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ABSTRACT

The aim of the present study was to investigate whether the in vitro pro-oxidant effect of
ascorbic acid towards thiol groups could be mediated by free radicals formed during its auto-
oxidation and/or by a direct oxidation of -SH groups by its oxidized form (dehydroascorbic
acid). This hypothesis was examined by measuring the rate of AA (ascorbic acid) oxidation in
MOPS (3-morpholinepropanesulfonic acid buffer) and phosphate buffer (PB). Here we have
used dithiothreitol (DTT) as model of vicinal thiol-containing enzymes, namely o-
aminolevulinate dehydratase. The rate of AA and DTT oxidation was more pronounced in the
presence of PB than in the MOPS. AA oxidation induced by iron/EDTA complex was signifi-
cantly reduced by addition of superoxide dismutase, catalase and DTT to the reaction medi-
um. H,O, alone did not stimulate the oxidation of AA; however, AA oxidation was enhanced
significantly with the addition of crescent concentrations of iron. Conversely, in DTT oxida-
tion assay (without AA) the addition of iron, EDTA and H,O,, did not promote the oxidation
of -SH groups. Our findings suggest that in the presence of physiological concentrations of
AA and thiols, the oxidation of -SH groups is mediated by AA conversion to dehydroascorbic
acid with the participation of iron. Furthermore, free radical species formed during the auto-
oxidation of AA apparently did not oxidize thiol groups to a significant extent.
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1 INTRODUCTION one-electron donor in free radical scaveng-
ing. After donating an electron, ascorbate is
oxidized to a semidehydroascorbate radical
such as superoxide radicals and hydroxyl (SD.A)’ a leS? reactive compound. The SDA
radicals in vitro (Duarte and Lunec, 2005; radical can either be regycled back to AA or
Frei ot al.. 1990: Sato et al. 2010- Halli- can be transformed in dehydroascorbate
. ’ ? b (DHA). In the presence of GSH, the en-
zyme DHA reductase can catalyze the re-
generation of ascorbate (Linster and Van
Schaftingen, 2007).

In vivo AA has been shown to have a
diversity of antioxidant properties, protect-

Ascorbic acid (AA) functions as an
electron donor and scavenges free radicals

well, 1996). In normal cell physiology, it
can donate one electron to vitamin E radi-
cals (Packer et al., 1979). At physiological
pH, the ene-diol structure of ascorbic acid
AHj; is entirely in the form of its conjugate
base AH", which explains why it reacts as a
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ing the organism and its biomolecules from
oxidative damage (Handelman, 2007; Li
and Schellhorn, 2007; Sartori-Valinotti et
al., 2007; Rodrigo et al., 2007). However,
in vitro AA can exhibit both antioxidant
(Halliwell, 1996; Pitarque et al., 2006) or
pro-oxidant activities. The pro-oxidant ac-
tivity is related to the maintenance of iron
as Fe’" and, consequently, in a redox state
that can generate reactive species (Halli-
well, 1996; Buettner and Jurkiewicz, 1996;
Valko et al., 2005; Giulivi and Cadenas,
1993). In addition, in this reaction ascorbyl
radicals are produced (Mauricio et al.,
2003). Literature data have indicated that
the auto-oxidation of AA is accompanied
by hydroxyl radical generation and this re-
action can be increased by Fe’-EDTA
(Mauricio et al., 2003). In contrast, the
acute intake of a high dose of vitamin C
with a high dose of iron has not been asso-
ciated with oxidative stress in human blood
(Colpo et al., 2008).

Previous in vitro studies from our re-
search group have demonstrated that su-
praphysiological concentrations of AA in-
activate o-aminolevulinate dehydratase (o-
ALA-D) (Rocha et al., 2005, 2012; Beber et
al., 1998). The inhibition of this sulthydryl-
containing enzyme can impair heme bio-
synthesis and result in accumulation of
aminolevulinic acid (ALA). Of toxicologi-
cal significance, literature data have indi-
cated that ALA has some pro-oxidant activ-
ity under in vitro and in vivo relevant phys-
iological situations (Bechara et al., 1996;
Douki et al, 1998; Emanuelli et al., 2001,
Rocha et al, 2003, 2012).

5-ALA-D inhibition caused by AA was
considerably decreased when 3-morpho-
linepropanesulfonic acid buffer (MOPS)
was used in the assay instead of potassium
phosphate buffer (PB) (Rocha et al., 2005;
Beber et al., 1998). However, in these stud-
ies, the exact mechanisms via which AA
inhibited the enzyme activity were not ex-
amined and supraphysiological concentra-
tions of AA and thiols were used. Thus, it
was not possible to conclude whether the
effects of AA were mediated by an exces-
sive formation of dehydroascorbic acid or

by HO and/or O2 radicals formed during
ascorbic and thiol groups oxidation.

Therefore, the aim of this study was to
investigate whether dithiothreitol (DTT)
oxidation (which was used here as a model
of vicinal thiol-containing enzymes) by
physiological concentrations of AA occurs
via free radical formed during its auto-
oxidation and/or by oxidation of -SH
groups directly by dehydroascorbic acid
formed during the oxidation of AA both in
MOPS and phosphate buffers. Furthermore,
the possible participation of Fenton reaction
on DTT oxidation was also investigated.

2 MATERIALS AND METHODS

2.1 Chemicals
5-5'-dithio-bis(2-nitrobenzoic) acid
(DTNB), dithiotreitol (DTT), ascorbic acid
(AA), iron sulfate, ethylenediamintetracetic
acid (EDTA), 3-morpholinepropanesulfonic
acid buffer (MOPS), catalase (CAT), su-
peroxide dismutase (SOD) and potassium
phosphate buffer (PB) were obtained from
Sigma (St. Louis, MO., USA). All other
chemicals were of analytical grade and ob-
tained from standard commercial suppliers.
2.2 AAoxidation rate

AA (200 umol/L) oxidation rate was
determined at 265 nm (Mauricio et al.,
2003).
2.3 DTT oxidation rate

The oxidation rate of thiol groups was
determined according to Ellman’s method
(Ellman, 1959) . The incubation was carried
at room temperature in 100 mmol/L PB
(pH 6.8) or 100 mmol/L MOPS (pH 6.8)
containing 400 pumol/L DTT. At different
times (0; 3.3; 6.6; 10; 13.3; 16.6 and
20 min), aliquots of the reaction mixture
were sampled for -SH groups quantifica-
tion.
2.4  Statistical analysis

AA and DTT oxidation and the effect of
superoxide dismutase, catalase, iron and
EDTA were analysed by two-way analysis
of variance (treatments x time) followed by
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Duncan’s multiple range test when appro-
priate. Differences were considered to be
significant when p< 0.05.

3 RESULTS
3.1 AA oxidation rate determined in
the absence of DTT
Fe(Il) (50 wpmol/L) plus EDTA

(100 umol/L) caused a rapid oxidation of
AA (Figure 1). This result suggests that de-
hydroascorbic acid is produced when iron/
EDTA are present in the medium. The AA
oxidation rate was more pronounced in the
presence of PB buffer when compared to
MOPS buffer (compare Figure 1A and 1B).
In PB buffer (Figure 1A), SOD
(300 U/ml) diminished partially the oxida-
tion of AA in presence of iron/EDTA com-
plex (about 30 % compared to AA/Fe/
EDTA after 20 min). This effect was less
accentuated than caused by CAT
(200 U/mL) (about 75% compared to
AA/Fe/EDTA after 20 min). The simulta-
neous addition of CAT and SOD abolished
the auto-oxidation of AA induced by iron/
EDTA (about 95 %, compared to AA/Fe/
EDTA; p<0.05), in all tested times (Figure
1A). In MOPS buffer (Figure 1B), the AA
oxidation rate induced by iron/EDTA was
marginally reduced by addition of CAT
(200 U/mL). However, SOD alone or in
association with CAT did not modify sig-
nificantly AA oxidation (Figure 1B).
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Figure 1: Oxidation of AA (200 pmol/l) in the
presence of EDTA (100 pmol/l); Fe?*
(50 umol/l); SOD (300 U/ml) and catalase

(200 U/ml); in PB (100 mmol/l) (1A) or MOPS
(100 mmol/l) (1B) buffer. AA oxidation rate was
determined by measuring the AA absorbance at
265 nm. Data show means + SEM values from
3 to 4 independent experiments performed in
duplicate. SEM cannot be seen when it is
smaller than symbols.

3.2 AA oxidation rate in the presence
of DTT

The results of Figure 2 (A and B) were
obtained under the same assay conditions
used in Figure 1; except that DTT
(400 pmol/L) was added to the medium. In
the presence of DTT, the apparent oxidation
of AA was reduced considerably in PB
(Figure 2A) and almost abolished in MOPS
buffer (Figure 2B). Similar to that observed
in PB in the absence of DTT, there was
practically no AA oxidation in the presence
of SOD+CAT (Figure 2A).
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Figure 2: Oxidation of AA (200 pmol/l) in the
presence of EDTA (100 umol/l); Fe?
(50 umol/l); SOD (300 U/ml); catalase
(200 U/ml) and DTT (200 pmol/l), in PB

(100 mmol/1) (2A) or MOPS (100 mmol/l) (2B)
buffer. The oxidation rate of AA was determined
by measuring the AA absorbance at 265 nm.
Data show means + SEM values from 3 to 4
independent experiments performed in dupli-
cate. SEM cannot be seen when it is smaller
than symbols.

3.3  DTT oxidation rate

In the presence of AA and in PB, thiol
groups of DTT were oxidized by Fe(Il)/
EDTA (Figure 3A) and SOD did not modi-
fy DTT oxidation. Catalase causes a small
but significant reduction in DTT oxidation
(p<0.05) and the association of SOD+CAT
produced a more marked antioxidant effect
than CAT alone (p<0.01). DTT oxidation
was less accentuated in the presence of
MOPS buffer than in PB buffer and the an-
tioxidant enzymes alone or in combination
did not reduce the rate of DTT oxidation in
the presence of MOPS buffer (Figure 3B).
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Figure 3: DTT oxidation in the presence of AA.
DTT (200 umol/l) oxidation was determined in
the presence of EDTA (100 pmoll); Fe?*
(50 umol/l); SOD (300 U/ml) and catalase
(200 U/mL), in PB (100 mmol/L) (3A) or MOPS
(100 mmol/l) (3B) buffer. The rate of thiol oxida-
tion was determined by measuring the amount
sulfhydryl groups at different times. Data show
means + SEM values from 3 to 4 independent
experiments performed in duplicate. SEM can-
not be seen when it is smaller than symbols.

3.3.1 DTT oxidation in the presence of
H,0, and Fe?* (in the absence of AA and
EDTA)

The potential oxidation of DTT by Fen-
ton reaction (in the absence of AA and
EDTA in the reaction mixture) in PB (Fig-
ure 4A) or MOPS buffer (Figure 4B) was
investigated. However, hydrogen peroxide
alone or in the presence of up to 0.2 mmol/I
Fe(Il) did not cause significant acceleration
of DTT oxidation (Figure 4A and B).
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Figure 4: Oxidation of DTT (400 pumol/l) in the
presence of H,O, (50 umol/l) plus Fe? (concen-
trations expressed in ymol/l) in PB (100 mmol/l)
(4A) and/or MOPS (100 mmol/l) (4B) buffers.
The rate of thiol oxidations was determined by
measuring the amount sulfhydryl groups at dif-
ferent times. Data show means + SEM values
from 3 to 4 independent experiments performed
in duplicate. SEM cannot be seen when it is
smaller than symbol.

3.3.2 DTT oxidation in the presence of
H,0, and Fe?* (in the presence of EDTA
and absence of AA)

In the presence of PB and EDTA, the
rate of DTT oxidation was increased by hy-
drogen peroxide and the simultaneous addi-
tion of Fe(Il) and hydrogen peroxide did
not cause further increase in the rate of
DTT oxidation (Figure 5A). However, in
the presence of MOPS buffer, the rate of
DTT oxidation was not modified by EDTA
and hydrogen peroxide (regardless of the
addition of Fe(Il); Figure 5B).
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Figure 5: Oxidation of DTT (400 umol/l) in the
presence of EDTA (100 pmol/l) and H,0,
(50 umol/l) plus Fe** (concentrations expressed
in ymol/l) in PB (100 mmol/l) (5A) or MOPS
(100 mmol/l) (5B) buffer. The rate of thiol oxida-
tion was determined by measuring the amount
sulfhydryl groups at different times. Data show
means + SEM values from 3 to 4 independent
experiments performed in duplicate. SEM can-
not be seen when it is smaller than symbols.

3.4  Oxidation of AA in the presence of
H,0, and Fe?* (in the absence of EDTA)

In the presence of PB (Figure 6A), the
addition of H,O, did not increase signifi-
cantly the rate of AA oxidation. Converse-
ly, the simultaneous inclusion of iron in the
reaction medium caused a concentration
dependent increase in AA oxidation (Figure
6A). In the presence of MOPS buffer, hy-
drogen peroxide did not modify AA and the
simultaneous addition of Fe(Il) and hydro-
gen peroxide was associated with an in-
crease in the rate of AA oxidation (Figure
6B). However, in MOPS buffer, AA oxida-
tion rate was less pronounced than in PB
buffer (Figure 6A and B). In fact, the rate of
AA oxidation was increased only in the
presence of concentrations of Fe(II) higher
than 10 pumol/l, whereas in PB 5 pmol/l
Fe(Il) caused a significant increase in the
rate of AA oxidation (Figure 6A).
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Figure 6: Oxidation of AA (200 pumol/l) in the
presence of EDTA (100 upmol/l) and H,0O,
(50 umoll/l) plus Fe** (concentrations expressed
in ymol/l) in PB (100 mmol/l) (6A) or MOPS
(100 mmol/l) (6B) buffer. The rate of AA oxida-
tion was determined by measuring the AA ab-
sorbance at 265 nm. Data show means + SEM
values from 3 to 4 independent experiments
performed in duplicate. SEM cannot be seen
when it is smaller than symbols.

4 DISCUSSION

Previously, literature data have clearly
indicated that transition metals can react
with reducing agents, namely with AA in
aerobic solutions, to generate oxygen free
radicals via reactions (1)-(4), where M is
usually Fe or Cu.

3AAT3IMOT S 3AA +3MY+3HT (1)
2MY+20, 5 2M" D +20,° )
202. +2H' — H,0, + 0O, (3)
M™ + H,0, > M®"Y"+ HO® + HO™ 4)

According to these reactions, AA oxida-
tion is stimulated by a transition metal and
can drive the formation of reactive oxygen
species, including O* and HO® (Van Dyke et
al., 1996). Here, when phosphate buffer

(PB) was used, we have clearly demonstrat-
ed that reactive oxygen species were in-
volved in the oxidation reactions of AA in-
duced by transition metals (i.e. Fe®"), be-
cause SOD and CAT abolished AA oxida-
tion. However, in the presence of MOPS,
the oxidation of AA acid was less accentu-
ated than in the presence of PB. Further-
more, a protective effect of SOD and CAT
on AA oxidation was not observed. This
can be related to the fact that MOPS buffer
blocks HO® formation (Van Dyke et al.,
1996) and, consequently, by slowing down
reaction 4 (see scheme above) can diminish
the role of SOD and CAT as inhibitors of
AA oxidation.

Previously, we reported that supraphys-
iological concentrations of AA inhibited the
thiol-containing enzyme &-aminolevulinate
(ALA-D) and this effect was more evident
when phosphate buffer was used as a buffer
than in the presence of MOPS buffer (Ro-
cha et al., 2005). In fact, in the presence of
MOPS, the rate of AA oxidation was lower
than that in PB and correspondingly, the
enzyme inhibition was diminished in this
buffer. MOPS seems to be able to scavenge
HO® and, consequently, the decrease in AA
oxidation and ALA-D inhibition could be
related to a blockage or reduction in reac-
tion (4), which is essential in the regenera-
tion of oxidized metal that will oxidize AA
in reaction (1). However, in our previous
study, we have used supraphysiological
concentrations of AA and the protective
effect of antioxidant enzymes was negligi-
ble.

Here we have used physiological con-
centrations of AA and we have observed
that, under physiological conditions, reac-
tive oxygen species are involved in AA ox-
idation. However, since reactive oxygen
species could oxidize -SH group, we could
not support our early assumption that AA
inhibition of ALA-D was mediated by its
oxidation to dehydroascorbic acid. Conse-
quently, in order to enlarge our knowledge
about the interaction of AA and -SH groups
using physiological concentrations of AA,
we designed a set of simple experiments to
determine whether or not reactive oxygen
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species could be involved in thiol oxidation.
In fact, we have used a classical dithiol and
we were able to observe that hydrogen per-
oxide, in the presence or not of Fe(Il), can-
not oxidize significantly DTT. Furthermore,
hydrogen peroxide by itself cannot oxidize
AA, but in the presence of iron the rate of
AA oxidation is increased considerably,
which is in accordance with reaction 1-4.
Thus, it seems clear from experiments here
described that using physiological concen-
trations of AA and thiols, the oxidation of
thiol groups by AA is not mediated by reac-
tive oxygen species, but by dehydroascor-
bic acid that is formed via reactions 1-4. In
fact, literature data have indicated the im-
portance of chemical and physiological in-
teractions between endogenous thiols-
disulfide and ascorbic acid-dehydroascorbic
acid (May et al., 1996; Winkler, 1992,
1994; Baker and Smiley, 1984). Here we
have indicated that DTT can protect AA
oxidation possibly by its regeneration from
dehydroascorbic acid or by reducing its ox-
idation via inhibition of some of the steps
of reactions 1 to 4 (see the scheme at the
beginning of Discussion). In fact, thiols can
either act as antioxidant or pro-oxidant
agents (Misra, 1974; Milne et al., 1993;
Spear and Aust, 1995); however, under the
conditions used in the present investigation
DTT has predominantly exhibited antioxi-
dant activity possibly by inhibiting AA-
mediated free-radical formation.

The antioxidant effect of MOPS buffer,
in addition to its previously described abil-
ity to scavenge reactive oxygen species
(Van Dyke et al., 1996) can also be related
to an interference with the availability of
iron for participation in reactions 1 to 4. In
line with this, literature data have indicated
that buffers can interfere considerably with
iron (II) reactivity (Mlakar et al., 1996;
Welch et al.,2002; Spear and Aust, 1998).
Here in the experiments described in Figure
6, we have demonstrated that MOPS can
decrease the capacity of Fe(Il) to induce
AA oxidation (Figure 6B). Consequently,
our previous conclusion that MOPS buffer
had antioxidant activity by acting as a free
radical scavenger, should also encompass

the possible “chelation” of free iron ions (II
or III).

In summary, the results presented here
indicated that AA can oxidize thiols by its
auto-oxidation to dehydroascorbic acid.
This auto-oxidation requires a transition
metal that, under most common experi-
menttal situations may be attributed to trace
amounts of contaminant iron, via a set of
reactions (described at the begin of Discus-
sion section) generates free radicals. These
free radicals could potentially also contrib-
ute to thiol oxidation; however, experi-
ments described in Figure 4 and 5 suggest
that HO® is not an important intermediate
involved in DTT oxidation. Consequently,
we can suppose that in the presence of AA
and iron, thiol oxidation occur via regenera-
tion AA.
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