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Ascorbic acid has a multiplicity of antioxidant proper- 
ties, but it can exert pro-oxidant effects in vitro, usually 
by interaction with transition metal ions. It is as yet 
uncertain that these pro-oxidant effects have any bio- 
logical relevance: some of the available data are sum- 
marized. 
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INTRODUCTION 

Ascorbic acid is widely-regarded as an important 
antioxidant in vivo and has been called “an out- 
standing antioxidant in human plasma”l1l. 
Although vitamin C is known to be essential in 
the human diet for the action of several hydroxy- 
lase enzymes (lysine, proline, and dopamine p- 
hydroxylases are examp1es)M hard evidence to 
support the widespread belief in its antioxidant 
powers is somewhat limited. For example, little 
in vivo data has yet been obtained to support the 
common view that ascorbate regenerates a-toco- 

pherol from the a-tocopheryl radicalI31, although 
this has been demonstrated multiple times in 
vitro (e.g. references 4-12) including with isolated 
human LDLW The observation that high dietary 
vitamin C slightly increased vitamin E levels in 
rat mutants unable to synthesize ascorbate is con- 
sistent with recycling, but the effect was smallW 
In addition, vitamin C can exert pro-oxidant 
effects in vitro, but no one is as yet sure if this is 
relevant in viva The purpose of the present arti- 
cle is to review what we know and to suggest 
how our state of ignorance might be remedied. 

BASIC DEFINITIONS: WHAT IS AN 
ANTIOXIDANT? 

“Antioxidant“ is a term frequently used but 
rarely defined. Often, the term is implicitly 
restricted to chain-breaking antioxidant inhibitors 
of lipid peroxidation, such as a-tocopherol. 
However, free radicals generated in vivo fre- 

Corresponding author. Tel.: +44 171 333 4860. Fax: +44 171 333 4949. 

439 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



440 B. HALLIWELL 

AscH- ASC' - DHA 
FIGURE 1 Chemical structure of ascorbate and its oxidation products. DHA-dehydroascorbate. 

quently damage proteins and DNA as well as 
lipids, and so a broader definition has been intro- 
duced114J51-an antioxidant is any substance that, 
when present at low concentrations compared to 
those of an oxidizable substrate, significantly 
delays or prevents oxidation of that substrate. The 
term "oxidizable substrate" covers almost every- 
thing found in living cells, including proteins, 
lipids, carbohydrates and DNA. 

When reactive oxygen species (ROS)* and reac- 
tive nitrogen species (RNS)* are generated in liv- 
ing systems, a wide variety of antioxidants comes 
into play. The relative importance of these as pro- 
tective agents depends upon which ROS/RNS is 
generated, how it is generated, where it is gener- 
ated and what target of damage is measured. For 
example, if human blood plasma is tested for its 
ability to inhibit iron ion-dependent lipid peroxi- 
dation, the proteins transferrin and caeruloplas- 
min are found to be the most important protective 
agents[*6#171. When plasma is exposed to nitrogen 
dioxide, uric acid seems to exert protection 
against damage to biomolecules by this toxic oxi- 
dizing gas"*]. By contrast, when hypochlorous 
acid (HOCl) is added to plasma, uric acid appears 
to play little protective rolel19l. Similarly, if the 
oxidative stress is kept the same but a different 
target of oxidative damage is measured, different 
answers can result. For example, when plasma is 
exposed to gas-phase cigarette smoke, lipid per- 
oxidation occurs, an event which can be inhibited 
by both endogenous and added ascorbateW By 

'For definitions of these terms please see Table I. 

contrast, ascorbate has no effect on that oxidative 
damage to plasma proteins by cigarette smoke 
measured by the carbonyl assayW Some known 
carcinogens (such as diethylstilboestrol) are pow- 
erful inhibitors of lipid peroxidation in vitro[221 but 
may accelerate oxidative DNA damage in vivolW. 
This is a stark illustration of how careful one has 
to be in equating "antioxidant" to "safe mole- 
cule". 

The above definition emphasises the impor- 
tance of the source of oxidative stress and the tar- 
get ("oxidisable substrate") measured when 
defining antioxidants. Change either of these, 
and the relative protective effectiveness of differ- 
ent antioxidants will change. Hence there is no 
universal "best" biological antioxidant. 

ANTIOXIDANT PROPERTIES OF 
ASCORBATE IN VlTRO 

Ascorbate readily undergoes oxidation, forming 
an intermediate radical of low reactivity (Figure 
1). The poor reactivity of this radical may account 
for many of ascorbate's antioxidant effects: a 
fairly-reactive radical combines with ascorbate 
and a much less reactive radical (ascorbate radi- 
cal) is formed[241. Buettner[z] has summarized the 
one-electron reduction potentials of various bio- 
logically-relevant systems: Table 11 is a selection 
from the data he presents. Of course, these are 
standard potentials and the redox behaviour of 
substances is affected by such factors as concen- 
tration and pH. Nevertheless, Table I1 illustrates 
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ASCORBIC ACID 441 

TABLE I 

REACTIVE OXYGEN SPECIES (ROS) 
Radicals Non-Radicals 
Supcroxide, 02*- Hydrogen peroxide, H202 
Hydroxyl, OH' Hypochlorous acid, HOCI 
Peroxyl, R 0 2 *  Ozone, O3 
Alkoxyl, R O '  Singlet oxygen 1Ag 
Hydroperoxyl, HO,' 

REACTIVE NITROGEN SPECIES (RNS) 
Radicals Non-Radicals 

Nitric oxide, NO' 

Nitrogen dioxide, NOz' 

Nitrosyl NO- 
Nitrous acid, HN02  
Nitroxide NO 
Dinitrogen tetroxide, N204 
Dinitrogen trioxide, N203 
Peroxynitrite, ONOO- 
Peroxynitrous acid, ONOOH 
Nitronium cation, (Nitryl), NO2+ 
Alkyl peroxynitrites, ROONO 

ROS is a collective term that includes both oxygen radicals and certain non- 
radicals that are oxidizing agents andlor are easily converted into radicals 
(HOCI, 0% ONOO-, 'Ou HzOz). RNS is also a collective term including 
nitric oxide and nitrogen dioxide radicals, as well as such non-radicals as 
HNO? and N20+ ONOO- is often included in both categories, and HOCI 
could equally well be called a "reactive chlorine species". "Reactive" is not 
always an appropriate term; H20B NO' and 02*- react quickly with few 
molecules whereas OH' reacts quickly with almost everything. RO2*, RO', 
HOCI, NO2', ONOO- and O3 have intermediate reactivities. 

the important point that ascorbate is thermody- 
namically close to the bottom of the pecking order 
for oxidizing radicalsl251, i.e. it will tend to quench 
more-reactive species such as OH', 02*- and urate 
radical. The ascorbate radical is relatively unreac- 
tive, being neither strongly oxidizing nor strongly 
reducing124W In particular, it is thermodynami- 
cally unlikelyI251 that ascorbate radical can reduce 
O2 to 02*-, a conclusion consistent with the major- 
ity of the experimental data availabler24-261. 

As can be predicted (Table 11), ascorbate has 
been shown to have a multiplicity of antioxidant 
properties in vitro, some of which are summa- 
rized in Table 111. Ascorbate may also be an 
important protective agent against damage by 
reactive nitrogen species, such as peroxynitrite 
(Figures 2 and 3) and nitrosating agents formed 
from nitriteW Ascorbate in respiratory tract lin- 
ing fluids may be especially important in protect- 
ing against damage by inhaled oxidizing air 
pollutants, such as O3 and N020[431. 

PRO-OXIDANT PROPERTIES OF 
ASCORBATE 

In vitro, however, vitamin C can also exert pro-oxi- 
dunt properties. The classic system of Udenfriend 
et ul[ml for making hydroxyl radicals consists of an 
iron chelate, H202 and ascorbate. The ascorbate 
acts as reductant to the iron, easily permitted by 
the relative reduction potentials (Table II). 

Fe3+ + ascorbate + Fe2+ + ascorbate' (1) 

Fez+ + H 2 0 2  + OH' +OH- + Fe3+ (2) 

Iron/ascorbate mixtures have been used for 
decades to stimulate lipid peroxidationl491; again, 
the ascorbate functions mainly by reducing iron 
ions. Ascorbate can also interact with copper ions 
(e.g. reference1501) to generate1511 OH'. Instillation 
of high levels of ascorbate with iron or copper 
ions into the stomach of animals led to OH' gen- 
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8. HALLIWELL 

TABLE I1 Some Standard Reduction Potentials 

Couple Standard w ? w Y  RedGtion 
Oxidizing Potential (mv) 

OH',H+/HZO 
RO',H+/ROH (aliphatic alkoxyl) 

0;; 2H+/H2O2 
RS'/RS- (cysteine) 
W- ,H+/LJHz- (urate) 
a'T,H+/aTH (a-tocopherol) 
Trolox C (TO',H+/TOH) 

HO;, Ht/H202 

H20>H'/H,O, OH' 

2310 
1600 
1060 
940 
920 
590 
500 
480 
320 

ascorbate'-, Htlascorbate- 282 

Femcytochrome c/ferrocytochrome c 260 

Fe3+- EDTA/Fe2+- EDTA 120 
Fe3+-citrate/Fe2+-citrate -100 
Fe3+-ADP/FeZ+-ADP -100 
Ubiquinone, H+/ubisemiquinone -36 

Ubisemiquinone, Hflubiquinol 200 

I Dehydroascorbate/ascorbate'- -1 74 

Fe3+-femtin/femtin + Fez+ -190 
02/0;- -330 
Fe3+-transferrin/Fe2+-transfemn 4 0 0  (pH 7.3) 
Paraquat/paraquat *- 4 4 8  
02/H+,/HO; 4 6 0  
c02/co;- -1800 
HzO/e,, -2840 

Data selected from the extensive compilation in 5. Values refer to 
pH 7 unless otherwise stated. 

eration152.531 and the mixture of metal ions and 
ascorbate in some vitamin pills has been claimed 
to generate OH' once the pills dissolveW A mix- 
ture of ascorbate and copper ions (which will 
generate OH') rapidly inactivates the enzyme 
catalaselssl and several authors have described 
cytotoxic and mutagenic effects of ascorbate on 
isolated cells (for a review of older literature see 
ref. 56; for other examples see refs. 57-61). The 
author believesl151 that these effects most likely 
involve interaction of ascorbate with transition 
metal ions added to (or contaminating) the cell 
growth media. Pro-oxidant effects of ascorbate 
are also well-known to food scientists. For exam- 
ple, PorterI621 referred to the actions of ascorbate 
in foods in these terms: "of all the paradoxical 
compounds, ascorbic acid probably tops the list. 

It is truly a two-headed Janus, a Dr. Jekyll-Mr. 
Hyde, an oxymoron of antioxidants." 

Hence, when metal ions are present, ascorbate 
can often stimulate free radical damage in vitro. 
For example, a copper ion/ascorbate/H202 mix- 
ture causes severe oxidative damage to the 
bases of DNA by generating OH*W An inter- 
esting apparent exception is LDL: even in the 
presence of copper ions, ascorbate delays oxida- 
tion of LDL, by recycling a-tocopherol and by 
other mechanismsI4.63.641. However, once LDL 
oxidation is well under way, and presumably all 
the a-tocopherol has been oxidized, vitamin C 
can accelerate LDL oxidation, i.e. it can become 
pro-oxidant[651. The physiological relevance of 
the complex interactions between LDL antioxi- 
dants and the transition metal ions that may 
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ASCORBIC ACID 443 

TABLE 111 Ascorbic Acid as an Antioxidant In Vitro 

Scavenges 02- and HO,’ (overall rate constant >105M-k1 at 

Scavenges water-soluble peroxyl (RO,’) radicals.”-32 Lipophilic 
pH 7.4).27-29 

ascorbate esters can also scavenge lipid-soluble RO,’ 
radicals.33 

Scavenges thiyl and sulphenyl radicals.34.5 
Prevents damage by radicals arising by attack of OH’ or RO,’ 

upon uric acid, probably by reacting with urate radicals.” 
Powerful scavenger of hypochlorous acid.37 
Inhibits damage by peroxynitrite (Figs. 1 and 2). 
Inhibits lipid peroxidation by haemoglobin- or 

myoglobin-H202 mixtures and prevents peroxide-dependent 
haem breakdown and release of “catalytic“ iron ions.39 

Powerful scavenger and quencher of singlet 02 .40  

May regenerate a-tocopherol from a-tocopheryl radicals in 

Scavenges nitroxide radicals ( JMC Gutteridge, personal 

Scavenges OH‘ radicals (rate constant > lOYM-W).41 
Protects plasma lipids against peroxidation induced by 

activated neutrophils.1 
May protect membranes and lipoproteins against lipid 

peroxidation induced by species present in cigarette 
srnoke.20,42 

probably protects lung lining fluids against inhaled 
oxidizing air pollutants.43 

drugs (e.g. phenylbutazone).44,45 

endothelium in a hamster dorsal skin-fold chamber 
model.& 

membranes and lipoproteins.4-13 

communication). 

Powerful scavenger of O3 and NO,’ in human body fluids, 

Inhibits oxidative damage by radicals generated from certain 

Protects against oxidized LDL-induced phagocyte adhesion to 

be present in atherosclerotic lesions[66,671 or 
released by vessel wall injury1681 are by no 
means understood, so it is impossible to say 
which is the most biologically-relevant scenario. 
Patients with iron overload disease do not 
appear to suffer greatly-enhanced rates of ather- 
osclerosis developmen ti691, although iron over- 
load has been reported to augment the 
development of atherosclerosis in hypocholes- 
terolaemic rabbitd701. This perhaps suggests that 
ascorbate interactions with “catalytic” iron ions 
present in iron-overloaded patients (see below) 
do not, in general, facilitate LDL oxidation in 
the arterial wall to an extent that aggravates ath- 
erosclerosis, although it is possible that iron 
overload predisposes to myocardial infarction 

by other mechanisms such as direct free radical- 
mediated toxicity to the heart171-741. 

PHYSIOLOGICAL RELEVANCE OF THE 
ANTIOXIDANT EFFECTS OF ASCORBATE: 
WHAT IN VIVO DATA DO WE HAVE? 

We know that vitamin C is essential in the human 
diet; there is an established deficiency disease 
(scurvy) and the role of ascorbate as a cofactor for 
several enzymes is well established (reviewed in 
ref. 2). Ascorbate plays key roles in the regulation 
of cellular iron metabolism[75,761. It is also thought 
to aid the absorption of inorganic iron from the 
gut by reducing Fe(II1) to the more easily- 
absorbable Fe2+ (discussed in ref. 77). Ascorbate is 
present in gastric juice, and may aid in eliminating 
nitrosamine carcinogens from the diet or formed 
in the stomach, hence helping to protect against 
one muse of stomach cancer[78,79JW The RDA for 
vitamin C (40 mg/day in the UK, 60 mg/day in 
the USA, higher for smokers, may be sufficient to 
do all these thingsIWW However, the strong epi- 
demiological evidence for the protective effect of 
ascorbate against certain forms of can~er[7~,~~1 is 
not evidence that this anti-cancer action is exerted 
by an antioxidant mechanism. A similar comment 
may be made about the reported effect of ascor- 
bate on haemostatic factors1821. 

Nevertheless, it seems chemically very likely 
that ascorbate does exert some antioxidant prop- 
erties in vivo. It scavenges many ROS/RNS 
(Table 111; Figures 2 and 3) and it is widely dis- 
tributed in cells and extracellular fluids at con- 
centrations that would be capable of scavenging 
ROS/RNStufl], e.g. millimolar concentrations in 
human neutrophilsI~1 and lymphocytes[18ll. But 
how can in vivo antioxidant action be proved? 

In some cases involving naturally-occurring 
putative antioxidants, it has been possible to 
remove the compound in question and look for 
evidence of increased oxidative damage. For 
example, mutants of E. coli genetically-engi- 
neered to lack both MnSOD and FeSOD show 
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2 0 4 , .  1 . ,  . , . , - 1 * 
0.0 0.2 0.4 0.6 0.8 1.0 

Ascorbate concentration (mM) 

FIGURE 2 Protection by ascorbate against inactivation of a,-antiproteinase by peroxynitrite. For details of experimental con- 
ditions see.131 Ascorbate was present at the final concentrations stated, peroxynitrite was 0.5 mM. 

severe damage when grown aerobicallylwl and 
damage can be minimized by introducing a gene 
coding for SOD, even mammalian CuZnSOD[W. 
These and other experiments illustrate the phys- 
iological antioxidant role of SOD. For ascorbate, 
the effects of dietary depletion can be studied in 
experimental animals such as the guinea-pig, or 
a mutant rat strain (ODs rats) that is unable to 
synthesize as~orbate[86,~~1. Surprisingly little 
work has been reported in which "state of the 
art" parameters of oxidative damage[BBl were 
measured in such animals in relation to ascor- 
bate intake, although studies of ascorbate-vita- 

min E interactions have been carried out in 
guinea pigsW An early study on guinea pigs 
showed that a vitamin C-deficient diet led to 
increased exhalation of pentane and ethane, sug- 
gestive of increased lipid peroxidation in vivo[R91. 
Unfortunately, the validity of such hydrocarbon 
measurements as an index of lipid peroxidation 
has repeatedly been q~estionedl",~11. Vitamin C 
intake (in the range 150-900 mg/kg diet) did not 
appear to affect lipid peroxidation in ODs rats, 
as measured by a specific assayW 

If ascorbate is really acting as an antioxidant in 
vivo is it depleted under conditions of oxidative 

I , . , . , . , . , . , ,  
0.0 0.2 0.4 0.6 0.8 1 .o 

Concentration (mM) 

FIGURE 3 Protection by ascorbate against nitration of tyrosine by peroxynitrite. For details of experimental conditions see.lMl 
Peroxynitrite and tyrosine were 1.0 mM and ascorbate was present at the final concentrations stated. 
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stress? The answer seems to be "yes". Thus ascor- 
bic acid becomes oxidized to dehydroascorbate in 
synovial fluid in the knee-joints of patients with 
active rheumatoid arthritisly2,9Y Presumably 
ascorbate is acting to scavenge ROS/RNS (Table 
111, Figures 2 and 3) derived from the many acti- 
vated phagocytes present. Ascorbate is also oxi- 
dized in the body fluids of patients with adult 
respiratory distress syndrome, in whom there is 
often massive infiltration and activation of neu- 
trophils in the lungW This loss of ascorbate 
would at first sight seem unexpected, since 
enzymic systems exist in vivo to reduce ascorbate 
radical back to ascorbate at the expense of NADH 
(the NADH-semidehydroascorbate reductase 
enzyme) or of GSH (the dehydroascorbate reduc- 
tase enzyme) (reviewed in refs. 2,95). However, 
these enzymes seem to be largely intracellular 
and so ascorbic acid is rapidly depleted in human 
extracellular fluids under conditions of oxidative 
stress, presumably by the reactions 

radical attack 
ascorbate - ascorbate radical (3) 

disproportionation 
2 ascorbate radical 4 

ascorbate + dehydroascorbate (4) 

rapid nomt~nzymic 

breakdown 
dehydroascorbate d oxalate, 

threonate, other oxidation products (5) 

Glutathione deficiency in newborn rats and in 
guinea pigs is lethal, but death can be prevented 
by high doses of ascorbate. The onset of scurvy in 
guinea pigs fed a diet low in ascorbate is delayed 
substantially by GSH precursors. Hence there is 
evidence for interactions between GSH and 
ascorbate in vivol9hl. 

Can oxidation products of ascorbate be mea- 
sured under conditions of oxidative stress? 
Direct epr measurement of ascorbate radical has 
given promising results which are, in general, 
consistent with oxidation of ascorbate at sites of 
oxidative stress12"')7,'W. 

RELEVANCE OF PRO-OXIDANT EFFECTS: 
IS ASCORBATE TOXIC TO HUMANS? 

It should perhaps first be noted that in vitro pro- 
oxidant effects are not unique to ascorbate; they 
can be demonstrated with many reducing agents, 
including GSH and NAD(P)H199-1"21. In the con- 
text of dietary antioxidants, there is considerable 
current interest in the antioxidant effects of plant 
phenolics (e.g. in wineI1031), such as the 
flavonoidsI10~1051. However, several plant pheno- 
lics can be made to exert pro-oxidant effects in 
vitro. Often, they inhibit lipid peroxidation but, 
when mixed with iron or copper ions, they can 
damage other biological molecules, including 
DNA and proteins, in vitro (e.g. refs. 105-113). So 
if ascorbate's pro-oxidant effects are relevant in 
vim, the pro-oxidant effects of these other reduc- 
tants might also be expected to occur. 

Medical and lay interest in "optimal" ascorbate 
intakes was raised by claims that that mega- 
doses (log per day or more) can protect against 
the common cold and can be used in the treat- 
ment of advanced human cancer (reviewed in 
ref. 114). The anti-cancer effect[114J*sl was never 
independently confirmedl1161. Indeed, perusal of 
one of the original papers11151 reveals the worry- 
ing observation that four cancer patients died of 
haemorrhagic tumour necrosis soon after vita- 
min C treatment was started. Vitamin C does not 
cure the common cold or prevent its occurrence; 
debate continues as to whether there is a small 
effect on duration of cold epi~odesl117-11~l. 

Several reports have appeared about alleged 
toxic effects of repeated high dose vitamin C 
(Table IV). Even if these are correct, they are not 
necessarily related to pro-oxidant effects. In any 
case, data are limited and documentation is often 
inadequate (many letters and case reports, no full 
papers). For example, it is often said that 
increased vitamin C intake predisposes to kidney 
stones, and that people who stop taking large 
doses of ascorbate become scorbutic, but I have 
been unable to find detailed literature documen- 
tations of either phenomenon. Ascorbate can 
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446 B. HALLIWELL 

TABLE IV Toxic Effects of Vitamin C 

Stomach cramps, nausea, diarrhoea (only with multi-gram 
doses) (referencells and many personal communications). 

Possibility of sodium overload (if large amounts of sodium salt 
taken) or acidosis (if large amounts of free acid taken) ~ no 
clear literature documentations of such effects. 

Increased risk of oxalosis, perhaps leading to kidney stonesl?". 
"Rebound effect", cessation of mega-doses leading to very low 

Serious cardiovascular disturbances when excess ascorbic acid 
given to iron-overloaded patientsl'?,l?'. 
Ability to glycate proteins, e.g. lens crystallinsI?J I?h, 

Various anecdotal reports of haemolytic events (e.g. in 

ascorbate levelslzl. 

paroxysmal nocturnal haemoglobin~ria '?~ and glucose-6- 
phosphate dehydrogenase deficiencyl?" These studies 
used iv infusion of high levels of ascorbate'?K, or implicated 
ascorbate in foods/drinks without evidence that ascorbatc 
was responsible for the observed effect"'. 

modify proteins in vitro by glycation-type reac- 
tions, which probably involve transition metal 
ions, especially copper (S. P. Wolff, personal 
communication). Such reactions have been sug- 
gested to contribute to the modification of lens 
proteins and development of cataractl125J2hI. but 
epidemiological evidence suggests that, if any- 
thing, ascorbate is protective against cataract 
development11"0.1311. 

The author feels that there is no convincing 
evidence for toxic effects of ascorbate in healthy 
people. However, the possibility of pro-oxidant 
effects should not be dismissed lightly. There is 
good evidence for an ongoing background level 
of oxidative damage to DNA, lipids and proteins 
in the human body (reviewed inls8l), and the pat- 
tern of damage to DNA bears the hallmark of 
attack by OH*[1321. Stadtman et uP33.1341 have 
argued that much in vivo oxidative protein dam- 
age involves metal ion-dependent OH' genera- 
tion, a process which can be accelerated by 
ascorbate in vitro. Ames et a111351 and Totter11361 
propose that oxidative damage to DNA is a 
major contributor to the age-related increase in 
the development of human cancer. If they are 
right, even a small rise in OH' generation over a 
lifetime could increase the incidence of cancer. So 
we must be very sure that ascorbic acid is really 

safe before proposing large intakes on a regular 
basis. Indeed, patients with iron overload conse- 
quent upon idiopathic haemochromatosis show 
increased incidences of hepatoma, as well as dia- 
betes and chronic joint inflammationI1371. 

The Key Question: Availability of Transition 
Metal Ions 

Are the pro-oxidant effects of ascorbate (and of 
other reducing agents such as plant phenolics) 
relevant in vivo? In the authors's opinion the key 
factor is the availability of "catalytic" transition 
metal ions. This relates to another important 
nutritional question: what is the optimal intake 
of iron and copper? Iron is essential for human 
health, especially in children and pregnant 
women, but could too much iron intake cause 
harm, either in the body or in the colon (where 
unabsorbed excess dietary iron/copper will end 
up)? Considerable research in recent years has 
shown that, in the healthy human body, iron and 
copper ions appear to be largely sequestered in 
forms unable to catalyse free radical reactions 
(reviewed in refs. 17,138). Hence, for example, 
human plasma appears to have no non-protein- 
bound transition metal ions catalytic for free 
radical reactionsl17,'3sl. Thus the pro-oxidant 
properties of ascorbate (and any dietary plant 
phenolics that are absorbed through the gut) 
would not be expected to be biologically signifi- 
cant in plasma at least. 

But is it possible that pro-oxidant effects do 
occur in cells and are simply masked by the domi- 
nant antioxidant effects of ascorbate? If so, how 
would this balance be affected by raising ascorbate 
levels? Metals cannot always be kept sequestered: 
within cells they must leave ferritin and travel to 
the proteins that require them. Our ignorance of 
the chemical nature of the "low molecular mass 
intracellular iron pool" and its putative ability to 
catalyze free radical damage is profoundll3XI. We 
do know that free radical damage to lipids, pro- 
teins and DNAcan be demonstrated to occur in the 
human body (reviewed in ref. 88). 
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We might perhaps learn something by looking 
at pathological situations. It has been said that 
twice as many adult men in the USA have 
haemochromatosis as have real iron-deficiency 
anaemia113y,1401 and the prevalence of iron over- 
load due to homozygous haemochromatosis in 
apparently-healthy Australians was about 1 in 
300114ll. Values for homozygous haemochromato- 
sis in populations of Northern European origin 
now living in different countries range from 1 in 
86 to 1 in 1351, with an average of 1 in 200 to 1 
in 400 (reviewed in[lQI). Patients with iron over- 
load resulting from haemochromatosis or other 
disorders have non-transferrin-bound iron in 
their plasma and tissues that appears capable of 
catalyzing free radical reactionsl143-1481 and para- 
meters consistent with oxidative damage are 
increased in these patientsll46,l4Y,1")l1. There are 
several published "short reports" that giving 
vitamin C to iron-overloaded subjects without 
administration of an iron chelating agent (such 
as desferal) can produce deleterious clinical 
effects[122,123,~"~. Iron-overloaded patients have 
sub-normal plasma ascorbate levelsl~~y~~-52J8"l; one 
should probably not even try to "correct" this 
without bringing the iron overload under con- 
trol. The 1992 management protocol for the treat- 
ment of thalassaemia patients published by the 
Cooley's Anemia Foundation (New York) states 
"Vitamin C increases the availability of iron and 
so may increase its toxicity if large doses are taken 
without simultaneous Desferal ") infusion. There- 
fore the following precautions are recommended 

Start treatment with vitamin C only after an ini- 
tial month of treatment with Desferal@. 
Give vitamin C supplements only if the patient 
is receiving DesferalO regularly. 
Do not exceed a daily dose of 200 mg. 

However, should the prevalence of haemochro- 
matosis be an argument for minimizing the 
ascorbate intake of the general population? A 
simple solution to the problem of haemochro- 
matosis would be if screening for the haemochro- 
matosis gene (or checking of blood iron status, 

e.g. by measurement of serum ferritin levels or 
percentage transferrin saturation) became a part 
of routine medical examinations. Such screening 
may be justified by the devastating consequences 
of prolonged iron overload (e.g. hepatoma) and 
the ease with which it can be prevented or treated 
if caught early[137,142J53I. 

Tissue Injury and Metal Ion Release 

A second caveat is that injury to human tissues, 
by any one of a number of causes, causes 
increased availability of "catalytic" transition 
metal ions (reviewed in ref. 154). This has been 
widely demonstrated, e g  in humans suffering 
from brain injury (reviewed in ref. 154), sub- 
jected to cardiopulmonary by-passl1551, in liver 
failureI1561, suffering from rheumatoid arthri- 
tis[1571, in cancer patients given chemother- 
apy1158-16"1 and in premature babies1161-'641. It is 
interesting that the first trial claiming to rebut 
Pauling's early work on anti-cancer effects of 
mega-dose vitamin C involved patients who had 
received chemotherapy; it is not impossible that 
iron overload could have negated any benefits of 
the administered ascorbate. However, a later 
trial avoided this problem (reviewed in ref. 116) 
and the result was still negative. 

As we all get older, we get sicker. In advanced 
human atherosclerotic lesions, metal ions cat- 
alytic for free radical reactions can be mea- 
sured166,67]: indeed, the lesion contents will 
stimulate OH' formation in the presence of H202 
and ascorbate in uitruW There are repeated (but 
controversial) sugges t i o n ~ [ 7 4 ~ 1 6 ~ I 6 8 1  that high body 
iron and/or copper[l6Yl stores are associated with 
increased risk of cancer and cardiovascular dis- 
ease. Could this be because the more iron or cop- 
per is in a tissue, the more is potentially 
mobilizable to catalyze free radical reactions after 
an injury[154,1701? If this is so, then the pro-oxidant 
effects of ascorbate might conceivably be aggra- 
vated. Indeed, it has been argued that the decline 
in ascorbate at the onset of many oxidative 
stresses is beneficiall17,138,154l, first because the 
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ascorbate is helping to scavenge radicals and 
recycle a-tocopherol, and second that ascorbate 
removal minimizes its potential pro-oxidant 
interactions with metal ions released by tissue 
damage. Thus it is possibli~ that giving lots of 
ascorbate to sick people may not be a good thing. 
This is pure speculation however: there is no iri 

vizw evidence as yet. Perhaps any pro-oxidant 
properties of ascorbate under these circum- 
stances are still outweighed by its antioxidant 
effects. 

Another question often asked is whether ascor- 
bate could favour excessive uptake of iron into 
the human body, since the reduction of ferric ions 
to Fez+ by ascorbate is believed to facilitate iron 
uptake in the gut. There is no evidence to support 
this view in healthy subjectsl17~-~7~~; iron uptake 
appears tightly regulated whatever the ascorbate 
intake. However, the issue needs to be addressed 
in relation to haemochromatosis. 

CONCLUSION 

Ascorbate is essential in the human diet, but 
many unanswered questions remain. In healthy 
subjects, the RDA for ascorbate probably helps 
protect against various diseases, including 
stomach cancer, probably by protecting against 
nitrosamines. Cey ct nllX'),17'1 carefully reviewed 
several epidemiological studies and concluded 
that plasma concentrations of -50 pM ascorbate 
are associated with decreased risk of cardiovas- 
cular disease. Such levels are easily achievable 
by diet alone. The studies of Fraga rt n1[175,17hl 

showed that 60 mg/day of ascorbate seemed to 
be enough to normalize levels of oxidative DNA 
damage in sperm in previously-scorbutic 
human subjects. In sperm collected from human 
volunteers, only very low seminal fluid ascor- 
bate levels were associated with elevated DNA 
damage. A high dietary intake of vitamin C 
appears not to be protective against breast can- 
cer11771 and, apart from stomach cancer, many 
other studies are equivocal about the protective 

effects of ascorbatel'77.17X.IXII. In the Linxian 
~ t u d y l ~ 7 ~ ~ ,  supplementation of a Chinese popula- 
tion with molybdenum plus vitamin C at doses 
about twice the USA RDA (120 mg, 30 pg) 
showed no evidence of a reduction in cancer 
incidence or mortality. 

In summary, there is evidence that oxidative 
damage to DNA, proteins and lipids occurs in the 
human bodylssl, but no evidence that pro-oxidant 
effects of ascorbate are responsible (although we 
cannot prove that they are not). Much more 
research is needed in which "state of the art" 
parameters of oxidative damage are measured in 
animals and humans in relation to intake of 
ascorbate and other antioxidants. No clearly-doc- 
umented toxicities of even mega-dose ascorbate 
seem to exist, except perhaps in iron-overload 
diseases (even there the evidence is 1imited)llX"I. 
What data are available on optimal ascorbate 
intakes suggest, however, that there may be no 
extra benefit from large intakes. The author rec- 
ommends a diet with plenty of fruits and vegeta- 
bles and avoiding smoking (which is known to 
deplete ascorbate). Dietary supplementation 
with ascorbate (if any) should use only amounts 
close to the RDA. 
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