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Ascorbate (AH') and certain other biological reduct- 
ants have long been known to produce the cytotoxic 
hydroxyl radical ('OH) when oxidized by hydrogen 
peroxide (H202) in the presence of copper or iron 
catalysts. The present study documents the in vitro 
production of the "OH solely from the oxidation of 
AH- by H202, independent of mediation by transi- 
tion metals. Hydroxyl radical generation resulting 
from the AH'/H202 system was quantitatively docu- 
mented by the specific radical-mediated hydroxyla- 
tion of salicylic acid, a reaction that was readily 
assayed with HPLC coupled with electrochemical 
detection. Two ascorbate-copper complexes (e.g., 
AH-/Cu2+-EDTA/H202 and AH'/Cu2+-EDTA) and a 
copper/H202 system also generated 'OH, but less 
effectively than the AH'/H202 system. The ability of 
AH- and H202 to generate cytotoxic "OH documents 
a reaction mechanism that may account for cytotoxic 
activity in some cellular environments where metal 
catalysts are lacking. 

Keywords: Ascorbate,  cytotoxicity, h y d r o g e n  peroxide,  
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INTRODUCTION 

Reactive oxygen intermediates (ROI) are highly 
unstable and potentially toxic molecules that are 
produced under both normal and pathological 
conditions by several cellular mechanisms. Reg- 

ulated levels of certain ROI have been shown to 
be beneficial and even indispensable in cell sign- 
aling processes and in defense reactions against 
microbial infections. However, abnormally high 
concentrations of ROI, resulting from either 
exogenous insult or from dysfunctional endog- 
enous controls, can cause oxidative stress that 
adversely affects cellular metabolism. The ROI 
most frequently implicated as causative factors 
in oxidative and peroxidative damage to mem- 
brane lipids and other biomolecules include 
superoxide anion (02-'), hydrogen peroxide 
(H202) , nitric oxide (NO) and the most aggres- 
sive oxygen species, the hydroxyl radical ('OH). 
The latter radical is generated in reactions 
involving H202 with either O2-', NO, or 
"redox-active" iron or copper (i.e. Fenton reac- 
tion) (Eqs. 1-3) (Nappi and Vass, 1998a). 

H202 + 02-" --+ "OH + OH- + 02 Eq 1 

H202 + NO --+ 'OH + HN02 Eq 2 

H202 + Fe2+(Cu +) --+ Fe3+(Cu ~+) + OH- + 'OH 
Eq 3 

Organisms have acquired in their evolution 
various mechanisms to protect against toxic oxy- 
gen species. Protection against 'OH-mediated 
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FIGURE 1 In phagocytes and various other cells, an initial monovalent reduction of dioxygen (02) catalyzed by NADPH oxi- 
dase produces 02-, which is converted by superoxide dismutase (SOD; EC 1.15.1.1) to H202. Hydrogen peroxide can react with 
02-, NO, or "redox-active" iron or copper (i.e. Fenton reaction) to produce .OH, which can initiate membrane lipid peroxida- 
tion and adversely alter the activity of membrane-bound enzyme systems. The production of 'OH is prevented primarily by the 
activity of intracellular enzymes, such as catalase (EC 1.11.1.6) and glutathione peroxidase (GSHPx; EC 1.11.1.9) that degrade 
H202, and by non-enzymatic antioxidants such as c~-tocopherol (vitamin E), reduced glutathione (GSH), and ascorbic acid. GSH 
is used as a donor of reduction equivalents by GSHPx. Reactions mediated by GSHpx generate oxidized glutathione (GSSG), 
which is reduced back to GSH by glutathione reductase (GSHRx; EC 1.6.4.2), an enzyme that uses NADPH as an electron donor 

damage is attributed to the activity of enzymes 
such as catalase (EC 1.11.1.6) and glutathione 
peroxidase (GSHPx; EC 1.11.1.9) that detoxify 
H20 2, and to several non-enzymatic antioxi- 
dants including ct-tocopherol (o~-TO, vitamin E), 
reduced glutathione (GSH), ~-carotene, and 
ascorbic acid (AH2; vitamin C) (Fig. 1). ct-Toco- 
pherol is an effective radical chain-breaking mol- 
ecule that blocks membrane lipid peroxidation 
by quenching peroxyl radicals. The radical scav- 
enging capacity of c~-tocopherol is believed to be 

maintained in large part through the interven- 
tion of two reductants, GSH and AH 2 (Niki et al., 
1995). 

The metabolism of AH 2 and the factors regu- 
lating its production are of considerable interest, 
especially given its purported function as a cel- 
lular reductant (Banhegyi et al., 1997). Ascorbic 
acid has two ionizable -OH groups, and a disso- 
ciation constant in water of 7.94 x 10 -5 
(pK a = 4.2). At physiological pH, the ascorbate 
anion (AH-) is the predominant  species and 
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FIGURE 2 Interconversions of AH 2 at physiological pH. Ascorbic acid has two ionizable -OH groups, and a dissociation con- 
stant in water of 7.94 x 10 5 (pKa _ 4.2). At physiological pH, the ascorbate monoanion (AH-) is the dominant state. Donation of 
one electron by AH" produces semidehydroascorbate radical which is oxidized to form the ascorbyl radical (A-) and dehy- 
droascorbic acid (A). The delocalization of the unpaired electron renders A" rather unreactive. Dehydroascorbic acid is unstable 
and breaks down rapidly into diketo-L-gulonic acid, which ultimately produces oxalic and L-threonic acids 

undergoes a two-step oxidation to yield dehy- 
droascorbic acid (A) through the formation of an 
intermediate ascorbyl radical (A-'). The intercon- 
versions of AH 2 are presented in Fig. 2. 

The antioxidant activity of AH- is due to its 
ability to react with a variety of free radicals and 
active oxygen species (Asada, 1996), some of 
which are illustrated below: 

A H - + 0 2 - - + A  "+O2 ' + H  + Eq4  

A H - + 0 2 - - - + H O 2  + A - '  Eq5  

AH- + 02- '  + H + --+ H202 + A- '  Eq 6 

AH- + HO2 (perhydroxyl radical) ~ H2()2 + A-'  
Eq 7 

AH- + 'OH ~ tt20 + A-'  Eq 8 

AH +O2 ' + H  + - - + t I 2 0 2 + A  ' Eq9  

AH- + H202 + H + -+ 2H20 + A Eq 10 

AH- + R (alkyl radical) -~ RH + A -  Eq 11 

AH- + (~-TO' (a-tocopherol radical) 

c~-TOH + A -  Eq 12 

In addition to its ability to react directly with 
ROI, AH- also provides the reducing equivalents 
for the enzymatic scavenging of H202 by ascor- 
bate peroxidase, a universal enzyme in plant 
cells (Asada, 1996). This reaction, which does not 
occur in humans and other primates, involves 
the reduction of H202 and the concomitant oxi- 
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dation of AH- to A. The effectiveness of AH-as 
an antioxidant is enhanced by regeneration 
mechanisms that reduce its oxidation products 
A and A-'. The ascorbate anion can be regener- 
ated by spontaneous disproportionation (Eq 13), 
or by action of NAD(P)H-dependent and 
GSH-dependent dehydroascorbate reductases 
(Fig. 1) (Eqs 14-16). 

2A-' + H + --+ (disproportion)AH- + A Eq 13 

2 A -  + 2GSH --+ GSSG + 2AH Eq 14 

A + 2GSH --+ GSSG + AH- + H + Eq 15 

2A-' + GSH + NAD(P)H --+ 

GSSG + AH- + NAD(P) + Eq 16 

Conflicting views exist concerning the stimu- 
latory and inhibitory actions of AH- on cell 
growth and development. Several studies have 
demonstrated cytotoxic activity including 
DNA-damaging effects when AH- is present 
with copper or iron, and H20 2 (Andorn et al., 
1996; Biaglow et al., 1997; Chakrabarti et al., 
1996; Drouin et al., 1996; Elzanowska et al., 1995; 
Nappi and Vass, 1997; Nowak et al., 1991; Ueda 
et al., 1996). In reactions involving AH- and 
where 'OH has been implicated as the cytotoxic 
molecule, radical production typically has been 
attributed to the Fenton reaction wherein 
reduced forms of copper or iron react with H20 2 
(Andersson and Grankvist, 1995; Biaglow et al., 
1997; Dizdaroglu et al., 1991; Drouin et al., 1996; 
Elzanowska et al., 1995; Grinberg et al., 1995; 
Hermes-Lima et al., 1994; Kaur et al., 1997), or to 
the production of reactive derivatives of 
AH-metabolism (Juven and Kanner, 1986; 
Murata et al., 1985). Of considerable interest are 
reports that document the cytotoxic activity of 
AH- in metal ion-free cultures (De Laurenzi et 
al., 1995; Hisanga et al., 1992; Sestili et al., 1996), 
and those that also show cytotoxicity to be 
altered significantly by exogenous catalase 
and/or  superoxide dismutase (Arakawa et al., 
1994; Aruoma et al., 1987; Makrigiorgos et al., 
1995; Miwa et al., 1988; Murata et al., 1986; 
Nemoto et al., 1996a; Nemoto et al., 1996b; 

Schmidt et al., 1993; Sestili et al., 1996; Willekens 
et al., 1997; Woo and Lee, 1995). These observa- 
tions suggest that the presence of H202 may be a 
critical factor in determining whether AH-exhib- 
its a stimulatory or an inhibitory effect on the 
growth of certain cells. This proposal is sup- 
ported by recent studies showing a positive cor- 
relation between increased cellular uptake of 
AH- and increased levels of catalase activity. 
Presumably, augmented catalase activity facili- 
tates the degradation of H202, levels of which 
likely are elevated in cells exhibiting an 
enhanced uptake of AH- (Nemoto et al., 1996a; 
Nemoto et al., 1996b). Surprisingly, little atten- 
tion has been given to identifying the mecha- 
nism(s) involved in ascorbate-mediated 
cytotoxicity when redox-active metals are not 
present to potentiate Fenton chemistry. This 
study, which was undertaken to clarify the 
inhibitory mechanism of ascorbate on cell 
growth by examining reaction products derived 
from AH" and H202, is the first to document by 
sensitive and specific electrochemical detection 
methods the production of 'OH solely from the 
interactions of these two molecules. 

MATERIALS AND METHODS 

Chemicals 

All chemicals were obtained from Sigma Chemi- 
cal Company (St. Louis, MO). Stock solutions of 
all components were prepared daily in ultrapure 
reagent-grade water obtained with a Milli-Q sys- 
tem (Millipore, Bedford, MA) and kept at 4~ for 
a maximum period of 3 hr. 

Generation of "OH 

Two metal-mediated 'OH-generating systems 
were used; an Fe3+-EDTA-H202 complex (Fen- 
ton reaction), and a Cu2+-EDTA/ H20 2 system 
(Nappi and Vass, 1997). The metal-mediated 
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'OH-generating mixtures were prepared by add- 
ing equal volumes of aqueous FeC13 or  CuC12, 
and Na2EDTA to give a final concentration of 0.3 
mM in a total volume of 100 btl bicarbonate 
buffer (100 mM NaC1/25 mM NaHCO3; pH 7.2) 
containing 0.3% H202 and 5 mM salicylate 
(2-hydroxybenzoic acid). As shown by others, 
the redox potential of the metal complex used as 
a catalyst (i.e., Fe 2+ or Fe 3+) does not affect sig- 
nificantly the yield of "OH (Florence, 1984). For 
the ascorbate-mediated production of "OH, reac- 
tion mixtures contained 12btM to 0.5 mM AH- 
instead of the metal-EDTA component. The con- 
centration of H202 used was calculated using 
43.6 M -1 cm -1 as the molar extinction coefficient 
at 240 nm. Except where noted, incubations with 
varying concentrations of AH" or metal catalyst 
were performed at 22~ To assess the ability of 
the AH- /H202 complex to generate "OH inde- 
pendent of metal catalysts, each reaction compo- 
nent was incubated separately for varying 
periods of time only in metal ion free bicarbo- 
nate buffer (pH 7.2). For 'OH inhibition experi- 
ments, reaction mixtures contained 1 mM 
mannitol or methylated catechols (Nappi and 
Vass, 1998b). All incubations were conducted 
using disposable polypropylene 1.5 ml vials. 

HPLC-ED Analyses of "OH Production 

A sensitive and specific salicylate hydroxylation 
assay was used in conjunction with high per- 
formance liquid chromatography with electro- 
chemical detection (HPLC-ED) to monitor 'OH 
production (Chiueh et al., 1992; Chiueh et al., 
1993; Nappi and Vass, 1996; Nappi and Vass, 
1997; Nappi and Vass, 1998a; Nappi and Vass, 
1998b; Nappi et al., 1999; Nappi et al., 1995). The 
products of 'OH-mediated salicylate hydroxyla- 
tion, which include 2,3- and 2,5-dihydroxyben- 
zoic acid (DHBA) and ortho-catechol, were 
readily detected and measured by HPLC-ED. 
Chromatographic standards of these products 
were compared with the three salicylate hydrox- 
ylation products formed by the two 

�9 OH-generating systems. Identifications of 
co-eluting compounds were confirmed by calcu- 
lating proportional increases in their peak 
dimensions following the addition of authentic 
standards to the mixtures assayed by HPLC-ED. 
In all tests, 5 ~tl aliquots of the reaction mixture 
were analyzed by HPLC-ED. Control experi- 
ments were conducted by excluding iron, H202, 
NO, or AH 2 as was appropriate for different 
experiments. 

The HPLC system consisted of a Gilson (Madi- 
son, WI) 119 UV/Vis spectrophotometer and a 
Bioanalytical Systems (West Lafayette, IN) 
LC-4B amperometric detector with a glassy car- 
bon working electrode and a Ag/AgC1 reference 
electrode. The working electrode was main- 
tained at an oxidative potential of +650 mV. 
Instrument sensitivity was maintained at 50 nA. 
The solvent system was comprised of 50 mM tri- 
ethylammonium phosphate and 15% ace- 
tonitrile. The pH was adjusted to 2.0 with H3PO 4 
prior to the addition of acetonitrile. All separa- 
tions were made with an Alltech Spherisorb 
ODS 5 ~tm reverse phase column using a flow 
rate of 1.0 ml/min. Known amounts of different 
catecholamines occasionally were incorporated 
into reaction mixtures to serve as internal stand- 
ards. The correlation coefficient of the calibration 
curves established for the standards typically 
was greater than 0.98. 

Where appropriate, solutions were pre-treated 
with Chelex 100 chelating ion exchange resin to 
remove possible metal contaminants. The chelat- 
ing resin has a high preference for transition 
metals such as copper and iron. Also, the specific 
iron chelator desferrioxamine was incorporated 
into certain incubation mixtures for comparison 
with non-treated mixtures to exclude the possi- 
bility of "OH production resulting from 
iron-mediated Fenton chemistry instead of the 
interactions of AH- and H202. Each experiment 
was replicated at least 3 times, and the data pre- 
sented represent the means of the determina- 
tions specified. Statistical differences between 
mean values were evaluated where appropriate 
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FIGURE 3 Comparison of hydroxyl radical production by the iron-mediated Fenton reaction and by the AH-/H202 system. The 
insert is a representative ehromatogram showing the three salicylate hydroxylation products generated by "OH. Chromato- 
graphic conditions were +650 mV, 50 nA full scale, flow rate i ml /min 

by two-factor analysis of variance (ANOVA), 
Tukey's test for significant differences, and the 
Student's t-test. Differences were considered sig- 
nificant when P < 0.05. 

RESULTS 

In initial investigations, the levels of O H  pro- 
duced by the metal-mediated radical generating 
systems (i.e., Fe3§ 

Cu2-EDTA-H202) were examined and subse- 
quently compared with those formed by the rad- 
ical generating AH- mixtures. In each case, 
quantitative measurements of "OH produced by 
these systems were made by integrating the total 
peak areas detected by HPLC-ED of the three 
specific products derived from "OH-mediated 
hydroxylation of salicylate (Fig. 3). The identity 
of the saIicylate hydroxylation products (cate- 
chol, 2,3- and 2,5-DHBA) formed in each reac- 
tion was determined by their retention times 
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FIGURE 4 Comparison of hydroxyl radical production by various reaction mixtures at different periods of incubation. In the 
three ascorbate mixtures tested, levels of O H  were significantly different (p < 0.01) at 20, 40, and 60 min post-incubation. Signif- 
icantly lower levels of O H  (p < 0.01) were produced by the CuZ+-EDTA/H202 system at all incubation periods tested. Data rep- 
resent means (n = 3) 

(9.6, 11.4, and 15.3 min, respectively) and their 
co-elution with authentic standards in three rep- 
licate assays. 

Hydroxyl radical production was observed in 
reaction mixtures containing AH-/H202 and 
AH-/Cu2+-EDTA/H202 as early as 2-4 min 
post-incubation, and considerably later in reac- 
tion mixtures containing AH-/Cu2+-EDTA or 
Cu2+-EDTA/H202 (Fig. 4). The amount of 'OH 
generated by the AH-/H202 system was propor- 
tional to the duration of incubation (Fig. 3), and 
increased with increasing concentrations of the 
reactants, H202 and AH- (Figs. 5 and 6). With the 

concentration of AH-maintained at 0.5 mM, 
product formation in 20 min assays was 8.4 
times greater with 240 mM H202 than with 5 
mM H202, and 11.6 times greater at 60 min 
(Fig. 6). A similar increase in radical production 
was observed when ascorbate concentrations 
were increased and the concentration of H202 
maintained at 40 mM (Fig. 6). 

Hydroxyl radical production by the 
AH-/H202 system was reduced approximately 
40% when mannitol (1 mM) was incorporated 
into the reaction mixture (not shown). Similar 
results were obtained with O-methylated cate- 
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C = 430 pM). Chromatographic conditions were +650 mV, 50 nA full scale, flow rate I ml/min 

chols (Fig. 7), substances previously shown to 
inhibit i ron-mediated "OH product ion  (Nappi 
and Vass, 1998b). No "OH was detected in reac- 
tion mixtures containing just bicarbonate buffer 
and any one of the following components:  AH-, 
H202, Cu2+-EDTA, or Fe3+-EDTA, even after 24 
hrs incubation. Incubations with desferrioxam- 
ine showed no significant differences in 'OH 
product ion  compared  to reaction mixtures lack- 
ing the chelate (not presented). 

DISCUSSION 

Free radicals and other active derivatives of oxy- 
gen are inevitable by-products  of biological 
redox reactions (Halliwell and Gutteridge, 1999). 
Reduced oxygen species, such as H202, 02-', and 
�9 OH, inactivate enzymes  and damage cellular 
components  causing membrane  lipid peroxida- 
tion with ensuing product ion  of addit ional reac- 
tive molecules including lipid peroxyl  radicals 
and lipid hydroperoxides .  The capacity of the 
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cellular antioxidative defense systems to combat 
the active oxygen species that are produced in 
excess of what is normally required for signal 
transduction or metabolism is essential for pre- 
venting ROI-mediated oxidative damage. 

Biological reductants such as AH-, GSH, and 
NADPH have long been known to participate in 
�9 OH production in the presence of H202 and 
copper or iron catalysts (Florence, 1984). The 
present study documents the production of this 
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FIGURE 7 Representative chromatograms illustrating the inhibiting effect of O-methylated catechols on 'OH production by the 
AH-/H202 system, a response also observed with Fenton-mediated radical production (Nappi and Vass, 1998b) 

cytotoxic radical solely from the oxidation of 
AH" by H202 (Eq 17), independent of mediation 
by transition metals. Each of the two ascor- 
bate-copper complexes tested (e.g., 
AH'/Cu2+-EDTA/H202 and AH-/Cu2+-EDTA) 
also generated 'OH, but they were much less 
effective in doing so than the AH-/H202 system. 
The mechanism of ascorbate-copper complex 
catalyzed generation of 'OH involves AH- reduc- 
tion of the metal and the formation of A-' (Eq 18), 
and the ensuing oxidation of the reduced metal 
by H202 (Eq 19). Since the concentrations of the 
reactants used in this investigation were not 
physiological, the biological relevance of these 
chemical reactions remains to be determined. 

AH- + H202 --+ A-' + H20 Jr- "OH Eq 17 

AH- + Cu2+-EDTA -+ A-'  + Cu+-EDTA + H + 
Eq 18 

Cu+-EDTA + H202 + H + --+ 

Cu2+-EDTA + H20 + "OH Eq 19 

The lower levels of 'OH seen in metal-medi- 
ated reactions (60 rain or less in duration) 
involving AH- may be due to the fact that the 
effectiveness of the metal complex Cu2+-EDTA 
in H202 oxidations depends, in part, on the com- 
petition for the metal ion between the substrate 
reductant and the catalyst ligand. The reduction 
of Cu 2+ by AH- to Cu + not only diminishes the 
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amount  of free AH- that can be readily oxidized 
by H20  2 to "OH, but  it also leads to the forma- 
tion of a non-catalytic complex comprised of the 
reduced metal ion and AH-. Accordingly, as the 
H202-mediated oxidation proceeds, the propor- 
tion of metal ions binding to ligand increases, 
with a concomitant increase in the yield of 'OH. 
This was considered to be the case in H20 2 oxi- 
dations catalyzed by a Cu-GSH complex (Flor- 
ence, 1984). 

Since, H20  2 can be produced from a variety of 
sources, including the dismutat ion of 02-', leak- 
age from the respiratory chain, phagocytosis, 
and the metabolism of drugs, H20 2 may be con- 
siderably more cytotoxic than indicated by its 
weak in vitro reactivity with most biological 
molecules (Cohen, 1984). Hydrogen peroxide is 
an extremely important  molecule for cells to 
manage because it can react readily with O2-', 
NO, or transition metals to form 'OH, the most 
aggressive ROI (Nappi and Vass, 1998a). The 
capacity of H20 2 to generate 'OH solely through 
redox activity with AH- inculpates H20 2 as a 
major cytotoxic component,  and provides an 
explanation for frequently observed cytotoxic 
reactions involving AH- in cellular environments 
lacking 02-" or metal catalysts required for Fen- 
ton-type Haber-Weiss reactions. Because of the 
ubiquitous presence of ascorbate in cellular sys- 
tems at relatively high concentrations, one-elec- 
tron reductions by this molecule may  represent 
an important  ROI-generating pathway in vivo. 
In vitro ascorbate has been shown to have vari- 
ous antioxidant properties, protecting various 
biomolecules against damage by ROI. However, 
direct evidence that ascorbate functions as an 
antioxidant in vivo is limited (Halliwell and Gut- 
teridge, 1999). Transition metal-catalyzed oxida- 
tions of ascorbate can stimulate lipid 
peroxidation (Andorn et al., 1996), produce 
H20 2 and "OH (Aruoma et al., 1991; Biaglow et 
al., 1997; Chin and Lindsay Robert, 1994; 
Dizdaroglu et al., 1991; Miura et al., 1994; Tajima 
et al., 1998), and readily induce additional dam- 
age by other free radicals. Similar metal 

ion-dependant pro-oxidant effects also are mani- 
fested by other reducing agents including GSH, 
NAD(P)H, and ~-tocopherol (Halliwell and Gut- 
teridge, 1999). The toxicological significance of 
the ability of AH- and other endogenous biologi- 
cal reductants to provide a source of 'OH when  
oxidized by H202 is a concern that warrants 
additional attention. 

Finally, it is of interest to note that plants and 
most animals have the ability to synthesize 
ascorbate from glucose. Humans,  however, lack 
gulonolactone oxidase, the enzyme that cata- 
lyzes the terminal step in ascorbate synthesis. 
Although the loss of ascorbate synthesizing 
capacity in humans  has been viewed as an 
inborn error of metabolism (Halliwell and Gut- 
teridge, 1999), there is now a reason to consider 
this loss a significant evolutionary adaptation, 
given the fact that the reaction, were it to occur, 
generates H20 2 (Eq 20). 

L-gulono-7-1actone + 02 -4 L-ascorbate + H20~ 
Eq 20 
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