal point in redox messaging’.

Oxidants in pathophysiology

Given the role of oxidants in cellular processes as
described in the preceeding sections, it comes as no sur-
prise that dysregulated redox homeostasis is a common
pathophysiological condition, denoted as the transition
from oxidative eustress to oxidative distress*>'*'*2, In
an exemplary fashion, we here illustrate redox signal-
ling in health and disease (see also REFS'®'**). In the
following subsections, we present the involvement of
oxidants, notably H,O,, in several organs in terms
of their physiology and in dysregulated disease pro-
cesses, highlighting their pleiotropic, often antagonistic
effects. Importantly, at the current state of knowledge, it
can be difficult to delineate a distinction between ben-
eficial and harmful signalling (eustress versus distress).
Thus, large-scale systematic studies will be needed to
map out the signal-response relationships in each con-
text to better understand the complex roles of oxidants
in pathophysiology.

Developmental processes. The course of development of
an embryo entails considerable changes in redox state'®.
H,0, is crucially involved in those redox signalling eve-
nts and has far-reaching implications for morphogenesis
and cell differentiation'*. One prominent example is the
nervous system, where ROS impact neuronal polarity,
regulation of connectivity, synaptic transmission and

the tuning of neuronal networks'"’. For instance, there
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Fig. 4 | H,0, drives different cellular outcomes depending on its
concentrations. Left-hand side: in neurons, levels of H,O, within the
physiological range (1-10 nM), promote both axonal growth and dendritic
growth (oxidative eustress), which is associated with normal, balanced
neural development. A moderate increase in H,0, concentration (up to
about 100 nM) has been associated with further promotion of dendritic
growth, which is important in the context of axonal regeneration after
injury. Abnormally high H,0, concentration (greater than 100 nM) favours
oxidative distress, leading to the collapse of the axonal growth cone and
subsequent degeneration. Abnormally low H,O, concentration (less than
0.1nM) impairs neuronal development. Right-hand side: relation between
oxidant level and stem cell potential. Generally, stem cells maintain a low

propensity for proliferation and
differentiation
e Impaired regenerative potential

A K
ctivation
Activated
stem cell

basal level of oxidants (mainly H,0,) in quiescence and during self-renewal,
which increases with differentiation. Hence, physiological levels of H,0,
determine the balance between proliferation, self-renewal and
differentiation. Lower levels of H,O, lead to impaired exit from quiescence
and reduced proliferation, which can negatively impact regeneration.
Higher levels of H,0, favour increased exit from quiescence and increased
proliferation with subsequent differentiation. This can be beneficial in the
context of regeneration, but when uncontrolled can lead to the depletion
of the stem cell pool. Elevation of H,0, concentration has also been
associated with replicative senescence of stem cells. Finally, further
increase of H,0, concentration will lead to oxidative distress and cell death.
Left panel modified with permission from REF."*%, Elsevier.

Axonal growth cone

Site of growth at the tip of a
dendrite or an axon of neurons,
containing cytoplasm and actin
formed in the leading edge of
the cell during neuronal
development and regeneration.

Cell senescence

A state of cells with arrested
cell division and resistance

to cell proliferation signals and
uncontrolled cell growth.
Accumulation of senescent
cells is a hallmark of ageing; it
contributes to decline in organ
function and some age-related
diseases.

is ample evidence for an essential contribution of H,O,
produced by NOXs to axonal growth cone pathfinding,
whereby neuronal growth and guidance depend on
physiological amounts of H,O,. Insufficient ROS genera-
tion was linked to spatial memory deficits in mice, wher-
eas a pathological increase in ROS level causes growth
cone collapse and axonal degeneration'®”'* (FIG. 4, left-
hand side). The physiological range of concentrations for
H,O, was estimated to be between 1-10 nM. However,
these values will depend on several parameters, includ-
ing cell type and developmental stage'®. In line with
these roles of H,0, in the growth cone dynamics, ROS
have been implicated in cytoskeletal organization'®.
Stem cell biology is also tightly linked to redox homeo-
stasis' (FIC. 4, right-hand side). Stem cells maintain a
low basal level of oxidants (mainly H,0,) in quiescence,
which increases with differentiation. These physiological
levels are thought to preserve stem cell function, allowing
the achievement of proper balance between quiescence,
proliferation and differentiation, and to regulate stem
cell activity in response to stress. Lower oxidant levels
lead to impaired cell cycle entry, thereby interfering with
proliferation and differentiation, whereas increased levels
cause hyperproliferation and induce cell senescence, con-
sequently leading to stem cell exhaustion. Even higher
exposure to oxidants will inevitably cause damage to
macromolecules, inducing cell death. Long-term survival
of stem cells is particularly important in the context of

adult stem cells, and hence changes in the redox balance
will ultimately affect tissue regeneration potential.

Circadian rhythms. In eukaryotic cells, reversible redox
transitions of proteins are known to occur in a circadian
fashion'”"*?. These oscillatory redox changes together
with diurnal changes in energy levels are important sig-
nals to cellular clocks to adapt to temporal tissue-specific
needs'”. For example, diurnal oscillations of endoge-
nous H,0, are sustained by p66Shc — a redox enzyme
that accomplishes oxygen reduction using reducing
equivalents from the respiratory chain — resulting in
rhythmic redox control of a master regulator of circa-
dian rhythms, the transcription activator CLOCK'**.
In flies, the sleep-wake rhythm was connected to oxi-
dative modulation of a potassium channel in sleep-
regulating neurons'””. Because circadian rhythms are
key to animal homeostasis, diurnal redox regulation
has far-reaching implications for pathophysiology'*.
Importantly, inclusion of temporal variation into
research protocols greatly increases the complexity of
the design, but failure to consider such fluctuations can
obscure understanding and potentially cause important
contributions of oxidant signalling to be overlooked.

Central nervous system. As a tissue that is highly depend-
ent on O,, the central nervous system (CNYS) is particu-
larly sensitive to changes in O, levels, and NOXs play a
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and kill invading microbes.
They contain DNA from
extruded chromatin and
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role in the CNS'”. Deregulation of redox balance (oxi-
dative distress) is strongly linked to neurodegeneration,
including major long-term degenerative diseases such
as Alzheimer disease, Parkinson disease, Huntington
disease and amyotrophic lateral sclerosis'**>".

High oxidant levels can cause cell death as discussed
already, and hence NOX levels are maintained low in
the resting cells of the CNS, ensuring a low steady state
of H,0, flux. Maintenance of brain redox homeostasis
also requires adequate function of antioxidant seleno-
proteins, which involves an interplay between uptake of
selenoprotein P from blood plasma into astrocytes (the
main glial cell type of the brain) and subsequent sup-
ply of newly synthesized selenoproteins to neurons to
increase their antioxidant capacity””". Insults to the CNS,
such as accumulation of protein aggregates associated
with neurodegenerative diseases, cause upregulation of
NOX activity and oxidant generation — involving both
neurons and microglia (the main phagocytes in the
brain that serve as neuron-supporting cells). Neuronal
cell death can occur in a cell-autonomous manner and
a non-autonomous manner due to these interactions of
astrocytes and microglia. Other types of CNS insult can
also activate microglia, upregulate NOX2 and increase
ROS generation. Generally, this response is meant to be
protective by clearing debris and supporting neuronal
survival. However, in some cases microglia become over-
activated and overproduce and secrete ROS and reactive
nitrogen species, thereby leading to neuroinflamma-
tion and impeding neuronal and oligodendroglial sur-
vival'*’??, Furthermore, ischaemic conditions lead to
enhanced NOX4 activity in both neurons and endothe-
lial cells, which, in turn, causes neuronal autotoxicity
and breakdown of the blood-brain barrier*”.

As discussed already, H,O, is an important factor
supporting axonal growth and regulating cell pro-
liferation. It is thus not surprising that after injury or
amputation, nerves crucially increase the production of
oxidants, foremost H,0,, which facilitates axon regrowth
and tissue regeneration®”’. A novel aspect in the pro-
moting role of oxidants in regeneration after axonal
injury concerns the delivery of the H,O,-producing
NOX2 to the site. NOX2 is delivered by macrophages
via exosomes, which are subsequently incorporated into
injured axons via endocytosis, ultimately leading to
axonal regeneration®”.

Further highlighting the pleiotropy of ROS func-
tions and the fine balance between oxidative eustress
and distress, recent findings highlight the importance
of mitochondrial H,O, production for maintaining
proper function of neurons. Specifically, transcriptomic,
metabolomic, biochemical, immunohistochemical and
behavioural analyses showed that decreasing H,O, pro-
duction in astrocytes by overexpressing catalase caused
alterations to brain redox, carbohydrate, lipid and amino
acid metabolic pathways associated with neuronal
function®®.

Pertaining to the action of ROS in the CNS, there is
also evidence that oxidants are mediators of psycholog-
ical stress responses. An early finding was a mechanism
converting psychosocial stress into mononuclear cell
activation via NF-kB activation?”’. Furthermore, chronic
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psychological stress exposure promotes oxidative dam-
age of nucleic acids and lipids (which could contribute to
stress-induced ageing; see also the discussion on ageing
later)**. As shown in rats, psychosocial stress induces
early elevation of NOX2-derived oxidative stress in the
hypothalamus, ultimately leading to altered behaviour.
Mild psychological stress in humans may enhance
psychobiological resilience to oxidative damage****".
A well-studied type of psychological stress is noise stress.
The damaging effects of noise on vascular function and
inflammatory responses include specific activation
of NOX3 in the inner ear**?", opening avenues for
therapy for hearing loss”'*. Also, the causes of mental
(neuropsychiatric) disorders include mitochondrial mal-
function, suggesting a role of redox signalling in these
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disorders®"”.

Immune system, inflammation and wound repair.
Oxidative mechanisms are important in immune sys-
tem function, not only in protecting against infectious
agents but also in critical stepwise functions required
for complex processes, such as wound healing. The role
of redox reactions in inflammation and in immunology
has been widely studied’'**", and only a few highlights
are summarized here. In response to a cut in the skin,
NO and O, generation contribute to vasoconstriction
and changes in vascular permeability; eicosanoids,
including reactive oxidized lipids, function in platelet
recruitment and activation; redox signalling controls
fibroblast proliferation and differentiation; neutro-
phils are also recruited by oxidants, and then generate
more potent oxidants to kill microbes; and during the
wound repair process, redox signals cause proliferation
of endothelial cells and keratinocytes. In such processes,
phagocytes, neutrophils in particular, are major sources
of O,~ and H,0, (REF®)). In neutrophils, these oxidants
are produced by NOX2 and are utilized by peroxidases
such as myeloperoxidase and eosinophil peroxidase to
generate hypochlorous acid and other oxidants that are
used by these professional phagocytes to kill pathogens.
These oxidants are also implicated in the formation of
neutrophil extracellular traps, which support the capture
and killing of bacteria®'®*"". There is an extensive range
of examples of ROS functioning in the immune system,
and we provide only a few additional examples. In anti-
body production by plasma cells, oxidants are essential
for proper folding and maturation of immunoglobu-
lins?'®. There is also involvement of mitochondrial oxi-
dants in innate immune signalling®'’. As one example,
there is substantial adjustment in the respiratory chain
supercomplexes in macrophages on transition from the
resting state to the activated state, leading to increased
oxidant levels. These, in turn, affect downstream sig-
nalling which involves the NLRP3 inflammasome and
cytokine and chemokine release’’. ROS have also been
implicated in the communication between the host and
the gut microbiota. Specifically, it was shown that pro-
biotic gut bacteria contribute to H,0, generation, both
directly and by stimulating H,O, production in entero-
cytes on contact. This H,0, generation could contribute
to pathogen defence and promote redox signalling in
enterocytes, including NRF2 signalling, which confers
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cytoprotective and reparative responses, for example in
the event of inflammation"***.

Inflammation is a first step in the wound healing
process and, not surprisingly, oxidants are important
mediators of this process. ROS function in pathogen
defence, stimulation of angiogenesis and proliferation
and in myofibroblasts, which remodel the extracellular
matrix to seal the wound*”. In line with these important
functions of oxidant signals, the process of wound heal-
ing is characterized by redox gradients®**. Experiments
involving Xenopus laevis tadpole tail amputation
(using Hyper)*” and zebrafish tail fin amputation (using
Hyper7)* demonstrated that H,O, forms tissue-scale
gradients on tissue wounding and subsequent regener-
ation. Redox gradients occur due to physical separation
of sources and sinks of oxidants; such gradients provide
polarity for orderly processing of complex sequences of
biomolecular reactions. In migrating cells, such as fibro-
blasts, H,O, production occurs at the leading edge of
the cell, with the H,O gradient determining the stability
of cellular protrusions by influencing dynamics of the
actin filament network®. Overall, impairment of oxidant
generation impedes wound healing™*. However, over-
production of oxidants — oxidative distress — in the
wound site inevitably impairs wound healing, and hence
abalance between ROS production and ROS scavenging
is key to ensure unperturbed wound closure. This is of
particular importance in diabetes, which is associated
with increased oxidant production in various tissues.
In the wounds of patients with diabetes, several patho-
logical mechanisms contribute to the accumulation of
ROS, leading to wound healing complications in such
patients®’.

Cardiovascular system. The vascular endothelium, the
single cell layer lining the lumen of blood vessels, is
pivotal in maintaining vascular function, and endothe-
lial dysfunction is a major initial cause of cardiovascu-
lar disease. Regulation of endothelial function has an
important redox component, and oxidative stress and
inflammation are major contributors to cardiovascular
disease”***. Reflecting the pleiotropy of ROS, NOX4
has both beneficial and detrimental activities in endothe-
lial redox regulation*. The formation of new capillaries
in angiogenesis involves multiple redox control mecha-
nisms*'. On the one hand, keeping physiological low
levels of H,0, by NOX4 contributes to vasodilation,
maintenance of endothelial function and lower blood
pressure and vascular remodelling. On the other hand,
supraphysiological flux through NOX4 leads to vasocon-
striction, endothelial dysfunction, hypertension and a
proinflammatory state through secretion of cytokines
and chemokines, contributing to atheroclerosis**? and
aneurysm®”. The NOX1, NOX2 and NOX5 isoforms
also play roles in cardiovascular disease. These enzymes
produce O,~, which reacts with NO to form peroxyni-
trite. Protein-tyrosine nitration involving peroxynitrate
is a process of potentially harmful consequence, so
coordinated expression and control of endothelial NO
synthase (eNOS) with NOX enzymes is mandatory. In
some conditions, for example in patients with diabetes,
eNOS can become a generator of O,~ in a process known

as uncoupling: eNOS activity is switched to support
simultaneous production of O,~, thereby promoting
production of peroxynitrate.

Also of interest, redox regulation of vasculature
involves interorgan communication and specifically sig-
nals from the adipose tissue. Adipose tissue secretes hor-
mones (adipokines), which regulate vascular redox state
and provide a link between obesity and cardiovascular
disease®™*. Extensive earlier research also documented
the contribution of ROS to cardiovascular disease as
key mediators of atherosclerotic plaque formation by
promoting oxidation of low-density lipoprotein (LDL),
generating oxidized LDL (ox-LDL)**. Generation of
ROS occurs at the sites of endothelial damage, which
are caused by ox-LDL itself as well as by physical or
chemical forces due to disturbed flow and infection, with
endothelial cells, macrophages and smooth muscle cells
contributing to the ROS load. Ox-LDL then damages
endothelial cells, causing inflammation that leads to the
recruitment of macrophages, which then take up ox-LDL
and transform into plaque-forming foam cells*”.

Skeletal muscle. Redox signalling has important roles
in muscle function, exercise adaptation and decline in
muscle function in frailty. For instance, redox signalling
supports neuromuscular development'¥’, blood flow for
immediate physical activity* and long-term remod-
elling and adaptation to contractile activity*”’. It was
also shown that skeletal muscle regeneration is under
redox control, whereby physiological ROS — acting
through the many redox-sensitive signalling pathways
— regulate the activity of muscle stem cells***. However,
like in other tissues, increased ROS load is detrimen-
tal to muscle function, and skeletal muscle frailty, the
general decline in muscle mass and function commonly
associated with ageing, is a phenotypic manifestation
of underlying oxidative stress*”. This skeletal muscle
decline is thought to occur owing to perturbed physio-
logical adaptation to H,0, and products of oxidative
damage to biomolecules®’. As expected, on the basis
of the role of constant progressive physical activity in
boosting resilience and increasing ROS detoxifying
mechanisms®”, exercise is able to counteract age-related
muscle loss**"**. There is also recent evidence that dis-
ruption of redox balance and impairment of redox sig-
nalling specifically in motor neurons are implicated in
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muscle loss**.

Insulin sensitivity and pathogenesis of diabetes. It is now
well established that oxidants have various inputs into
regulating insulin signalling, so much so that type 2
diabetes is being considered as a ‘redox disease’**. As
mentioned already, oxidation is required for protein
folding in the ER, and hence insufficient supply of oxi-
dants will lead to UPR activation, which compromises
insulin sensitivity in muscle and liver and at the same
time can induce apoptosis of pancreatic p-cells, leading
to decreased insulin secretion. Furthermore, several
of the targets and regulators of insulin receptor signal-
ling*** are redox sensitive, such as AKT, FOXO, PTEN,
PTPI1B and JUN amino-terminal kinase (JNK), provid-
ing ample nodes for redox regulation of insulin-derived
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peroxidation of
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signals”*. Generally, physiological low oxidant levels

increase insulin sensitivity by inhibiting the activity of
PTP1B — which dephosphorylates and deactivates the
insulin receptor — through their ability to modulate
stress-response kinases. Nevertheless, increased ROS
production potently promotes insulin resistance. As a
prominent mechanism, high levels of oxidants favour
activation of JNK, which is the most studied effector of
insulin resistance®”.

ROS in ageing and lifespan regulation. Early studies
on free radical mechanisms provided a basis for a free
radical theory of ageing**. This theory invoked ROS as
key reactants in uncontrolled processes involving reac-
tions with all classes of macromolecules. Indeed, metab-
olites generated by redox reactions have the capacity to
spontaneously modify macromolecules over time, and
cumulative macromolecular damage can, in principle,
contribute to many mechanisms of ageing, including
non-enzymatic modification via Schiff base formation
or Michael addition*”. However, such changes can be the
result of the inherent activity of many reactive molecules,
not just ROS'**,

The damaging roles of oxidants are consistent with
the hallmarks of ageing**, which include mitochondrial
dysfunction, protein denaturation and aggregate for-
mation, altered cell membranes and intercellular com-
munication, loss of regenerative cell populations owing
to cell death and senescence, and genomic instability.
All of these hallmarks have a redox-regulated compo-
nent. Thus, an unresolved question is whether oxidant
signals are a cause or a consequence of these hallmarks.
Ageing is characterized by declining cellular homeo-
static responses and diminished removal of damaged
macromolecules, organelles and cells (impaired qual-
ity control), which results in weakened resilience. The
extent of weakening resilience to challenges will inev-
itably determine the transition from healthy ageing to
premature ageing.

Importantly, however, redox signalling is central to
adaptive homeostasis mechanisms™', as discussed earlier,
and target systems of ROS-mediated signalling, including
NREF?2 activity*?, NF-kB**, AMPK>*, uncoupling pro-
teins*, proteostasis”**** and mitochondrial signalling*”’,
are all subject to age-dependent decline. As documented
with advanced redox proteomic tools, ageing rewires
tissue-specific redox signalling networks™. Accumulating
evidence now suggests contribution of oxidants to the
extension of lifespan’®***'. Specifically, mitochondrial
oxidant signalling was found to be essential in extending
lifespan in the process of mitohormesis, which has been
shown to be a prolongevity mechanism in response to
caloric restriction, exposure to mild hypoxia, temperature
stress caused by elevated or decreased body tempera-
ture and physical activity’>**”. Furthermore, work with
Caenorhabditis elegans revealed that early-life exposure
to ROS impacts stress resistance later in life, extend-
ing lifespan. Mechanistically, H,O, was found to cause
oxidant-sensitive epigenetic changes (global reduction
of histone H3 Lys4 trimethylation) that increase stress
resistance and lifespan®. Thus, redox processes in early
development ultimately prolong lifespan.
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Overall, as with other ROS functions, redox regulation
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of ageing seems to involve antagonistic pleiotropy”*.

Cancer. As with ageing, the hallmarks of cancer” include
redox perspectives of considerable complexity”***".
This large area of research is not covered here in detail,
but oxidant generation is strongly linked to initiation,
progression, bystander effects in the tumour micro-
environment and the biology of metastasis. Cancer cells
increase ROS production®®, which, by controlling vari-
ous signalling pathways and transcription factors, helps
boost proliferation, helps rewire cancer cell metabolism
and allows cell adaptation to nutritional and hypoxic
stresses*2*>?’°, Exposome influence, encompassing
various environmental exposures, psychological stress,
diet and lifestyle, and so on, is particularly important
in malignant transformation, potentially by impacting
ROS-mediated mechanisms in cancer. In light of this
dependence of cancer cell adaptation on ROS, it has been
postulated that supplementation with selenium or appli-
cation of antioxidants such as vitamin E or vitamin C
could be a strategy to prevent malignant transformation.
Nevertheless, data on the benefits of ROS-scavenging
approaches for cancer prevention are inconsistent”**"".
Some tumours increase their activity of antioxidant
systems®”, indicating that a careful balance between
oxidants and antioxidants is required for malignancy.
This heightened antioxidant capacity of cancer cells is
frequently associated with resistance to chemotherapy,
as several currently used anticancer drugs are known to
drive cytotoxicity at least partially via oxidant genera-
tion*””. Overall, successful anticancer therapy, with the
choice to use oxidant-producing chemotherapeutics
to induce oxidative distress or antioxidants to perturb
redox balance required for cancer progression, should
be tailored to the particular case, including considera-
tion of the stage and type of the tumour, oxidant levels
in the tumour niche and the endogenous antioxidant
capacity of the tumour?’*”***, High-dose (pharma-
cological) ascorbate is currently being investigated in
tumour therapy as means of sensitizing cancer cells to
radiochemotherapy”’>”°.

Prospects for redox medicine
In light of the extensive impact of ROS on health, there
has been continued interest in targeting ROS for ther-
apeutic benefit in the development of redox medicine.
However, the expanding knowledge of pleiotropy of ROS
signalling demands that redox medicine use strategies
with selectivity to address disease-relevant mechanisms
while avoiding disruption of other important signalling
processes. Trials with non-selective low molecular mass
antioxidants at high doses have generally failed in pre-
vention or treatment of disease processes, likely owing to
disturbed redox signalling. In general, these trials were
designed before the physiological importance of H,0O,
signalling was recognized. With expanding knowledge of
the mechanisms of ROS, therapeutic interventions focu-
sed on disease-relevant sources and targets of ROS are
now becoming possible and are entering clinical trials””’.
Depending on the ROS source, disease or patholog-
ical conditions, therapeutic applications targeting ROS
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Fig. 5 | Prospects for redox medicine. As discussed in the main text, reactive
oxygen species (ROS) and other active species are generated via various
endogenous sources that are coupled to each other and to cellular signalling
networks (see FIGS 2,3; TABLE 1). It is also now well established that the
totality of exposures — to various chemical and biologic agents, radiation,
psychosocial components, nutrition, exercise and lifestyle — throughout the
lifetime, the so-called exposome, has an important input into oxidant levels.
We also extensively discussed the importance of the proper redox balance
for homeostasis maintenance and for physiological cellular and organismal
function. Physiological levels of oxidants support physiology (oxidative eust-
ress), while excessive oxidant exposure causes damage (oxidative distress).
Mild elevation of oxidant levels leads to adaptation to stress and resilience
(a concept known as hormesis). Redox medicine has the potential to
modulate levels of oxidants for therapeutic benefit. It is desirable to control
excessive levels of oxidants to prevent toxicity associated with oxidative
distress (leading to cell death and tissue degeneration) and maintain proper
redox balance. Applications of these strategies include use in (neuro)
degenerative disorders and disorders associated with pathological
inflammation. ROS scavenging has also been proposed as a strategy for
lifespan extension and also in cancer prevention (as elevated ROS levels have

* Physiology/pathophysiology
* Health/disease

been associated with cancer cell pathology). One possibility to control ROS
is to supply redox cofactors (importantly nicotinamide nucleotides and
flavins), which are essential for most redox reactions and hence are required
for proper redox balance. An additional approach is to supply antioxidants,
including various small bioactive molecules, such as vitamins, micronutrients
and metal ions, as building blocks and components of enzymes, such as
redoxins (thioredoxin, glutaredoxin and peroxiredoxin), glutathione
peroxidase (GPX) and superoxide dismutases (SODs). There is also potential
to use various redox interventions, including lifestyle changes and
appropriate nutrition, but also redox-active drugs. Furthermore, exposure to
hypoxia can have beneficial effects on redox balance and has been
associated with increased resilience to stresses, including oxidative stress.
In some circumstances, such as cancer and other types of aberrant tissue
formation as well as to boost immune responses and pathogen defence, for
example in the context of wound healing, it might be beneficial to induce
elevated ROS generation to cause oxidative distress and promote cell killing.
These approaches can be realized with the use of various chemotherapeutics,
irradiation and redox cycling drugs and also with physical methods such as
photodynamic therapy or the use of cold atmospheric plasma. RNS, reactive
nitrogen species; RSS reactive oxygen species.

Redox cycling agents
Chemicals that undergo
enzymatic one-electron
reduction, generating a
transient radical, which is
reoxidized by molecular
oxygen, reducing it to O, .

Photodynamic therapy

A therapy using photoexcitable
agents and light to generate
toxic reactive oxygen species,
predominantly singlet
molecular oxygen.

can involve upregulation of certain antioxidant systems,
such as the NRF2 system*”®, supplying low molecular
mass antioxidants, such as vitamins, carotenoids and
even bacterial metabolites, supplementation with trace
elements and micronutrients (in the case of their defi-
ciency)””, and environmental interventions (nutrition,
lifestyle and exercise) (FIG. 5). There is also potential for
the application of more targeted inhibitors of ROS, such
as specific suppressors of O,~ production at mitochon-
drial sites”"**'. Control of free iron is another promising
target in controlling ROS, as this controls the site and
extent of generation of the highly aggressive hydroxyl
radical*>*** (BOX 1). Such approaches could be beneficial
for the treatment of diseases caused by oxidative distress,
including neurodegenerative and cardiovascular diseases
related to chronic oxidative stress and in the treatment of
patients with inflammatory disorders, viral diseases and
sepsis. The response to hypoxia provides another ther-
apeutic opportunity to target aberrant ROS generation,
in this case associated with mitochondria®**. In line with
this, genetic or small-molecule activation of the response
to hypoxia was found to be protective against mitochon-
drial dysfunction in cell culture and the zebrafish model,
while chronic hypoxia led to an improvement in sur-
vival, physiology and disease biomarkers in a genetic

mouse model of Leigh syndrome, which is a common
paediatric manifestation of a mitochondrial disease.
These beneficial effects of hypoxia on mitochondrial
toxicity were likely driven at least in part by modulating
oxidants***. Furthermore, successful ROS-targeting ther-
apeutic strategies have involved application of oxidative
distress (FIC. 5) to induce cell death in treatment of can-
cers (ionizing radiation, coupled with redox cycling agents
as oxidant-producing chemotherapeutics) and skin
disorders, such as acne and psoriasis (generating sin-
glet oxygen in photodynamic therapy)**. An interesting
application of oxidative distress is the use of cold atmos-
pheric plasma, a mixture of ROS and other oxidants,
which has been successfully applied to support anti-
bacterial defence in wound healing as well as in cancer
cell treatment®”.

In addition to modulation of oxidative distress
— inhibition to counteract pathological cell loss and
induction to promote cell death of pathological cells
— an interesting avenue in redox medicine is modula-
tion of redox eustress to regulate redox signalling and
associated cell functions. This would require informa-
tion on patient-related status; the Bioenergetic Health
Index in human monocytes has been formulated as a
sensitive measure of oxidative stress***. Such concepts
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in redox metabolism offer new insights into develop-
ing metabolism-based clinical tests*. In the context of
the process of tumorigenesis, which as described earlier
relies on elevated levels of oxidants to drive malignancy,
there is a therapeutic avenue of using drugs inhibiting
redox signalling, and a number of such approaches have
been evaluated™*.

On the new front in redox medicine, the emerging
field of ROS-based nanomedicine, involving nano-
materials with ROS-regulating properties, holds promise
for optimized therapeutic efficacies®>*. Furthermore,
the new tools of network medicine, involving the pheno-
typic analysis with consideration of intracellular and
intercellular connectivity, encompassing the different
omic levels and their interconnection, now make possi-
ble identification of functional modules leading to dis-
ease’”. In the area of redox regulation, this data-driven
approach was used to link the different omics levels to
mitochondrial function, thereby providing a systems
biology view of mitochondrial macromolecular and
metabolic functions, including regulation of mito-
chondrial H,0, production®”. Such approaches will
be key in developing novel, more targeted therapies for
ROS control.

Conclusions and perspective

The signalling and damaging properties of ROS, in
particular the most prevalent and best studied cellular
oxidant H,O,, form the basis for the concept of redox
homeostasis, with its components of oxidative eustress
and oxidative distress. Redox signalling is universally
integrated with the central homeostatic mechanisms at

REVIEWS

the molecular, organellar, cellular, tissue and organismic
levels. The scientific community has learned a great deal
about these mechanisms in development, health and dis-
ease as well as in ageing. This led to the emergence of a
new field of redox medicine that explores the potential of
targeting the production and detoxification of oxidants
as a medical strategy. However, because of the extensive
pleiotropy of ROS, their role as physiological signalling
agents remains difficult to explicitly define in terms of
simple cause—effect relationships.

Given the recent availability of advanced methods
to analyse specific oxidants mentioned already, an
important step forward for future research in under-
standing the complexity of the contribution of oxidants
to physiology is to restrict considering ‘ROS’ — which
does not refer a single molecule after all — in favour of
examining specific molecular agents such as O,~, H,0,
or 'O, that have vastly different properties, mechanisms
and roles in physiology (BOX 1) and hence may require
very different approaches for therapeutic modulation.
Furthermore, the borderline between oxidative eustress
and oxidative distress in different physiological settings
is highly context dependent and needs to be better charac-
terized. Thus, to successfully use redox modulation as a
therapeutic strategy, it is of crucial importance to charac-
terize redox balance in the different contexts. Omics and
imaging technology will provide access to understand-
ing such global effects. We anticipate that with these
advancements, the potential for the emerging field of
redox medicine will be better realized.
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