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Abstract

The exogenous antioxidants vitamin C (ascorbatd)watamin E @-tocopherol) often blunt
favourable cell signalling responses to exerciaggssting that redox signalling contributes
to exercise adaptations. Current theories positttha antioxidant paradigm interferes with
redox signalling by attenuating exercise-inducexttige oxygen species (ROS) and reactive
nitrogen species (RNS) generation. The well-docuetem vitro antioxidant actions of
ascorbate and-tocopherol and characterisation of the type anarcs of the ROS/RNS
produced during exercise theoretically enables tifieation of the redox-dependent
mechanism responsible for the blunting of favowrad®ll signalling responses to exercise.
This review aimed to apply this reasoning to deteenhow the aforementioned antioxidants
might attenuate exercise-induced ROS/RNS productidre principal outcomes of this
analysis are (1) neither antioxidant is likely tteauate nitric oxide signalling either directly
(reaction with nitric oxide) or indirectly (reactiowith derivatives, e.g. peroxynitrite) (2)
neither antioxidant reacts appreciably with hydrogeeroxide, a key effector of redox
signalling (3) ascorbate but nattocopherol has the capacity to attenuate exemtheced
superoxide generation and (4) alternate mechanisrasiely pro-oxidant side reactions
and/or reduction of bioactive oxidised macromolecadiducts, are unlikely to interfere with
exercise-induced redox signalling. Out of all tlesgbilities considered, ascorbate mediated
suppression of superoxide generation with attendaplications for hydrogen peroxide
signalling is arguably the most cogent explanatmmblunting of favourable cell signalling
responses to exercise. However, this mechanisregsrdient on ascorbate accumulating at
sites rich in NADPH oxidases, principal contribwtdo contraction mediated superoxide
generation, and outcompeting nitric oxide and soxide dismutase isoforms. The major
conclusions of this review are: (1) direct eviderfoe interference of ascorbate aid
tocopherol with exercise-induced ROS/RNS producimnacking (2) theoretical analysis
reveals that both antioxidants are unlikely to haveajor impact on exercise-induced redox
signalling and (3) it is worth considering altematdox-independent mechanisms.

Key words: Vitamin C, Vitamin E, antioxidant, reactive oxygspecies, reactive nitrogen
species, exercise adaptations, oxidative stress

Abbreviations: 5LOX: 5-lipoxygenase; AP-1: Activating ProteindGMP: Cyclic
Guanosine Monophosphate; ERK: Extracellular Sidgtedulated Kinase; GSH: Glutathione
(reduced); GSSG: Glutathione (oxidised}J# Hydrogen Peroxide; Hlle: Hypoxia
Inducible Factor Alpha; HSF-1: Heat Shock Factdd$P90: Heat Shock Protein 90;
JNK:c-Jun N-terminal Kinase; KEAP-1: Kelch-like HE€Associated Protein 1; NADPH
oxidase: Nicotinamide Adenine Dinucleotide Phosefaxidase; NReB: Nuclear Factor
Kappa Beta; NO: Nitric Oxide; NOS: Nitric Oxide Skease; Nrf2: Nuclear Factor
(erythroid-derived 2)-like 2; p38 MAPK: p38 Mitogéctivated Protein Kinase; PGGrl
Peroxisome Proliferator-Activated Receptor Gammadfiwator 1-alpha; PTEN:
Phosphatase and Tensin Homolog; SHP-2: Src Homd&ogpein-2; SOD: Superoxide
Dismutase; Src: STATS3: Signal Transducer and Attivof Transcription 3
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Introduction

In the last year, many studies have observed thagemous antioxidant supplementation,
principally ascorbate and-tocopherol co-supplementation, blunts favourablelecular
responses to exercise training [1-3]. These fingliognfirm some [4-7] but not others [8-14]
in this area [reviewed in 15-18]. Irrespective bE toutcome, all of the aforementioned
studies share a common mechanistic rationale tepérdls on the antioxidant action of
ascorbate andi-tocopherol (see figure 1A). This redox dependemcimanism is often
assumed, yet seldom confirmed by any biochemicasomements. That is, evidence to
support the postulate that redox-dependent meahanae responsible for the observed
results is rarely presented. A redox-dependent aresim of action principally rests on the
assumption that ascorbate amdocopherol react appreciably with reactive oxygpecies
(ROS) and reactive nitrogen species (RNS) implatateredox signalling (see box 1). In line
with a recent commentary [19] the terms ROS/RNShataused hereafter for two reasons (1)
they convey limited mechanistic information and @@ two electron oxidants that
principally mediate redox signalling (e.g. peroxyite) are known. The well-documented
vitro antioxidant actions of ascorbate antbcopherol and characterisation of the sources of
superoxide and nitric oxide (NO) generation, preots of hydrogen peroxide £8,) and
peroxynitrite, during exercise in skeletal musataldes the veracity of this assumption to be
explored (see figure 1B). Possible redox-dependeathanisms for these results are
appraised herein.

Redox signalling

Cell signalling enables cells to integrate inforimatprovided by internal and external cues
into an orchestrated biological response [20-22fuAdamental aspect of cell signalling is
the propagation, via regulated biochemical reastioof specific and reversible
compartmentalised signals [20-22]. There is aneasing realisation and indeed evidence
base supporting the notion that redox-dependenthameems contribute to cell signalling
processes [23-29]. The basic premise of redox Higgais that two electron oxidants,
principally HO,, regulate specific and reversible post-translafiomodifications to thiol
(SH) moieties on target proteins implicated in cetinsilling [27]. Salient modifications
include inter alia: disulphide formation, sulfenic acid formation,nfrosylation and S-
glutathionylation [23-31]. Of course, redox sigimadlis not limited to thiol modification with
other processes contributing, notably oxidatiorotbfer amino acids (e.g. methionine) and
oxidised macromolecule adducts (e.g. 4-hydroxynahgtb, 32-33]). Whilst the biological
importance of redox signalling is clear, the undarmg mechanisms are unresolved [23-25,
34]. This is best evidenced by the chemical comggdhat could limit the reaction of,B-
with thiol moieties on target proteins (see bel@4-P5]). It is, therefore, clear that redox
signalling is important but that elucidating thedarpinning mechanisms requires further
research.
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Exogenous antioxidants, exer cise and redox signalling

One conceptual model of exercise adaptation pdsiis‘exercise signals’ (e.g. altered*Ca
flux and energy status) during acute exercise badatwate signalling pathways, that with
repeated activation (multiple exercise bouts), djiekercise adaptations [35-37]. From a
redox perspective, increased exercise-induced oxige;, NO, peroxynitrite and .
generation is an ‘exercise signal’ implicated ie tiegulation of beneficial cyto-protective
and mitochondrial exercise adaptations [38-41]o&ytective adaptations confer increased
resistance to oxidative stress owing to increadethtipione content, antioxidant enzyme
activity and content coupled to up-regulation ofoegrotective proteins, notably heat shock
proteins [42-45]. Mitochondrial adaptations are npipally manifested by increased
mitochondrial content and consequent metabolic @adiaps post-training [46-49]. At the
molecular level, increased contraction-mediatedesupde, NO, peroxynitrite and B,
generation is implicated in the regulation of saVveignalling proteins, including kinases
(e.g. p38 MAPK [50]), transcriptional co-activatofs.g. PGC-& [51]) and transcription
factors (e.g. NReB, HSF-1, AP-1 and Nrf2 [38-41; 52]). Akin to tharpnt discipline,
knowledge of mechanisms underpinning exercise-ieduedox signalling is fragmentary.
That is, how contraction-mediated superoxide, N@ropynitrite and HO, generation
impacts the post-translational state of redox-seessignalling proteins remains to be fully
resolved and demonstrated in an exercise settirgrciEe-induced redox signalling could
involve free radical (e.g. superoxide) and nongalddimediated (e.g. peroxynitrite)
mechanisms [26-28]. The aforementioned mechanisith;ext be considered in turn but it
is emphasised that the impact of ascorbatecatwtopherol cannot be fully appraised until
the mechanistic nature of exercise-induced redgmxadiing is better understood. The need to
advance knowledge of exercise-induced redox sigigattonstitutes a major theme of this
review.

Direct signalling

Skeletal muscle contractions are associated witlaresient increase in superoxide and NO
generation, secondary to NADPH oxidase and nitrkéde synthease (NOS) isoform
activation, respectively [53-56]. It is, therefomegcessary to consider whether (1) direct
redox signalling by superoxide and NO is possilde dscorbate and-tocopherol react
appreciably with either radical (3) this reactiont-competes other reactions and (4) any
reaction interferes with compartmentalised redgxailing.

Superoxide

There are several sources of superoxidgkeletal muscle, including: mitochondrial electr
transport chain complex | and 1ll, NADPH oxidasekial oxidases, xanthine oxidase,
uncoupled NOS isoforms, phospholipases and lipaxgges [57-59]. Recent data suggest
that NADPH oxidases are the principal contributtwscontraction mediated superoxide
generation [60-61]. NADPH oxidases are expressexbwatral locations in skeletal muscle,
including: mitochondria, sarcolemma, transversellegand sarcoplasmic reticulum [60-64].
From a signalling perspective, superoxide doegemtt appreciably with thiolk 10 M™
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s* [65]) and any reaction would have to outcompetekinetically favourablek(~ 1 M™* s

1) reaction of superoxide with superoxide dismutg&®D) isoforms [66]. Hence, signalling
via this mechanism is unlikelyn vivo [23, 66]. It should be noted that the reaction of
superoxide with thiols is complex and involves intediate thiyl radicals that ultimately
result in the regeneration of superoxide [29, 85 also of note that superoxide is not that
reactive with most biomolecules [66-67]. Indeedhesoxide is more of a reductant than an
oxidant unless protonated [66-67]. Nevertheless, dwenot exclude the possibility that
elevated superoxide concentrations allied to tamgetocalisation might overcome this
kinetic constraint [28, 68]. Whilst the reactiontkvihiols might be unlikely, superoxide can
react with protein metal centres directly [69]. Oeeample relevant to exercise is the
involvement of superoxide in the regulation of HiFa protein that regulates exercise-
induced angiogenesis [70-71]. Superoxide can redtt the metal centre of propyl
hydroxylase, an inhibitor of HIk; converting F& to F€* and inactivating the enzyme [72].
Direct signalling by superoxide is, therefore, polesbut comes with the caveat that this
mechanism is not well characterised and thiol cietaseems unlikely.

Although, under-characterised and indeed unlikelysome contexts (e.g. thiol oxidation)
superoxide may contribute to exercise-induced redmnalling. Providing a potential
mechanism for ascorbate andtocopherol to blunt exercise-induced redox signgll
provided either antioxidant reacts appreciably vatiperoxide a-tocopherol does not react
appreciably with superoxide, partly owing to itsopgolubility in aqueous solution and the
negative charge of superoxide that restricts diffuscross biological membranes [69, 73]. It
follows that a-tocopherol is extremely unlikely to interfere withxercise-induced redox
signalling in this fashion. A redox-independent heasm is possible via inhibition of 5-
lipoxygenase (5-LOX) activity [74-75] but this hast been demonstrated in skeletal muscle
cell lines.

Ascorbate can directly react with superoxifle ~ 10° M™ s* [76]). From a kinetic
perspective, therefore, ascorbate mediated scawgngif superoxide with attendant
implications for redox signalling is possible. Humskeletal muscle is highly responsive to
ascorbate supplementation [77-78]. Indeed, levels be increased by ~3.5 fold post-
supplementation [77]. Elevated ascorbate concemtatpost-supplementation increase the
likelihood of the ascorbate-superoxide reactionuadcg. This could have signalling
implications provided (1) ascorbate out-competégteactants and (2) reacts in the relevant
microdomain. Whether ascorbate out-competes otmrtants, namely SOD isoforms and
NO for superoxide [78], is not known. It is unligdiowever, that ascorbate out-competes the
diffusion-limited superoxide-NO reaction [78]. Redsignalling is compartmentalised and
subject to intricate spatiotemporal regulation g8)- Spatiotemporal regulation of different
redox-sensitive networks is controlled, in part, \arious subcellular redox couples (e.g.
GSH/GSSG) that are not in equilibrium [80-86]. That redox couples in different
microdomains and organelles exhibit different redmtentials and are not necessarily
interlinked [80-86]. For instance, a signalling etvemight involve oxidation of the
cytoplasmic but not nuclear GSH pool [80-82]. llidws that, the reaction of ascorbate with
superoxide requires spatial context for properrpretation. For example, if it is assumed
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that exercise-induced redox signalling occurredhi@ caveolae of the plasma membrane
following NADPH oxidase activation and resultanpstoxide generation. Then ascorbate
would need to be present in this microdomain teaffa reduction in the amount of
superoxide available for reaction with a targetdmmutation to HO,. In this scenario, the
initial signalling event would be unperturbed byacton of ascorbate with superoxide in
other microdomains (e.g. cytoplasm). Signallinguresg only a small proportion of the total
target protein population to be modified hencesihoted that signalling could still proceed
despite some reduction in superoxide and targeteijpromodification levels. Whether
ascorbate is present in the relevant microdomaamaims an open question. Overall,
ascorbate reacts with superoxide but the spatiatemhmature of this reaction and its
relevance to exercise-induced redox signalling iregudurther investigation.

Nitric oxide

NOS isoforms utilise L-arginine to catalyse NO protion [87]. The principal NOSs in
skeletal muscle are nNOS (localised to the sarcol@mn eNOS (localised to the
mitochondria) and iNOS the inducible isoform [88-89keletal muscle contractions increase
intra and extracellular NO generation [55-56]. N&Divaates guanylate cyclases, via reversible
heme group binding, to generate the signalling biecule cGMP [87]. This signalling
mechanism is associated with several physiologiogedomes, notably vasodilation following
NO generation by vascular endothelial cells [90f, is not generally considered to be redox
signalling per se [25]. Rather, NO based redox signalling is tydicahdirect in nature,
proceeding through reaction of NO with other radic28]. Any reaction of exogenous
antioxidants with NO directly would, therefore, beconsequence for indirect signalling. In
this regard, NQeacts rapidly with other ROS/RNS, notably supeatexibut reacts slowly
with other cellular biomolecules [91]. Hence, akate andi-tocopherol have limited ability
to suppress NO directly [69]. It is, however, remsgd that ascorbate could influence NO
bioavailability with possible implications for in@ict signalling [92-93]. NOS mediated NO
generation is contingent upon several co-factargbly tetrahydrobiopterin (BH94]). Low
levels of BH, and/or ablated BiHbinding uncouple NOS isoforms resulting in theduation

of superoxide [93]. NOS uncoupling is implicatedtlre pathophysiology of cardiovascular
disease [95]. Ascorbate is suggested to prevent NGBSrm uncoupling and thus enhance
NO bioavailability [92]. The underpinning mechansnemain to be fully resolved but might
involve superoxide suppression [92], reduction HyBxidation and/or reduction of oxidised
intermediaries (e.g. BH93]). The implication of this is unclear from igisalling perspective
and may not be relevant in non-pathological settin@verall, neither antioxidant can
interfere with NO signalling by direct reaction buatscorbate might influence NO
bioavailability, the outcome of this being uncl@aan exercise setting.

Indirect signalling
Peroxynitrite

Peroxynitrite, a term encompassing peroxynitriteamand its protonated form peroxynitrous
acid, is an extremely labile reactive species gardrby the diffusion controlled reaction
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between NO and superoxide £ 4-16* 10> M s* [97-100]). The aforementioned reaction
proceeds at a significantly faster rate than tlaetren of superoxide with SOD isoforms~
1-2 ¥ 10> M* s* [88, 101]), rendering peroxynitrite generationikelly fate of NO and
superoxide produced during muscle contractions][1@@m a signalling perspective, direct
signalling by peroxynitrite is unlikely owing topi reaction with peroxiredoxink ¢ 1C-
10" Mt s1[99, 103-106]) and COk ~ 5.8 10* M s* [99, 104, 107-108]). The rather slow
reaction kK ~ 10> M s* for ascorbate [69]) of both ascorbate amtiocopherol with
peroxynitrite is unlikely to outcompete the aforemiened rapid reactants. It is improbable
that this reaction out-competes the moderate @act peroxynitrite with glutathionek (=
1.35 x 16 M* s [77]), given the abundance, present at millimaancentrations in most
cells, of glutathione. Further, diffusion of peroyite across biological membranes is
limited, rendering reaction witlx-tocoperhol unlikely [77]. It is necessary, therefoto
consider whether ascorbatesstocopherol can modulate indirect peroxynitritensilling.

Indirect peroxynitrite signalling could proceed V&) coupled sensing and metabolism
mechanism, wherein peroxiredoxins function as sepsateins that transmit the signal (2)
reaction with glutathione and generation of thadliicals and/or (3) radical derivatives of the
reaction of peroxynitrite with CO[25, 28]. Ascorbate and-tocopherol are unlikely to
interfere with any peroxiredoxin associated sensmagabolism signalling. This would
necessitate outcompeting two highly abundant anficiesit reactants, C© and
peroxiredoxins, for peroxynitrite and hence will tnbe further considered herein.
Analogously, neither antioxidant will likely out-ogete glutathione to blunt any thiyl radical
associated signalling. In any case, the principalofical fate of peroxynitrite is rapid
reaction with CQ to generate short-lived intermediaries (e.g. speroxocarbonate) that
can form radical products following homolysis, rmta carbonate radical and nitrogen
dioxide [99, 104, 107-108]. It is possible thatrsitling proceeds through carbonate radical
and nitrogen dioxide, as both are one electronamt&l[109] that could be implicated in thiol
based signalling [28]. The capacity of these rddidca be second messengers in redox
signalling might be limited by their non-selectikeaction with protein thiols. Both radicals
can initiate protein nitration with attendant ingaliions for redox signalling [110]. For
instance, nitration of HSP90 at specific residugs 83 & 56) inducts neuronal apoptosis via
the Fas pathway [110]. It can also inactivate amdi@nt enzymes (e.g. SOD2 and GPx1 [111-
113]), which could facilitate transient transmissiof a redox signal [114-115]. As a
signalling paradigm, protein nitration could be itiea by its random nature and lack of
reversibility. Nevertheless, ascorbate @tocopherol mediated scavenging of carbonate
radical and nitrogen dioxide could blunt subsequiaml and/or protein nitration based
signalling.

Ascorbate reacts with both carbonate radical atrgen dioxide [109]. In particular, the
reaction of ascorbate with nitrogen dioxide~(3.5 10’ M s%) is similar to glutathionek(~

2% 10" M s1) and the reaction of nitrogen dioxide with tyrasimadical k ~ 3.2 1° Mt s

1), an intermediate in the formation of nitrated tpies [77, 116]. Increased ascorbate
concentrations post-supplementation could facditatavenging to attenuate nitrogen dioxide
mediated protein nitration or thiol oxidation. Thedevance of this for redox signalling is ill
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defined and this represents a considerable cavagher, ascorbate would have to attenuate
nitrogen dioxide formation proximal to the signadji reaction (nitrogen dioxide-protein
tyrosine residue) as blunting signalling dependsimterfering with spatially regulated
cascades [80-83]. Distal reactions would be likelyust attenuate macromolecule damage
without impinging redox signalling [80-83]. Any re#n of a-tocopherol with carbonate
radical is likely biologically irrelevant, sincedhcharge state of carbonate radical restricts
diffusion through lipid bilayers [109, 117]. In doast, nitrogen dioxide is uncharged and can
react witho-tocopherol k < 1 M s'[116]). However,a-tocopherol is not considered an
efficient nitrogen dioxide scavenger [116] andikelly out-competed by other reactants (e.g.
glutathione), despite any increasesutocopherol membrane content post-supplementation.
Overall, it is clear that (1) neither antioxidastlikely to interfere with indirect signalling
associated with peroxiredoxins or glutathione dzpcopherol is unlikely to interfere with
any carbonate and nitrogen dioxide signalling hig ts theoretically possible for ascorbate
and (3) the importance of carbonate radical antbgéin dioxide for redox signalling is
unclear, questioning the biological relevance of imterference.

Hydrogen peroxide

Several aspects of redox signalling have beenbat&d to HO,, a relatively stable and
membrane permeable reactive oxygen species [23-P®,121]. The basic mechanism of
H,O, mediated signalling involves changes in targetginofunction following oxidation of
cysteine residues to form sulfenic acid and disdphbonds [26-27]. The reaction oLGh
with highly abundant enzymes, notably glutathioreogidaseK ~10° M s* [122]), catalase
(k ~2.0 x 10 M™ s* [123]) and peroxiredoxins (310° M s* [106, 124]), proceeds at a
significantly faster rate than its reaction withacBve cysteine residues on low abundant
signalling proteins (e.g. KEAP1 estimated-140 M* s* [125]). It would, at first glance,
seem that kD, signalling would be precluded, owing to the(d signal being metabolised
before reaction with target proteins [23, 25]. Eharre several explanations for redox
signalling proceeding despite this chemical bo#tdn (see 28, 125), however three are
particularly cogent. First, the &, metabolising enzymes could act as sensors theasseaig
has been suggested for peroxiredoxin isoforms I286]. Indeed, peroxiredoxin 2 acts as a
signal receptor and transmitter in STAT3 signallift?7]. Second, post-translational
modifications (e.g. phosphorylation) could alteg ttatalytic efficiency of KD, metabolising
enzymes, permitting transient transmission of aoxedignal [25, 114-115]. Third, co-
localisation of target and source allied to a faable target protein microenvironment,
principally manifested by an exposed thiol with lpt, [23-29; 128-129]. It is apparent that
the mechanistic details of,B, mediated signalling require further investigatjag].

Despite the aforementioned mechanistic considersitidbO, mediated signalling is

implicated in the regulation of kinases, phosplesadranscriptional co-activators and
transcription factors in various subcellular contpeents [23-29; 125]. For instance, kinases
and phosphatases modulate cell signalling via ysitaj phosphorylation and

dephosphorylation of protein residues, respectijE2®-130]. Oxidation of cysteine residues
in the catalytic domain of these enzymes, resulteversible activation of tyrosine kinases
(e.g. Src [130]) and inactivation of phosphatageg.(PTEN and SHP-2 [131]). This redox
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signalling paradigm is important for the propagatiof growth factor signalling (e.g.
epidermal growth factor), as demonstrated by germter-expression of #, metabolising
enzymes [132]. Indeed, growth factor activatiormsiates localised ¥D, generation in
several cell types, probably owing to NADPH oxidasediated superoxidaroduction and
subsequent dismutation ta,®h [130]. In an exercise setting,,6&, mediated inactivation of
mitogen activated protein kinase phosphatase cprddhote p38 MAPK, JNK and ERK
activation, proteins implicated in exercise-inducedl signalling [36]. Although, the precise
events have yet to be defined,(] is likely a key effector of exercise-induced redox
signalling.

It is noteworthy that neither ascorbate mstocopherol react appreciably with,®, [133]
and henceprima facie, have limited capacity to directly impact this iom@ant redox
signalling mechanism. Even if they could react wil§O,, both ascorbate angtocopherol
would be unlikely to out-compete endogenou®fireactants, such as peroxiredoxins [24].
There are, however, two indirect mechanisms thataméi.consideration. First, SOD isoforms
catalyse the dismutation of superoxide tgOk[134]. Ascorbate could indirectly attenuate
the HO; signal via reaction with superoxide, provided sgatmporal concerns are satisfied,
localised reaction with superoxide in the relevantrodomain (see superoxide section), and
other reactants are outcompeted (e.g. NO). Anyadtison of the KO, signal could have
ramifications for superoxide generation since NADBXidases are, in part, activated by
H,O, [135]. However, Nox4 is a NADPH oxidase expressedkeletal muscle that can
generate b, directly [63; 136]. It is extremely unlikely thascorbate diminishes Nox4
mediated HO, generation. Any indirect inhibition is not pos&libr a-tocopherol owing to
lack of appreciable reaction with superoxide [@3cond, the reaction of hydrogen peroxide
with transition metal centres can yield superoxadd/or hydroxyl radical [69]. It is possible
that these radicals could then transmit a localaithat could be scavenged. However, there
are two major problems with this hypothesis (1) ta@dom nature precludes specific
signalling and (2) the reaction of either antioxidavith hydroxyl radical is biologically
meaningless, since hydroxyl radical reacts withfits¢ biomolecule it encounters [137-138].
Overall, we do not exclude indirect interferencehw,O, signalling, probably via reaction
of ascorbate with superoxide, but emphasise tha¢ré@xental support in an exercise setting
is required.

Removal of the cysteine modification once formed: S-Nitrosylation as an exemplar
paradigm

Ascorbate andi-tocopherol might remove redox modifications onearfed and this could
interfere with exercise-induced redox signallingNi®&osylation (S-NO) is considered as an
exemplar paradigm. S-NO defines the attachmermM®@fto cysteine [139]. NO is a weak
nitrating agent and cannot generate S-NO direct4O]. Indeed, the precise reactions
involved in S-NO formationn vivo are ill-defined [141]. It is suggested that tréinsi metal
catalysed pathways, formation of dinitrogen tri@xahd thiyl radical species contribute to S-
NO generation [142-143]. Knowledge of exercise-tetli S-NO events are limited but the
following observations support a role (1) proteinadses and phosphatases are S-nitrosylated
[139] (2) transcription factors implicated in exsecadaptations are S-nitrosylated, including
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HIF-a [144], p53 [145] and NkB [52] and (3) the ryanodine receptor type | is S-
nitrosylated with attendant implications for Casignalling and muscle function [146].
Ascorbate can denitrosylate proteins indeed thepgnty forms the basis of the biotin-switch
assay, a S-NO analytical tool [147-148]. Denitrafigh can proceed in a copper dependent
or independent manner [149]. The former is unlikalyivo given the chelation of transition
metals whilst the latter is associated with higboalsate concentrations (5-50 mM), and even
then only partial denitrosylation of a sample osc{27]. Whether ascorbate dependent
denitrosylation occurs at physiological concentragi and in the relevant cellular
microdomains is debatable but should not be disesurat this stage. The literature
appertaining to denitrosylation reactions involvingocopherol is limited and hence its
feasibility and relevance in vivo is an open questiNevertheless, similar concentration,
localisation and specificity concerns apply. Furthigls unlikely that exogenous antioxidants
exert an effect greater than the existing endogeraenitrosylation system [139]. This
system includes the S-nitrosoglutathione and tdaxen pathway and enzymes such as:
protein disulphide isomerase, SOD isoforms andhiaatoxidase [150]. Taken together, two
observations are apparent (1) S-NO modificatiotsvent to the adaptive exercise response
require investigation (2) the effect of ascorbatd @tocopherol on the skeletal muscle S-NO
proteome is not known. Ascorbate and a-tocopherel umlikely to interfere with other
modifications (e.g. S-glutathionylation) once fouamas there is limited chemical basis for
any direct interference.

Alternate mechanisms
Reduction of potentially bioactive oxidised macromolecule adducts

Direct signalling by indiscriminately reactive oakectron oxidants, notably hydroxyl radical,
is limited by lack of specificity, precluding sighag via conventional mechanisms (e.g.
protein post-translational modifications [26-271i)direct signalling might be afforded by the
generation of oxidised lipid, DNA and protein adaud51-152]. In particular, pre-treatment
of cells with low-doses of lipid peroxidation prads (e.g. 4-hydroxynonenal) inducts
favourable responses, notably activation of the NKEAP1 pathway, that protect against
the stress imposed by a subsequent oxidative cigall§l53-154]. Nrf-2-KEAP1 pathway
activation is likely to proceed via S-alkylation KEAP1 and subsequent inactivation, an
event that promotes the nuclear translocation &f2N66, 155]. Interestingly, S-alkylation
also regulates NADPH oxidase activity [156], faeiing a putative negative feedback loop.
The sensing of damaged proteins and DNA adductshayperones and repair enzymes,
respectively, could provoke an adaptive responsdl. €ignalling processes are subject to
intricate spatiotemporal regulation [20-22, 80-88lacromolecule oxidation, secondary to
hydroxyl radical attack, fails to satisfy this fuamdental signalling requirement, being
inherently random and non-specific [137-138, 15T%)hether levels of oxidised
macromolecules serve as a general non-specificxreteostat that informs signalling
responses is an open question. Nevertheless,sthislikely on a global level owing to the
compartmentalised and specific nature of cell dignga[20-22].
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Acute exercise bouts are usually, but not alwage [658], associated with an increase in
oxidised macromolecule adducts [159]. If these pot&l were acting in a signalling fashion,
this postulate requires investigation in an exersistting, then an ascorbate antthcopherol
mediated reduction in oxidised macromolecule adductight blunt this potentially
favourable response (see figure 2). Although, lasttioxidants scavenge radicals implicated
in the initiation of macromolecule oxidation thdeets of antioxidant supplementation on
oxidised adduct levels are variable [137-138]. TihEsbest exemplified in pathological
contexts wherein global levels of oxidised macranale adducts are constitutively elevated
[160], possibly reflecting deregulated redox si¢ingl In these settings, ascorbate and
tocopherol supplementation does not decrease dis@asdence and generally only
marginally decreases macromolecule oxidation [133-1161-164]. This might reflect a
failure of ascorbate and-tocopherol to accumulate in redox signalling cortipants and
effect a reduction in the levels of a reactive sggeeor indeed a failure to react appreciably
with the relevant species [161-164]. Further, pesiteffects are generally evident in
individuals presenting with ascorbate amdocopherol deficiency at baseline [165]. Of
course, the nature of macromolecule oxidation at mmpared to exercise are likely
different. In an exercise setting, ascorbate @odcopherol afford limited protection against
exercise-induced macromolecule damage [166]. Indaedkcent meta-analysis concluded
that a-tocopherol does not reduce exercise-induced Igedoxidation [166]. Overall, a
signalling role of oxidised macromolecules is spattve in an exercise setting and neither
antioxidant consistently protects against exercigeiced macromolecule oxidation.
Reduction of potentially bioactive oxidised macrdecole adducts does not likely explain
the attenuation of favourable cell signalling resges to exercise training following
ascorbate and-tocopherol supplementation.

Pro-oxidant potential

The oxidation of ascorbate results in the formatidran ascorbyl radical [93]. Ascorbyl
radical is unlikely to exert pro-oxidant effedts vivo owing to its poor reactivity and
existence of glutathione and NADPH dependent reoydystems [167]. Ascorbate has well-
documented pro-oxidant properti@s vitro when free transition metal are present [76].
Ascorbate can reduce ¥eto F€*, and F&" can then in turn react with,Qo generate
superoxide [176]. Ascorbate can also generate xytradical and HO, via classical Fenton
chemistry [177]. Indeed, this is the basis foruke of pharmacological intravenous ascorbate
administration as a cancer treatment owing to thécity of H,O, to certain cancer cells
[177-178]. This treatment paradigm bypasses gutabodism removing the absorption
constraints that restrict peak plasma ascorbateerdrations to~200 uM following even
high-dose oral supplementation [178]. The relevawicthese pro-oxidant effects vivo is
highly debated, and indeed controversial, espgcialhon-pathological contexts [178]. Any
pro-oxidant action is likely dependent on the aaility of transition metals. It is emphasised
that these are largely sequestered by the metaliatim family, transferrin and ferritin [170].
Despite the intracellular sequestration of certaamsition metals, cells still contain small
(~20 pM) un-sequestered pools of free iron that cqaldicipate in pro-oxidation reactions
[171]. Interestingly, microarray analysis has réedahat metallothionein mMRNA abundance
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is significantly enriched following acute enduramoercise [172]. This could reflect a stress
response to exercise-induced perturbations indelitdar transition metal handling. Such
perturbations are likely to be greater followingesise that evokes muscle damage, given
that muscle injury increases labile iron levelsskeletal muscle [173] possibly owing to
increased hemolysis [174]. The aforementioned saenavould permit increased free
transition metal availability and pro-oxidant adwate potential. Any pro-oxidant actions
could elevate the ‘redox’ signal from an adaptiwertaladaptive threshold. This supposition
is, however, speculative at present. Some speeigsfiice and rodents) retain the capacity
to endogenously manufacture ascorbate from gluowseg to expression of gulonolactone
oxidase [175]. Humans harbour a defunct gulonofeetoxidase gene and hence need to
acquire ascorbate exogenously, via dietary sou@essuption of ascorbate homeostasis in
lower order species with large dose supplementattarnd favour pro-oxidant and cytotoxic
effects that contribute to blunted training adapted.

Similar to ascorbate, any pro-oxidant effectuetbcopherol could elevate the ‘redox’ signal
from an adaptive to maladaptive threshold. The atkich ofa-tocopherol yieldsi-tocopherol
radical [75]. Althoughgp-tocopherol radicas capable of inducting lipid peroxidatiamvitro,
this has not been consistently been documemetvo [93, 176]. Toxicity ofa-tocopherol
radical is thought to be limited by ascorbate miediaecycling of-tocopherol radical ta-
tocopherol [93]. Indeed, this reason is often cigsda justification for-tocopherol and
ascorbate co-supplementation [16]. Ascorbate medliegcycling ofa-tocopherol radical is
well documentedn vitro but evidence for this interaction vivo, particularly in humans, is
often inconsistent [69]. Recycling can also be e by glutathione [177], which could be
an important contributorn vivo. Analogous to ascorbate, tocopherol isoforms cegrte
transition metal dependent pro-oxidation effects vitro but their sequestration and
localisation is likely to limit this possibilityn vivo [75]. Overall, it is unlikely thato-
tocopherol is acting in a pro-oxidant fashion toiiish exercise-induced redox signalling.

Per spectives

Beyond theory and speculation there is a paucitgwflence supporting the notion that
ascorbate and-tocopherol supplementation interferes with exerensluced redox signalling
via a redox-dependent ‘scavenging’ mechanism. UWmfately, obtaining supporting
evidence is hampered by several analytical linotedi Electron spin resonance and
fluorescent based probe technology are not reaghpficable to then vivo human situation
and many fluorescent probes are prone to experahemtefact, that is, spurious side-
reactions that artificially amplify the signal [1-280]. Interpretation of these techniques in
animal and cell culture models is complicated kgrspecies differences (e.g. rodents can
manufacture ascorbate) and the oxidative stresscétlaculture can impose [181-182]. This
has fostered a reliance on biochemical footprsuigh as lipid peroxidation biomarkers (e.g.
malondialdehyde [44, 157]. A change in a biochehfmatprint does not necessarily reflect a
redox-dependent scavenging effect of exogenousoxad#éints it could simply reflect
differential repair or dietary changes [69, 133¢dBx signalling occurs in specific cellular
compartments hence altered macromolecule oxiddéeels do not necessarily reflect the
incidence of redox signalling [80-86]. That is, oe&dsignalling does not require global
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changes in oxidised macromolecule adducts to dé€482]. Instead, specific, reversible and
compartmentalised signals define redox signallB@8$6]. Whether assaying global levels of
oxidised macromolecule adducts provides any usefigrmation on the interference of
ascorbate andu-tocopherol supplementation with exercise-inducedox signalling is
therefore debatable.

In considering possible technical solutions, redmoteomics enables quantitative and
unbiased analysis of redox-regulated post-tramsiati modifications implicated in cell
signalling [183-187]. However, signalling proteingaght be masked by the abundance of
metabolic and contractile proteins in skeletal neig&¢83-187]. Further, determining the
functionality of novel modifications would requiferther experimentation [188]. Application
of redox proteomics to the study of exercise-induazlox signalling is strongly encouraged.
Another way might be to analyse redox regulatedmoidts, such as activity and abundance
of antioxidant enzymes and heat shock proteins . [4&§corbate anda-tocopherol
supplementation did not interfere with antioxideanzyme and heat shock protein abundance
when this approach was recently applied [8]. Thighthsuggest a lack of a redox dependent
mode of action since these outcome markers arg@oneipal end-point of exercise-induced
redox signalling. However, this approach providesited mechanistic information being
unable to identify the nature of any possible iiet@mce [189]. Overall, it is clear that further
mechanistic research is required and that redote@nuics represents an admiral starting
point.

Ascorbate and-tocopherol could act in a redox independent matmeattenuate favourable
cell signalling responses to exercise training. oksate is a co-factor foa-ketoglutarate
dependent dioxygenases (e.g. prolyl 4-hydroxyl@&%169,175]) and also promotes HiF-
repression via proline hydroxylation [190-191]. s particularly relevant to exercise given
the role of HIFe in the regulation of angiogenesis, growth, apaptaad metabolism [192-
193]. Of interest, ascorbate can regulate the iactf enzymes implicated in the regulation
of histone methylation [194-195], an epigeneticgess that regulates exercise adaptations
[196]. Similarly, a-tocopherol can inhibit 5-LOX, protein kinase C fmons and
phospholipase A which could influence exercise-induced cell sigingl [197-199].
Inhibition of these enzymes is suggested to bexattependent and appears to be related to
the interaction ofu-tocopherol with signalling proteins [197-199]. $htould explain the
observation that several genes (e.g. tropomyosia) ragulated bya-tocopherol [197].
Altogether, it is possible that redox-independeciions contribute and this is worthy of
further investigation.

Irrespective of the mechanism, redox dependentndegendent, blunted cell signalling
responses following ascorbate amdtiocopherol supplementation have seldom translaied
impaired whole-body exercise adaptations (e.g.mshed increases in aerobic capacity [1]).
There are several possible explanations for thigelver, two are particularly cogent. First,
changes at the whole-body level are a product oplperal and central adaptations hence any
peripheral impairment can be compensated for [Bgcond, the molecular processes
measured are often stress responses and have baehyshown to be either essential to
adaptation and/or predict the magnitude of adaptaf200]. Further, signalling processes
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have an in built reserve capacity, therefore, seggion of an upstream signal does not
always translate to blunted downstream respons@®gP When it is considered that a
whole-body response is the reflection of highlyulated processes across several cell types
it is unsurprising that blunted activation of onetwo regulatory proteins fails to impact
adaptation. The physiological relevance of an imgghimolecular response to functional end-
points is, therefore, debatable.

Conclusion

Current paradigms posit that ascorbate @adcopherol supplementation act as antioxidants
to diminish global superoxide, NO, peroxynitritedai,O, levels and thus affect an
attenuation of exercise-induced redox signalling. this to be possible, it is contended here
that the criteria outlined in box 1 must be satidfiOur largely theoretical analysis reveals
that all of assumptions implicit in a redox depemtdaechanism of action are not met for any
of the aforementioned species. The best candidata fscavenging effect represents the
reaction of ascorbate with superoxide, with attemd@plications for HO, signalling. Even

in this case, it is unclear whether the requisitensical (out-competing other reactants) and
spatiotemporal (co-localisation with relevant tasjeconcerns are satisfied. It is readily
acknowledged that the present analysis is limitgd knowledge of the mechanisms
underpinning exercise-induced redox signalling géragmentary. It is also emphasised that
a nuanced view of kinetics in space, time and oanie warranted. That is, kinetic
information is usually derived fronm vitro experiments that do not faithfully mimic the
vivo situation. A situation characterised by compartiregecific redox potentials and pH
characteristics, all of which could influence teaction of ascorbate ametocopherol with a
given species and thus our conclusions. Despitaftirementioned caveats, a clear challenge
to the current interpretational framework is preésdnlt cannot be assumed that just because
a molecule has ‘antioxidant properties’ that idgsing as an antioxidant to attenuate exercise-
induced redox signallingn vivo. Further, in the current context altered globalels of
oxidised macromolecules should not be used to aesl@an attenuation of exercise-induced
redox signalling. Indeed, it is our view that redognalling networks that are insulated from
nutritional antioxidants have evolved. Whilst as@ade ando-tocopherol could scavenge
reactive species that diffuse out of signalling nmimmains the insulation could protect
against any major interference. This observatioly b novel in an exercise setting but is
consistent with the failure of nutritional antioaitt therapy to modify diseases associated
with oxidative stress and pathological disruptidnredox signalling. It is hoped that the
present dialogue stimulates investigations into rtftéecular mechanisms underpinning the
blunting of exercise-induced redox signalling fellog ascorbate andu-tocopherol
supplementation. It is emphasised that this dismuspplies only to the antioxidants
discussed and should not be extrapolated to othigoxadants, since antioxidants are not
biochemically and functionally homogenous [133].this regard, it might be worthwhile
exploring alternate antioxidant paradigms, sucN-asetyl-cysteine [201].
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Figure Legends

Figure 1: A) A current general scheme. In this generic nhoebeercise increases ROS/RNS
generation and this is associated with kinase aitin. Ascorbate and-tocopherol are
proposed to reduce ROS/RNS generation to intevigrephosphatase inactivation. Note that
in this general model the specific species are idettified underscoring a significant
limitation of this generic model. From this scheiinis not possible to appraise whether this
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redox dependent mode of action is feasible. B) &ep specific scheme. In this model,
exercise activates NADPH oxidases resulting inedased superoxide production. Superoxide
is then dismutated to hydrogen peroxide in a reaatatalysed by SOD isoforms. Hydrogen
peroxide then reacts, in a two electron reactioith wihe phosphatase PTP1B, possibly
relieving kinase inhibition. Whether this is podsibgiven the peroxiredoxin kinetic
bottleneck is discussed in text. Nevertheless,raat® could inhibit this signalling response
by competing with SOD isoforms and NO (not showm &barity) for reaction with
superoxide.

Figure 2: Reduction of potentially bioactive oxidised manaecule adducts. In this model,
exercise increases superoxide, NO, peroxynitritd B3O, generation resulting in the

generation of bioactive oxidised adducts, such-agdéoxynoneneal. This could lead to Nrf-
2 activation and the induction of a cyto-protectresponse via S-alkylation of KEAP1, a
negative regulator of Nrf-2. Any ascorbate antbcopherol mediated reduction in bioactive
oxidised macromolecule adducts could attenuate2Nxétivation. However, this possibility is

speculative for several reasons that are discusdedt.

Figure 3: Summary of the limited reaction of ascorbate anicopherol with specific
reactive species implicated in exercise-inducedxesignalling. Of note, ascorbate can react
with superoxide (@) and this could have implications for exercisetioeld redox signalling.
The existence of kinetically favourable out-compegtreactions for nitric oxide, hydrogen
peroxide and peroxynitrite might restrict any ifeéeence via a scavenging mechanism at
least for these species. It is possible for nitnrogmxide and carbonate radical, but the roles
of these radicals in redox signalling is not weliadlished.

Box

Box 1. Assumptionsimplicit in a redox dependent mechanism of action.

Assumptions implicit in a redox dependent mecharo$m
action.

1. Specific ROS/RNS are involved in redox signalling.

2. Ascorbate and-tocopherol react chemically with
the relevant ROS/RNS.

3. The localisation of ascorbate amdocopherol
makes interference in cellular microdomains
implicated in redox signalling likely (e.g. lipichfts).

4. Ascorbate and-tocopherol out-compete enzymes
and/or other ROS/RNS for reaction with the relevant
ROS/RNS. T
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