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Summary The metabolic strengths,
weaknesses, opportunities and threats
of the metabolic ability to split water
brought about a proliferation of bi-
ological systems, produced a toxic
oxygenic environment, and were re-
sponsible for the development of an-
tioxidant defence mechanisms. Evo-
lution is driven by heritable
adaptations which improve environ-
mental ‘fit’. Hence aerobic respira-
tion, using oxygen as a nutrient,
came to predominate in biological
systems, and antioxidant defence
mechanisms which prevent and neu-
tralise toxic oxygen intermediates
have become widespread, varied, co-
ordinated and effective. Antioxidant
defences are not infallible however.
In humans, reactive oxygen species-
induced damage is associated with
the ageing process, and with chronic
diseases including cancer and coro-
nary heart disease. Interestingly,
some important antioxidants, includ-
ing ascorbic acid and the tocopherols,
cannot be synthesised by humans and

must be taken in the diet. Another an-
tioxidant, uric acid, is found in much
higher concentrations in humans than
in other mammals, and levels are also
affected by diet. In humans, there-
fore, antioxidant defence against
toxic oxygen intermediates is species
specific and heavily influenced by
nutrition.

In this article, the atmospheric and
metabolic changes which produced
both the threat and opportunity
offered by an oxygenic environment
are outlined. An overview of oxygen
toxicity, and adaptations to oxidative
stress in terms of evolution of antiox-
idant defences, is presented. Finally,
suggested benefits underlying our cu-
rious inability to manufacture ascor-
bic acid, and the possible role of uric
acid in human antioxidant defence,
are briefly discussed with particular
reference to nutrition and toxicology.
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Introduction

The paradox of aerobic life is that the ‘vital air’ is also a
lethal toxin. The cost of fuel-efficient aerobic catabolism is
oxidative damage to DNA, protein, lipid and carbohydrate.
Antioxidant defences have evolved to protect biological
systems against reactive oxygen species (ROS), and a so-
phisticated, co-operative array of antioxidant defence
mechanisms is found in biological systems. Antioxidant

defences minimise generation and counteract the damag-
ing effects of reactive oxygen species (ROS) produced
within the organism from molecular oxygen. Several an-
tioxidants, such as peroxidases and superoxide dismutases
(SOD), are found in most biological systems; however, the
same environmental pressure has led to a range of adapta-
tions in other antioxidant mechanisms.

In humans, antioxidant defence is integrated and effec-
tive, but not infallible. ROS-induced damage has been im-
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plicated in the development of chronic degenerative dis-
ease and in the ageing process, and the concept that in-
creased antioxidant defence may lower risk of such disease
is supported by biochemical and epidemiological evidence.
Interestingly, some important antioxidants, including
ascorbic acid and the tocopherols, cannot be synthesised by
humans and must be taken in the diet, while another an-
tioxidant, uric acid, is found in much higher concentrations
in humans than in other mammals.

In this article, the atmospheric and metabolic changes
which produced both the threat and opportunity offered by
an oxygenic environment are outlined. An overview of
oxygen toxicity, and adaptations to oxidative stress in
terms of evolution of antioxidant defences, is presented,
and the human antioxidant defence system is described.
Finally, suggested benefits underlying our curious inability
to manufacture ascorbic acid, and the possible role of uric
acid in human antioxidant defence are briefly discussed
with particular reference to nutrition and toxicology.

‘Evolution’ of the atmosphere

The Earth was formed around 4.6 billion (4.6 × 109) years
ago as a waterless mass of rock. Earth’s primordial atmos-
phere of hydrogen and helium was stripped by the solar
wind during the sun’s T Tauri stage, and volatile com-
pounds were blasted into space by the force of the collision
between Earth and a Mars-sized object [1]. The present at-
mosphere is entirely secondary, formed firstly by the im-
portation of volatiles, including water, via comets impact-
ing on Earth and by outgassing of the planet, and then by
eons of biological processes [1]. The early secondary at-
mosphere consisted of water vapour, carbon dioxide, car-
bon monoxide, nitrogen, hydrogen chloride and hydrogen.
Oxygen freed from water by photodissociation was avidly
taken up by atmospheric or surface components, and also
formed ozone (O3), which accumulated in the upper layers
of the atmospheric regions, forming a barrier to intense
ultraviolet bombardment of the Earth’s surface. Free oxy-
gen, therefore, did not exist in any quantity, and a reducing
environment was maintained [1–3].

Life on Earth began around 3.5 billion years ago. Evo-
lution of anaerobic fermenters, followed by water-splitting
organisms, led to dramatic but gradual changes in the at-
mosphere [1–6]. Procaryotic fermenters used hydrogen
and fixed carbon in the form of organic compounds.
Cyanobacteria (the blue-greens) used water as a source of
the electron donor, hydrogen, and released O2 as a waste
product. Oxygen released was absorbed by the massive
oxygen sinks, forming deposits of banded iron (iron ox-
ides) [1, 2]. By 2.0 billion years ago, oxygen sinks were
approaching saturation, and atmospheric O2 levels began to
rise. Free O2 levels approached the present atmospheric
level (PAL) around 1.6 billion years ago [4, 7–9]. Procary-
otic life forms predominated initially, but about 1.4 billion

years ago the larger, more complex and compartmentalised
eucaryotes developed, possibly by serial endosymbiosis of
procaryotes [9–11].

Over the past 2.5 billion years, therefore, Earth’s at-
mosphere has changed dramatically [1, 2–4, 8, 9]. The vir-
tually anaerobic, hypodense, hydrogen-rich atmosphere
became hydrogen-depleted but enriched in both CO2 and
O2, then changed again to become hyperbaric and hyper-
oxic but with a very limited content of CO2, before reach-
ing its present day composition and pressure (Fig. 1). This
marked change in the atmosphere was caused by degassing
of the chemical constituents of Earth, by the importation of
volatiles, and by the evolution of biological processes.
These processes – the reactions of photosynthesis, and
anaerobic and aerobic respiration – depleted atmospheric
hydrogen, produced O2, and fixed carbon from CO2. Even-
tually, metabolic processes also evolved to use O2 as a nu-
trient, reforming water and releasing CO2 back into the en-
vironment [5, 6, 12–15].

Metabolic evolution – strengths, weaknesses,
opportunities and threats

Change is implicit in evolution. Selection pressure results
in a continuation and proliferation of those systems which
can best deal with change in the environment [16]. Those
systems which cannot cope with the environmental factors
to which they are most frequently exposed decline or cease
to exist. Evolution, therefore, results in adaptation to
change. This enables survival in spite of, and eventually be-
cause of, a changed environment.

The atmospheric environment changed largely as a re-
sult of metabolic processes within living systems [2–4].
Some of these systems responded to these changes by
adapting to the decreased availability of hydrogen, the ma-
jor electron donor [6, 12, 17]. Depletion of atmospheric
hydrogen provided a strong selection pressure for those or-

Fig. 1 Changes in atmospheric carbon dioxide and oxygen levels
over last 600 million years (from references 1–4).
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ganisms which could use water as a freely available alter-
native source of electrons. The strength of this metabolic
innovation led to a proliferation of water-splitting
cyanobacteria, but introduced a threat in terms of molecu-
lar oxygen. There was, therefore, strong selection pressure
for biological processes or systems which protected organ-
isms against the toxic effects of oxygen. Consequently, an-
tioxidant defence mechanisms evolved. The increasing
availability of oxygen provided the opportunity for fuel-ef-
ficient metabolic innovations which used oxygen as a final
electron acceptor, and aerobic respiration, therefore, be-
came predominant. The threat of oxidative damage, how-
ever, continued to exert selection pressure for metabolic
adaptations which conferred protection against the toxic
intermediates of oxygen [17–19].

There is evidence that cytochrome oxidases, central to
aerobic respiration, evolved before oxygenic (water split-
ting) photosynthetic systems [15]. Traces of O2 existed in
the early atmosphere, formed by photolysis of water, and
these may have been sufficient to activate aerobic enzyme
systems [13, 15]. However, the use of aerobic pathways
was restricted by the very low prevailing levels of atmos-
pheric O2, which were slow to rise owing to the massive O2
oxygen sinks. Nevertheless, it was inevitable that water-
splitting organisms were exposed to a stressful internal
oxygenic environment. This radical change in the internal
environment imposed strong selection pressure for the con-
tinued existence and proliferation of those organisms with
some protection against oxidative damage.

Oxygen as a toxin, and the need for antioxidant
defences

Antioxidant defences are needed in biological systems be-
cause molecular oxygen is an oxidising agent, that is, it can
take electrons from another species [20]. Oxidation of
lipid, DNA and protein changes the structure and function
of key cellular constituents, resulting in mutation, cell
damage and death (Fig. 2) [20, 21]. Fortunately, the oxi-
dation powers of ground state molecular oxygen are re-
stricted, as electrons can only be absorbed from another
species whose electron spin is antiparallel to that of the two
unpaired, parallel-spin electrons in diatomic oxygen. This
spin restriction means that ground state molecular oxygen
is not reactive enough to abstract electrons from other
species in general [20]. Reactivity of molecular oxygen
can be increased, however, by removing the spin restriction
[20]. This occurs when a single electron is added, or when
energy is transferred to oxygen from a photosensitiser.

Flavin-containing compounds and chlorophyll are pho-
tosensitisers, i. e., they are capable of harvesting light and
energising molecular oxygen, forming singlet oxygen
(1∆gO2), which has an energy level of 92 kJ above ground
state [18, 20]. Singlet oxygen can interact directly with an-
other molecule, transferring the additional energy and/or

changing the structure of the target molecule. Important
target molecules include the essential amino acids methio-
nine, cysteine, tryptophan and histidine, and lipids con-
taining carbon-to-carbon double (C=C) covalent bonds
[20].

The one electron reduction of ground state molecular
oxygen produces superoxide (O2

.-), and a further single
electron reduction produces hydrogen peroxide (H2O2)
[20]. Unlike O2

.-, the uncharged H2O2 can readily diffuse
across cell membranes. These two ROS together can form
the fiercely reactive hydroxyl radical (.OH) via the Haber-
Weiss reaction:

H2O2 + O2
.– –> ·OH + OH– + O2

This reaction is very slow in aqueous solutions unless
free transition metal ions, such as Fe2+ or Cu+, are present,
in which case the reaction (known as the Fenton reaction
when iron-catalysed), proceeds very quickly [20].

Fig. 2 Reactive oxygen species increase risk of disease through
damage to key biological structures (reproduced with permission
from [21].
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Metal(ox) + O2
·– –> Metal(red) + O2

Metal(red) + H2O2
–> Metal(ox) + ·OH + OH–

giving an overall reaction of:

metal catalyst
H2O2 + O2

·– ––––––––> ·OH + OH– + O2

The hydroxyl radical (·OH) reacts with anything it
contacts, wreaking indiscriminate but extensive intracellu-
lar damage. However, before the development of an oxy-
genic atmosphere, iron and copper were likely to have been
in the form of insoluble complexes, and so effectively
unavailable for the intracellular catalysis of .OH produc-
tion from H2O2 and O2

·– [7, 12, 19, 22]. Therefore, while
some .OH may have formed within or on the surface of
cells from Haber-Weiss chemistry and from photodissoci-
ation of water, it is likely that oxidative damage within cells
was initially limited to that caused by 1∆gO2 and O2

·–

formed in situ. Consequently, those organisms which had
some defence against these ROS were better equipped to
thrive.

Early developments in antioxidant defence

In general terms, an antioxidant is anything which can pre-
vent or inhibit oxidation [20, 21]. This can be achieved by
preventing the generation of ROS, or by inactivating ROS.
Several types of antioxidant mechanisms exist, and these
are outlined in Table 1.

The first antioxidant mechanisms were probably simple
physical barriers [14]. Intracellular sequestration of photo-
sensitising pigments, such as chlorophyll, development of
UV screens, and compartmentalisation of vulnerable cel-
lular components, would serve to protect against the pro-
duction and action of ROS.

Superoxide can form H2O2 and this can, in turn, form
the highly reactive.OH. Removal of O2

.–, therefore, is a key
antioxidant defence mechanism [18]. Superoxide can

spontaneously dismutate to form H2O2. This reaction is
more rapid in mildly acidic conditions when there is pro-
tonation of some O2

·– to the more reactive hydroperoxyl
(HO2

·–) radical [18, 20]. It is likely that the relatively high
CO2 content of the atmosphere (see Fig. 1) would have
caused acidification of the surface layers of the oceans and
tidal pools and, possibly, early intracellular fluids, promot-
ing H2O2 formation from O2

·–. The release of molecular
oxygen formed partially oxidised iron salts, which are sol-
uble. The concentration of Fe2+ in the oceans and tidal
pools, therefore, increased. H2O2 produced within, diffus-
ing from and accumulating around cells would have re-
acted with traces of Fe2+ in the immediate vicinity. In this
way the very reactive .OH could have formed on or near the
highly susceptible, polyunsaturated fatty acid-rich mem-
brane of eucaryotic cells. Natural selection, therefore,
would have favoured those organisms which could produce
envelopes around, or expendable radical traps on the sur-
face of, the membrane [14]. These would have ‘buffered’
.OH action and prevented oxidative damage to essential
membrane constituents.

The first membrane defence is likely to have been a
coating on the exterior surface [14, 18]. A replaceable an-
ionic coating of a simple polymer would have bound ex-
tracellular metals ions, such as Fe2+, effectively ‘absorb-
ing’ the subsequent ROS-action and protecting the cell
membrane. As the concentration of partially oxidised, sol-
uble forms of cationic transition metal ions increased in the
aqueous environment surrounding cells [19, 22], mem-
branes hindering their access to the interior of the cell were
required to prevent intracellular Fenton chemistry [14]. As
oxidised ions, e. g. Fe3+, accumulated on the progressively
more damaged coating, some are likely to have become in-
ternalised.

With the increase in intracellular iron came the threat of
intracellular Fenton chemistry, and simple barriers and
non-specific chemical traps were no longer sufficient.
More specialised antioxidant mechanisms were needed to
prevent ROS formation and to neutralise those ROS which
were increasingly and unavoidably produced. The meta-
bolic opportunity arose, however, for newly ‘bioavailable’
transition metal ions to be used as components of more spe-
cialised antioxidant defence mechanisms using catalytic
redox reaction centres [7, 18, 20, 22].

Specialised antioxidant mechanisms: prevention,
diversion, dismutation, scavenging and quenching

The most reactive ROS is.OH, which reacts at diffusion
limited rates with virtually anything it contacts [20]. Ow-
ing to this very high reactivity, no specific antioxidant
mechanism against .OH is feasible, and antioxidant strate-
gies which prevented .OH production were favoured. Other
evolutionary developments involved diversion of H2O2 to
water, dismutation of O2

.–, scavenging of ROS, and

Table 1 Types of antioxidant action

Action Example

Prevention Protein binding/ transferrin, ferritin,
inactivation of metal ions caeruloplasmin, albumin

Enzymatic Specific channelling of superoxidase dismutase,
diversion/ ROS1 into harmless catalase 
neutralisation products glutathione peroxidase
Scavenging Sacrificial interaction ascorbic acid,

with ROS by expendable alpha tocopherol,
(replaceable or uric acid, bilirubin,
recyclable) substrates glutathione

Quenching Absorption of electrons alpha tocopherol,
and/or energy beta carotene

1 ROS, reactive oxygen species
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quenching of excess energy. These antioxidant mecha-
nisms are outlined in Fig. 3.

Prevention and diversion

Binding iron and copper in an inactive form prevents metal
ion catalysed degradation of peroxides and, thereby, pre-
vents .OH production [20]. Removal of H2O2 (and other
peroxides) by a strategy of diversion into water production
also prevents .OH production [20]. These more specialised
preventive strategies are protein based. The first metal ion-
binding mechanisms were probably unlikely to have inac-
tivated the redox action of iron or copper, but acted by di-
verting .OH formation away from key biological sites,
targeting damage onto themselves and sacrificially ‘buffer-
ing’ the action of ROS. This type of antioxidant mechanism
is effective, and is still used in biological systems, for ex-
ample, albumin acts as a sacrificial antioxidant [20]. A
more efficient strategy, however, involves specific binding,
with concomitant inactivation of the metal ion and preven-
tion of ROS generation. This requires specialised struc-
tures, and has resulted in the evolution of specific proteins,
including transferrin, ferritin and caeruloplasmin [20–22].
Transferrin and ferritin bind iron in vivo in the physiologi-
cally more safe ferric (Fe3+) form; copper (Cu2+) is carried
mainly in caeruloplasmin. The combination of specific and
non-specific protein binding mechanisms normally keeps
the concentration of free iron and copper in human plasma
at extremely low levels, estimated to be 10–23 and 10–18

mol/l respectively, thereby minimising metal-ion catalysed
production of .OH [23].

Peroxide is also required for production of .OH. Pre-
vention of H2O2 generation does not appear to be possible,
and indeed dismutation of O2

.– to H2O2 appears to be a key
antioxidant strategy [18, 24–26], and so facilitated removal
of H2O2 is needed. In procaryotes and single celled eu-
caryotes, H2O2 build-up could have been prevented by the
simple diffusion of H2O2 out of the cell. As cells became
more structured and organisms became multi-cellular,

however, a mechanism to promote removal of H2O2 was
needed. Diversion of H2O2 into water is a safe and effec-
tive mechanism, but requires a biological catalyst.

Enzymes which catalyse removal of H2O2 include the
catalases and peroxidases. These antioxidants are found in
almost all aerobic organisms, and promote the following
reactions:

catalases: 2H2O2
–> 2H2O + O2

peroxidases: SH2 + H2O2
–> S + 2H2O

Catalase and most of the peroxidases contain an Fe3+

protoporphyrin group at the active site [20]. This reflects
the evolutionary age of this defence mechanism, as iron be-
came metabolically available before copper, which is the
other major transition metal ion used in redox catalysis
[18]. Catalase activity is restricted largely, if not exclu-
sively, to within peroxisomes. Other organelles, such as
mitochondria and chloroplasts, use peroxidases to remove
H2O2. In animals, glutathione peroxidase (GPx) acts in co-
operation with catalase in removal of H2O2 [20, 27, 28].
GPx contains selenium at the active site, and uses the en-
dogenous tripeptide glutathione (GSH) as a specific co-fac-
tor for hydrogen donation in the following reaction:

glutathione peroxidase: 2GSH + H2O2
–> GSSG + 2H2O

The oxidised form of glutathione (GSSG) is reduced,
and so recycled, by glutathione reductase enzymes 
[20, 27]:

glutathione reductase:
GSSG + NADPH + H+ –> 2GSH + NADP+

An efficient, effective and co-operative enzymatic sys-
tem, therefore, has evolved to divert the potentially toxic
H2O2 to water. This, in combination with metal ion bind-
ing, normally prevents .OH generation in vivo [20, 28]

Dismutation

Superoxide is only moderately reactive, but can cause dam-
age and, owing to its charged nature, cannot leave cells by
simple diffusion. More importantly perhaps, O2

.– can pro-
mote Fenton chemistry, as it can redox recycle transition
metal ions. Superoxide can be removed by dismutation into
H2O2; however, spontaneous dismutation of O2

.– is slow at
neutral (physiological) pH. While strategic channelling of
O2

.– into H2O2 would benefit the cell, owing to loss of H2O2
by diffusion, H2O2 is potentially highly toxic if free metal
ions are present. Therefore, unless H2O2 had a specific pur-
pose, as an intracellular cell signalling mechanism for ex-
ample [20, 28, 29] the benefits of dismutation may have
been realised only after the development of an effective
system of H2O2 removal.

Manganese (Mn) has superoxide dismutase (SOD)-like
activity when it accumulates inside cells [14, 30], and the

Fig. 3 Strategies for antioxidant defence.
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first SOD may have simply used this property. However,
eucaryotes have developed specific enzymes containing
Fe, Mn, or Cu, and with these the dismutation of O2

.– pro-
ceeds at a virtually diffusion-limited rate:

O2
.– + O2

.– + 2H+ –> H2O2 + O2

SODs are widely distributed in living systems; however,
different types exist [18, 20, 24–26]. The familiar blue-
green copper-containing SOD, which is found within the
cytoplasm, is likely to be the most recently evolved form,
and is distinctly different in structure from the Fe and Mn
forms [18]. Iron and Mn predated Cu as metabolic compo-
nents [7, 19, 22]. SODs containing Fe and Mn are struc-
turally homologous, and were innovative metabolic adap-
tations at a time in evolutionary history when soluble forms
of iron and manganese, but not yet copper, were bioavail-
able [7, 19, 22, 26]. It is thought that mitochondria may
have originally been independent organisms that were in-
corporated into eucaryotes by a process of symbiotic fu-
sion [18, 19, 25]. This would account for an earlier evolu-
tionary form of SOD, the manganese containing form,
being found in an apparently more recent biological setting
– the mitochondria.

Scavenging and quenching

Prevention, diversion and dismutation strategies effec-
tively and harmlessly channel O2

.– and H2O2, into water,
but they are not infallible. Some ROS escape to initiate
peroxidation of, for example, polyunsaturated fatty acids
(PUFA). Evolutionary developments in eucaryotes in-
cluded PUFA-rich structures such as membranes and
lipoproteins [14, 20, 27]. Peroxidation of PUFA affect the
fluidity and function of these structures, and protection is
essential [20, 21, 31]. This type of antioxidant protection
required the development of scavengers – small molecules
which interact with primary ROS, such as O2

.– or with sec-
ondary reactive species such as carbon-centred lipid radi-
cals [20, 21, 28]. The common selection pressure of the
need for scavenging produced multiple forms of the same
type of defence, and many scavenging antioxidants exist in
biological systems. Scavengers include the water-soluble
ascorbic acid (vitamin C) and the lipid-soluble and mem-
brane-bound tocopherols and tocotrienols (‘vitamin E’)
[20, 21, 32–37]. Scavengers are expendable in a sense, and
must be either replaced by de novo synthesis or recycled,
but their antioxidant action is indispensable.

In addition to the problem of escape of ROS from en-
zymatic inactivation, the problem associated with 1∆gO2
remained unaddressed. Singlet oxygen is formed in chloro-
plasts and other organelles containing photosensitisers
[20]. To prevent formation of 1∆gO2 , and to protect these
organelles from any formed, an antioxidant mechanism to
absorb, or quench, energy was needed. Carotenoids are
very effective quenching antioxidants, and are vital

components of membranes surrounding chloroplasts 
[20, 38].

Various types of antioxidant, therefore, have developed
and these reflect different selection pressures over time
(Table 1 and Fig. 4). Different forms have developed for the
same purpose, and some species- or phyla- specific config-
urations are found. For example, SODs and peroxidases are
widespread, but in animals GPx is also an important mem-
ber of the antioxidant enzyme group. Quenching antioxi-
dants are restricted to light-harvesting plants. Tocopherols
are also manufactured only in plants, but are needed by an-
imals. Ascorbic acid is an essential antioxidant, but inter-
estingly cannot be synthesised in a few species, including
Homo Sapiens [20, 21, 24–28, 32–35].

The puzzle of ascorbic acid – the missing antioxidant

Ascorbic acid is an important scavenging antioxidant [20,
21, 32–35] and contributes up to 30% of the ‘total antiox-
idant power’of plasma [38]. Most species of plants and an-
imals synthesise ascorbic acid from glucose, but humans
and a few other animals and birds cannot, even though they
have retained an absolute requirement for it. This makes
ascorbic acid an essential component of the human diet
[32–35]. Our inability to make ascorbic acid is due to a
lack of L-gulono-lactone oxidase (GLO), which catalyses
the final step in the biosynthetic pathway [32, 40–42]. The
gene for GLO is highly mutated and inactive in humans;
mutations are likely to have accumulated since the cessa-
tion of transcription, as there is no selection pressure
against ineffective mutations. The puzzle lies in finding the
evolutionary advantage in a mutation which prevented syn-
thesis of ascorbic acid in the first instance.

Several advantages to the loss of ascorbic acid synthe-
sis in humans have been suggested [40–45]. These include:
lowering the mean age of the population, thereby enhanc-
ing fertility; providing protection against the haemolytic
effects of glucose-6-phosphate dehydrogenase deficiency,
a trait selected for in malarial belts; accelerated evolution
owing to increased ROS effects on the genome; enhanced
effectiveness of the early immune system. None of these
arguments is convincing, given that ascorbic acid is still a
vital component of human metabolism. A more feasible ar-
gument involves improved metabolic efficiency [14]. In
situations where ascorbic acid was in plentiful supply from
dietary sources – as was likely in the early hominid diet –
there may have been positive selection pressure for a mu-
tation which initially downregulated, and then lost, tran-
scription of GLO. In addition, if a different antioxidant
could be made at less metabolic cost than the exogenously
plentiful ascorbic acid, then a mutation involving loss of
GLO would have conferred the necessary biological ad-
vantage needed for selection. It is interesting to note that
H2O2 is produced during synthesis of ascorbic acid [35].
Obtaining ascorbic acid exclusively from exogenous
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sources, therefore, may have helped conserve endogenous
antioxidants, such as glutathione. It is interesting also that
an inverse relationship across different phyla has been re-
ported for SOD and GLO activities [42], and that our in-
ability to manufacture ascorbic acid may have coincided,
in evolutionary terms, with our inability to change uric acid
into allantoin, perhaps implying a possible partial replace-
ment of one antioxidant by another [46, 47].

Uric acid is a product of purine catabolism and is pro-
duced in relatively high concentrations in humans owing to
the lack of the enzyme uricase which, in other animals, ox-
idises uric acid to allantoin. Uric acid levels are also influ-
enced by diet, and increase with intake of meat or alcohol
[46–48]. Uric acid has antioxidant properties and, like
ascorbic acid, is water soluble [47]. Additional uric acid
and/or SOD, therefore, may have been cost-effective meta-
bolic innovations which, provided dietary input of ascorbic
acid remained adequate, more than compensated for the
lack of endogenous ascorbic acid. A diametrical view,
however, is that a less reducing and more pro-oxidant in-
tracellular environment may have been beneficial. For ex-
ample, if ROS were used in cell signalling, or in an evolv-
ing redox controlled gene transcription system [25,
28, 29, 49], then selection pressure would have been

against an overly efficient antioxidant scavenging system.
In evolution, immediate physiological benefit may well be
selected over long-term benefits, particularly if long-term
benefits are realised in the post-reproductive years. The
possibility exists, therefore, that we cannot make ascorbic
acid because, at some point in our evolutionary develop-
ment at least, less ascorbic acid improved our biological fit.

Nutrition and toxicology

The metabolic strengths, weaknesses, opportunities and
threats of water-splitting brought about a proliferation of
biological systems, and produced a toxic oxygenic envi-
ronment. This environment was responsible for the devel-
opment of antioxidant defence mechanisms. Evolution is
driven by heritable adaptations which improve environ-
mental fit. Hence, varied and efficient antioxidant defence
mechanisms became established, and the ability to use
oxygen in fuel-efficient aerobic respiration evolved and
came to predominate.

Evolutionary adaptation, however, stops at the ‘break
even’ point. There is no selection pressure for adaptations
which do not in some way confer additional physiological

Fig. 4 An overview of antioxidant defence. Reproduced with permission from: [23]
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benefit at a metabolically acceptable cost. Oxygen is now
an essential nutrient for most living systems, but remains
potentially toxic. Antioxidant defence mechanisms which
prevent and neutralise toxic oxygen intermediates are
widespread, diverse, co-ordinated and effective. They are
not, however, infallible. Moreover, in humans, antioxidant
defence against reactive oxygen intermediates is heavily
influenced by nutrition, owing to our lack of endogenous
ascorbic acid and tocopherol production, and our inability
to produce uricase.

In humans, ROS-induced damage is associated with the
ageing process, and with chronic diseases including cancer
and coronary heart disease [20, 21, 28, 31, 46, 47]. Nutri-

tional strategies to improve in vivo antioxidant status may
be effective in lowering risk of the toxic effect of ROS [50,
51]. Such strategies could take antioxidant defence beyond
the simple ‘break even’point; however, the effectiveness of
such strategies remains to be confirmed. Furthermore, ROS
may have important roles in cell signalling and transcrip-
tional control [28, 49]. It is possible, therefore, that exces-
sive intake of antioxidant micronutrients could have toxic
effects. In biological systems, toxins may become nutri-
ents, and nutrients may be toxic in certain situations [16].
The term ‘nutritional toxicology’, therefore, is not the
paradox it may at first appear.
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