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The effect of vitamin C or vitamin E supplementation on basal
and H,0,-induced DNA damage in human lymphocytes
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There is a wealth of epidemiological information on antioxidants and their possible prevention of
disease progression but very little of the research on antioxidants has involved intervention
studies. In this study, the potential protective effect of vitamin C or E supplementation in vivo
against endogenous and H,0,-induced DNA damage levels in lymphocytes was assessed. The
supplementation involved fourteen healthy male and female non-smokers mean age 25-53
(SD 1-82) years, who were asked to supplement an otherwise unchanged diet with 1000 mg
vitamin C daily for 42d or 800 mg vitamin E daily for 42d. DNA damage in H,0O,-treated
peripheral blood lymphocytes (PBL) and untreated PBL before and after supplementation, and
during a 6-week washout period was assessed using an ELISA. At each sampling time-point, the
red cell concentrate activities of superoxide dismutase, catalase and glutathione peroxidase were
also determined. Supplementation with vitamin C or vitamin E decreased significantly H,O,-
induced DNA damage in PBL, but had no effect on endogenous levels of DNA damage. The
activities of the antioxidant enzymes superoxide dismutase and glutathione peroxidase were
suppressed during the supplementation period. These supplementation regimens may be used to
limit the possible adverse effects of reactive oxygen species (including those produced during the
course of an immune response) on lymphocytes in vivo, and so help to maintain their functional
capacity.

Vitamin C: Vitamin E: Antioxidants: DNA damage

The damaging effects of reactive oxygen species (ROS) on
cellular biomolecules (proteins, lipids and nucleic acids) are
well documented and the consequences of such damage
have been implicated in the aetiology of a number of human
disorders. Through a variety of mechanisms (Ma et al. 1995),
ROS produce a number of lesions in DNA and nucleopro-
tein such as base lesions, sugar lesions, single-strand breaks,
abasic sites and DNA-protein cross-links (Dizdaroglu,
1993). The presence of ROS is not always detrimental to
the organism: ROS have been identified as important
intracellular transcription-inducers for a number of early
response genes, e.g. NF-kB (Meyer et al. 1993) and they
have been known to mediate signalling within T-cells
(Schreck et al. 1992).

A number of defence systems exist to combat the poten-
tially damaging effects of ROS: enzymes such as superoxide
dismutase (SOD), glutathione peroxidase (GSH-P), catalase
(CAT), and non-enzymes such as caeruloplasmin, uric acid,
a-tocopherol, ascorbic acid and stress proteins. DNA repair

processes can repair ROS-induced DNA damage and com-
plexes such as proteasome and phospholipase A, can remove
oxidatively modified proteins and lipids respectively. Despite
these extensive defence systems, biomolecule damage may
still occur and persist within the cell. An accumulation of
unrepaired damage, either alone or in combination with
other age-related changes, may underlie the onset of a
number of human disorders and even the ageing process
(Strain et al. 1991).

Lymphocytes play a central role in the immune response.
They are susceptible to the DNA-damaging effects of a wide
variety of agents including ROS generated by activated
macrophages, neutrophils and T-lymphocytes at inflamma-
tory foci (Metzger et al. 1980; Gregory et al. 1993). Research
has shown that, of the spectrum of ROS generated by
leucocytes at the site of immune and/or inflammatory
responses, the major extracellular species causing DNA
damage is H,O, (Schraufstitter et al. 1988). In the intra-
cellular environ, it is clear that it is the hydroxyl radical
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(OH.), a breakdown product of H,O,, which directly attacks
the DNA of those cells exposed to H,O, (Meneghini &
Martins, 1993). Alterations to T cells may have implications
for subsequent immune responses when, for example, T-
memory cells are required to undergo rapid proliferation in
response to rechallenge with a specific antigen. A decline in
T-cell function is thought to play a critical part in the age-
related decline in immune function (immunosenescence)
(Pawelec et al. 1998) and genetic damage that accumulates
over time in vivo within lymphocytes (Trainor et al. 1984;
Fenech & Morley, 1985; Cole et al. 1991; Singh et al. 1991;
Tates et al. 1991; King et al. 1994; Barnett & King, 1995) is
thought to contribute to the age-related decline in T-cell
function (Barnett & Barnett, 1998). The aim of this present
study was to assess the extent of a possible protective effect
of antioxidant supplementation against DNA damage and
therefore accumulation of genetic damage. Thus, interven-
tions, such as this, aimed at reducing the accumulation of
genetic damage within T cells in vivo are likely to have
beneficial health effects. Very little of the research on
antioxidants has involved intervention studies, however
Fenech (1998) used a double-blind placebo-controlled study
to investigate the effect of vitamin E and folic acid on
micronuclei frequency in lymphocytes. He found that an
intake above the recommended daily intake of vitamin E
(30 xrecommended daily intake) and folic acid (10 X recom-
mended daily intake) failed to reduce micronuclei fre-
quency. Anderson et al. (1997) also found no effect of
antioxidant supplementation on DNA. They gave supple-
ments to subjects for 14d with 60 mg (the recommended
daily allowance), but saw no effect on H,O,-induced DNA
damage in PBL using the comet assay.

In this present study, we assessed the effect of vitamin C
or E supplementation in healthy, non-smoking, males and
females on basal levels and H,0O,-induced DNA damage in
lymphocytes and endogenous antioxidant enzyme activities.

Materials and methods
Antioxidant supplementation study

Following ethical approval, fourteen healthy male and female
subjects were recruited, mean age 25-53 (SD 1-82) years. All
were non-smokers. Subjects were randomly assigned to two
groups: seven were asked to supplement their otherwise
unchanged diet with 2 X 500 mg vitamin C daily and vitamin
E placebo and seven were asked to supplement their other-
wise unchanged diet with 2 X400 IU vitamin E daily (where
11U is equivalent to 1 mg dl-a-tocopheryl acetate) and a
vitamin C placebo. The distribution of males and females
was the same for each group. Supplementation was for 42 d
with either regimen. Subjects then took neither supplement
nor placebo for 6 weeks to allow the effect of withdrawal to
be assessed (washout period). Blood samples were taken
prior to supplementation, post-supplementation, midway
through the washout (3 weeks) and at the end of the washout
period (6 weeks). Subjects were asked to refrain from taking
supplements immediately prior to blood letting to facilitate
estimation of steady-state plasma levels. The antioxidant
status of each subject was estimated at the time of each
blood collection by measurement of GSH-P, CAT, SOD

activities and vitamin C and E levels. The supplementation
regimen described here was part of a larger double-blind
crossover study.

Isolation and culture of peripheral blood lymphocytes

Whole blood (30 ml) was collected from each study subject
by venepuncture into heparinised Vacutainers® (Ulster
Anaesthetics, Belfast, Northern Ireland, UK). Mononuclear
leucocytes were separated from the whole blood by density
gradient centrifugation using lymphocyte separation medium
(Histopaque 1077, Sigma, Poole, Dorset). Monocytes were
removed from the population by incubation in a tissue culture
flask for 4 h at 37°C in CO,—air (5:95, v/v) in a humidified
atmosphere incubator in a tissue-culture flask at a concen-
tration of 10°cells/ml. Following incubation, non-adhering
cells, i.e. peripheral blood lymphocytes (PBL), were enum-
erated using a Neubauer counting chamber and then resus-
pended in fresh RPMI (Dutch modification) containing 10 %
fetal calf serum, 4 % sodium pyruvate and 100 U penicillin—
streptomycin (Life Technologies, Paisley, Scotland, UK)
(growth medium) at a concentration of 5 x 10° cells/ml. PBL
were stimulated to divide by the addition of phytohaemag-
glutinin (PHA, 0-125mg/10ml growth medium, Abbot
Laboratories Ltd, Maidenhead, Berks., UK), for 46h
before subsequent experimentation. PHA-stimulated PBL
were used in all experiments since further work (results not
shown) studied the effect of antioxidant supplementation on
lymphocyte DNA repair capacities following H,O, treat-
ment. In PBL, we performed an experiment to check that
PHA stimulation and incubation of lymphocytes would not
in itself affect DNA damage levels. The alkaline comet
assay as described by Singh et al. (1991) was used to study
the effect of incubation on both basal levels and H,O,-
induced DNA damage. DNA damage was measured in
freshly isolated PBL following a 24 h stimulation with
PHA at 37°C in a CO,—air (5:95, v/v) humidified atmos-
phere and 24 h after removing PHA (a total of 46h). DNA
damage was measured as percentage tail DNA in PBL pre-
parations. There was no significant difference between
endogenous or H,0, (200 pM)-induced DNA damage level
in freshly isolated unstimulated PBL when compared to PHA-
stimulated PBL at either 24 h or 46 h (results not shown).
In the present supplementation study, PHA-stimulated
PBL (2x10°cells/ml) were treated with H,O, (Table 1
details the treatment regimens) at 37°C. This temperature
was used in order that repair studies be carried out over an
extended timecourse (results not shown). DNA damage was

Table 1. Treatment regimens for phytohaemagglutinin-stimulated
peripheral blood lymphocytes (PBL) with hydrogen peroxide

Treatment Purpose

None Control: untreated PBL
PBL incubated in normal growth  To induce measurable levels of
medium for 16 h then treated DNA damage in PBL
with 200 pm-H,0,
PBL incubated with 10 puM-H,O,  To investigate any effect of a low
for 16 h dose of H,O, on DNA damage
levels in PBL
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quantified in PBL pre-supplementation, post-supplementa-
tion and during a 6-week washout using ELISA.

Quantification of hydrogen peroxide-induced
DNA damage

An ELISA, based on the application of a monoclonal anti-
body directed specifically against single-stranded DNA, was
used to assess endogenous and H,0,-induced DNA damage
levels in PBL. We used the ELISA technique which allowed
actual quantification of DNA damage in a large number of
cell samples simultaneously without need for extensive
image analysis. This ELISA technique was chosen because
it allows quantification of all types of DNA damage using a
single antibody with good reproducibility. The ELISA
procedure is described elsewhere by van Loon et al. (1992).
Briefly, local single-strandedness (caused by single- and
double-strand breaks and a number of other alkali-labile
DNA lesions) was converted to more open regions of single-
stranded DNA by partial alkaline unwinding. An aliquot of
the same sample was unwound completely to give a 100 %
unwound DNA control. The amount of antibody that sub-
sequently bound was then determined by colorimetric
analysis and is directly proportional to the percentage of
single-stranded DNA ( % ssDNA) present in the sample. For
quality control, samples from previous runs were included
in each batch run to ensure reproducible results.

Antioxidant measurements

Whole blood (10 ml) from each subject was centrifuged at
717 g for 10 min immediately after collection. Plasma (1 ml)
was stored at —20°C for measurement of vitamin E. Plasma
(250 wl) was diluted 1:3 with 10 % metaphosphoric acid
and immediately frozen at —70°C for subsequent measure-
ment of vitamin C and uric acid. After the blood was
separated using Histopaque the red cell concentrate was
washed twice with PBS and stored at —20°C for measure-
ment of CAT, GSH-P and SOD activities.

Vitamin C

Plasma ascorbate was determined using the method described
by Helliger (1980). Stored plasma samples in 10 % meta-
phosphoric acid were thawed to room temperature, centri-
fuged at 717 g for 10 min and the supernatant removed. The
supernatant was placed in vial inserts in amber vials. The
vitamin C was determined using electrochemical detection
following reverse phase chromatography through a 10cm
Spherisorb-C18 3 nM column and a 201-PSC guard column
(5%4cm, Technicol Ltd, Manchester, UK). The mobile
phase was 0-1 M-sodium acetate, pH 5-0 (2g NaOH, 1 mMm
octylamine and 200 mg Na, EDTA). Homocysteine was
added to the mobile phase (100 mg) to stabilise the vitamin
C during analysis.

Intracellular vitamin C

A standard curve of ascorbic acid concentrations 0-5-—
10 pg/pl was used to calibrate the Cobas Bio Autoanalyser
(Hoffman-La-Rocher, Basle, Switzerland). PBL lysates

were centrifuged at 13000g for 5min and the whole-cell
extract diluted 1: 10 with freshly prepared 10 % metaphos-
phoric acid. Intracellular vitamin C levels were expressed as
g vitamin C/pg protein measured in the whole-cell extract
using the Bradford (1976) assay.

Intracellular vitamin C was measured using the method of
Vuilleumier & Keck (1989). This was carried out using the
fluorescence option on the Cobas Bio Autoanalyser (Hoff-
mann-La-Rocher). Vitamin C was oxidised by ascorbate
oxidase until all vitamin C was in the dehydroascorbic acid
form. The dehydroascorbic acid was then reacted with a
coupling reagent 1,2-phenylenediamine to give a fluorescent
product, which was detected at 350-2 nm.

Vitamin E

Plasma vitamin E levels were assessed using the method of
Thurnham et al. (1988). Stored plasma samples were
thawed and the vitamin E was extracted in the following
way: 200 ul tocopherol acetate (1 ml tocopherol acetate
stock (Sigma)/100 ml ethanol) was pipetted into glass test-
tubes. An aliquot (100 pl) of sodium dodecyl sulfate (10 mm)
and 100 pl sample or control were added to each tube. The
tubes were covered and mixed for 1 min. Heptane (1 ml)
containing 0-5 g butylated hydroxytoluene/l was then added
to each and the tubes mixed vigorously for 3min. The
samples were then centrifuged at 179 g for 10 min at 10°C.
A portion of the upper layer (700 wl) was carefully removed,
placed in glass tubes (100 x 17 mm) and dried under N,. The
samples were then reconstituted in 100 ul mobile phase
(500 ml acetonitrile, 500 ml methanol, 128 ml dichloro-
methane, 0-01 g butylated hydroxytoluene) and vortexed.
Samples were then transferred to vial inserts, ensuring no air
bubbles, and placed in amber vials to be analysed by HPLC.
The samples were run on a Spherisorb 53 ODS2 10cm
column (Technicol Ltd) on a Waters Wisp System (Waters;
Millipore, Harrow, Middlesex, UK) with an alternating
detector and a Waters Integration Package.

To calculate vitamin E concentration, a response factor
was determined by calculating the mean peak area follow-
ing ten injections of a known tocopherol acetate standard:

response factor = concentration X mean area
X dilution factor.

The response factor was then used to calculate the concen-
tration of unknowns.

Intracellular vitamin E was not measured due to difficul-
ties in extracting this lipid-soluble vitamin from the very
limited numbers of PBL remaining following analysis of the
other endpoints in the study.

Glutathione peroxidase

GSH-P activity (U/g haemoglobin) was measured using a
Ransel GSH-P kit (Randox, Crumlin, Northern Ireland,
UK), which is based on the method of Paglia & Valentine
(1967). GSH-P catalyses the oxidation of GSH by cumene
hydroperoxide. In the presence of glutathione reductase and
NADPH, the oxidised glutathione (GSSG) is immediately
converted to the reduced form with concomitant oxidation
of NADPH to NADP".
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Superoxide dismutase

SOD activity (U/g haemoglobin) was measured using a
RANSOD (Randox) enzymatic colorimetric kit based on
the method of Jones & Suttle (1981). The kit employs
xanthine and xanthine oxidase to generate superoxide (O,*")
which reacts with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-
phenyltetrazolium chloride to form a red formazan dye.
SOD activity was calculated from the degree of inhibition of
this reaction.

Catalase

CAT activity was measured using the method of Aebi et al.
(1974). This method measures the disintegration of H,0,
over time. Red cell concentrate samples were lysed in cold
distilled water (1:1, v/v) and a further 1: 1500 dilution per-
formed using 50 mM-phosphate buffer (6-81g KH,PO//I;
8-9¢g NaH,PO,2H,0/100 ml; mixed 1:1-55, pH 7-0). A
portion of the diluted lysate (2ml) was transferred to a
quartz cuvette and reacted with either 1-0ml phosphate
buffer (reference) or 1-0ml freshly prepared 10 mMm-H,0,
(30: 100, w/v stock, Sigma) as the test. The decomposition of
the substrate (H,0,) was recorded spectrophotometrically at
240 nm for 30s. CAT activity was expressed as K/g haemo-
globin and was calculated using the following equation:

K/g haemoglobin = 2-3/30 log E1/E2 x a/b x 500,

where K is the rate constant of the first order reaction as
defined by Aebi (1974), 2-3 is constant, 30 is 30s, E1 is the
initial absorbance, a is the dilution factor (1000), b is the
amount of protein or haemoglobin (g/1), 500 is the dilution
factor.

Haemoglobin

Haemoglobin was measured according to the method of
Dacie & Lewis (1991) and expressed as g/dl. Measurements
were converted to g/l for antioxidant enzyme calculations.

Statistics

One-way ANOVA with least significant differences was
used to study the effect of supplementation, withdrawal and
H,0, treatments on PBL. ANOVA is a set of statistical
techniques which can be used to test the null hypothesis that
data are from the same population, in which the mean of a
test variable is equal in several independent groups of cases
defined by a single grouping variable. The post hoc sub-
dialog, least significance difference was used to indicate
which of the groups, if any, had significantly different values
from the mean. Least significant difference uses ¢ tests to
perform all pairwise comparisons between group means.
All analyses of results were carried out using SPSS for
Windows (SPSS UK Ltd, Woking, Surrey, UK) statistical
package.

Results
DNA damage

Endogenous levels of DNA damage remained unchanged
following either vitamin C or E supplementation. There was

no significant difference between levels of DNA damage
in untreated PBL and levels found in PBL treated with
10 wM-H,0,. H,0,-induced (200 uM) DNA damage in PBL
was significantly decreased (P <0:05) following plasma
vitamin C supplementation (Fig. 1) and following vitamin
E supplementation (Fig. 2), when compared to H,0,-
induced DNA damage prior to supplementation. The pro-
tective effect of vitamin C supplementation on H,O,-induced
DNA damage persisted even through the 6-week washout.
Vitamin C supplementation did not affect 10 uM-H,0,-
induced DNA damage levels in PBL, except at the 6-week
washout stage, where DNA damage was significantly less
than that at pre-supplementation.

Vitamin E supplementation had no effect on levels of
DNA damage in untreated PBL or 10 uM-H,0;-induced
levels of DNA damage. Immediately following vitamin E
supplementation, levels of 200 uM-H,0,-induced DNA
damage were not significantly different when compared
with damage induced pre-supplementation. However,
3 weeks following the withdrawal of vitamin E supplemen-
tation, levels of 200 wM-H,0,-induced DNA damage were
significantly lower when compared to induced damage at both
pre- and post-vitamin E-supplementation sampling points.

Antioxidants

Plasma vitamin C levels increased significantly following
supplementation with 1000 mg vitamin C daily for 42d
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Fig. 1. Endogenous and H,O,-induced DNA damage levels in
peripheral blood lymphocytes (PBL) from subjects (n 7) supplemen-
ted with vitamin C (2x500mg/d) followed by a 6-week washout
(WWO). &, Control, untreated PBL; E, PBL treated with 200 M-
H,0, only; O, PBL treated with 10 uM-H,O, only (see Table 1).
Values are mean DNA damage (expressed as % single-stranded
(ss)DNA) with standard errors of the means represented by vertical
bars. Values following treatments are compared statistically to
damage levels present pre- and post-supplementation and during
washout samples: mean values were significantly different from the
same treatment pre-supplementation (ANOVA): *P <0.05; mean
values were significantly different from the same treatment immedi-
ately post-supplementation (ANOVA): 1P < 0.-05.
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Fig. 2. Endogenous and H,0,-induced DNA damage levels in
peripheral blood lymphocytes (PBL) from subjects (n 7) supplemented
with vitamin E (2 x 400 mg/d) followed by a 6-week washout (WWO).
&, Control untreated PBL; &, PBL treated with 200 uM-H,0, only;
O, PBL treated with 10 uM-H,O, only (see Table 1). Values are mean
DNA damage (expressed as mean % single stranded (ss)DNA) with
standard errors of the means represented by vertical bars. Values
following treatments are compared statistically to damage levels
present pre- and post-supplementation and during washout samples:
mean values were significantly different from the same treatment pre-
supplementation (ANOVA): *P < 0-05; mean values were significantly
different from the same treatment immediately post-supplementation
(ANOVA): 1P < 0-05.

(Table 2). Plasma vitamin E levels did not change signifi-
cantly at any point over the entire vitamin C supplementation
or washout periods. Levels of plasma vitamin C following
vitamin E supplementation were unchanged at any point
up to 6 weeks following withdrawal of vitamin E. Plasma
vitamin E was significantly increased following a 42d
supplementation with 800IU vitamin E daily (Table 2).
During the washout period plasma levels fell significantly,
although not below baseline.

The red cell concentrate antioxidant enzyme activities of
SOD, GSH-P and CAT were measured in all samples taken
during the supplementation. Supplementation with either

vitamin C or E resulted in a significant decrease in SOD
activity (Table 3). Following withdrawal of vitamin C, SOD
returned to baseline levels within 6 weeks. GSH-P activity
was significantly decreased following vitamin C supplemen-
tation, and remained depressed even after the 6-week
washout. CAT activity did not appear to be affected by
either supplementation regimen.

Discussion and conclusions

Following supplementation with vitamin C, levels of vitamin
C in plasma and within stimulated PBL were increased
significantly (P < 0-05). The levels were decreased signifi-
cantly 3 weeks post-supplementation, indicating that water-
soluble vitamin C had been washed out of the plasma at
least. These data must be viewed in the light of results from
another as yet unpublished study using an identical supple-
mentation regimen (LA Brennan, GM Morris, GR Wasson,
BM Hannigan and YA Barnett, unpublished results). We
showed that while elevated plasma vitamin C levels were
washed out by 3 weeks, intracellular levels remained signi-
ficantly increased (P < 0-05) compared to pre-supplemented
levels for up to 6 weeks following withdrawal of the vitamin
C supplement (Table 4). This work showed that pmolar
amounts of vitamin C were accumulated by PBL following
supplementation even though plasma levels decreased signi-
ficantly by 3 weeks following withdrawal of the supple-
mentation. Thus, in the present study, decreased levels of
200 uM-H,0,-induced DNA damage in PBL following
supplementation may be attributed to the increased scaveng-
ing of H,0,-derived ROS by increased plasma and cellular
vitamin C. This effect was still seen 3 weeks following the
withdrawal of this supplementation. The accumulation and
maintenance of pwmolar amounts of vitamin C within PBL
would explain this persistent damage-reducing effect.
Sweetman et al. (1997) showed that ascorbic acid added
to culture medium resulted in increased resistance to H,O,-
induced DNA damage in Raji lymphoblastoid cells, and
they found that ascorbic acid was more effective when
added 24h before treatment, presumably to allow for
intracellular accumulation.

We did not find any effect of vitamin E supplementation
on plasma vitamin C levels. The vitamin E level in plasma
was increased significantly following supplementation and

Table 2. Plasma levels of vitamin C and vitamin E in subjects supplemented with vitamin C or vitamin E for 42d followed by a 6-week washout
(WWO) period

(Mean values and standard deviations for seven subjects per groupt)

Timepoint
Vitamin levels Pre-supplement Post-supplement 3-WWO 6-WWO
Measured
Supplement (emol/l) Mean SD Mean SD Mean SD Mean )
Vitamin C Vitamin C 70-36 355 105-23* 7-02 80-63* 6:54 75-88 4.21
(2x500mg/d and placebo) Vitamin E 27-63 330 28-36 3.62 29-49 2.98 31.72 2.98
Vitamin E Vitamin C 79-07 7-52 85-91 556 78-04 5-61 79-01 6-94
(2x400mg/d and placebo) Vitamin E 36-63 2:29 46-94* 8-88 30-26 2.52 3252 3.20

Mean values were significantly different from pre-supplementation values (‘within’ subject ANOVA): *P < 0-05.

1 The distribution of males and females was equal for each group.
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Table 3. Red cell concentrate antioxidant enzyme activities in subjects supplemented with vitamin C or vitamin E for 42d followed by a 6-week
washout (WWO) period

(Mean values and standard deviations for seven subjects per group)

Timepoint
Pre-supplement Post-supplement 3-WWO 6-WWO
RCC levels

Supplement measured Mean SD Mean SD Mean SD Mean SD
Vitamin C SOD 1067-0 2300 686-7* 281 759.7* 394 787-3 23-8
(2x500mg/d) (U/g HB)

GSH-P 61-66 4.02 47.9* 342 53.7* 335 56-08* 023

(U/g Hb)

Catalase 33.53 3.64 43-49 529 38-35 2110 31-63 2:70

(K/g Hb)
Vitamin E SOD 7380 25.90 679.7* 28-50 7639 59.70 741.3 4510
(2x400mg/d) (U/g Hb)

GSH-P 54.55 7-44 5712 5.57 577 518 57-3 4.21

(U/g Hb)

Catalase 30-18 212 39-48 1.60 38-12 1.67 3117 592

(K/g Hb)

RCC, red cell concentrate; SOD, superoxide dismutase; Hb, haemoglobin; GSH-P, glutathione peroxidase.
Mean values were significantly different from pre-supplementation values (‘within’ subject ANOVA): *P < 0-05.

the levels fell significantly during the washout period
following withdrawal of vitamin E. Levels of DNA damage
induced by 200 wM-H,0, were decreased significantly at
3 weeks following the withdrawal of vitamin E. The bio-
kinetics and tissue absorption of vitamin E have not been
well studied in human subjects. Animal studies show that
there are fast and slow turnover tissues and certain tissues
such as adipose, liver and adrenal tissue accumulate vitamin
E (Packer, 1992), but there is little or no information
involving lymphocytes. It is possible that lymphocytes
may have taken some time to accumulate and incorporate
the excess vitamin into the cell membranes. Such measure-
ments were not possible as part of this study due to the large
numbers of PBL required for accurate intracellular vitamin
E determination.

Supplementation with vitamin C decreased both SOD and
GSH-P activities measured in red cell concentrates, how-
ever, CAT activity was unaffected. Following withdrawal of
vitamin C SOD returned to baseline while activity of GSH-P
remained significantly lower than its pre-supplemented
activity at least for the duration of the study. The decreased
activity of these red cell concentrate antioxidant enzymes
may indicate an increase in the global antioxidant capacity

caused by an increase in vitamin C levels which was
concomitant with decreased H,O,-induced DNA damage.
Vitamin E supplementation significantly decreased red
cell concentrate SOD activity but had no effect on GSH-P
activity. As SOD dismutes O, it generates H,O, and thus,
it would seem logical that vitamin E may affect SOD
activity as an overall antioxidant strategy.

Duthie et al. (1996) have also shown reduced H,O,-
induced DNA damage following vitamin C or 3-carotene
supplementation, but this was shown in unstimulated PBL.
Pohl & Reidy (1989) found that vitamin C protected against
chromosomal damage caused by bleomycin in human lym-
phocytes ex vivo. Vitamin C is known to be a first-line
defence antioxidant mopping up hydroperoxide (HO,-), the
hydroxyl radical (OH’) and singlet oxygen (O,Aq). Vitamin
C levels in leucocytes have been found to be eighty times
higher than plasma levels (Moser, 1987) and concentrations
of up to 1500 uM have been recorded in the cornea and
aqueous humour of the eye (Frei, 1989). In this study, vitamin
C conferred significant intracellular protection against H,O,-
induced DNA damage. It has been suggested that certain
cells, subjected to high levels of endogenous free radical
production, may have the capacity to actively concentrate

Table 4. Intracellular levels of vitamin C following vitamin C supplementationt

(Mean values and standard deviations for seven subjects)

Pre-supplementation
(wmol/p.g protein)

Post-supplementation
(wmol/p.g protein)

6-week washout
(rmol/w.g protein)

Supplement Mean SD Mean sSD Mean SD
Vitamin C 1652 722 482.2* 65-2 481.4* 1778
(2x500 mg/d)

Mean values were significantly different from pre-supplementation values (ANOVA): *P < 0-05.
1 Intracellular vitamin C levels were measured in peripheral blood lymphocytes following lysis in 10 % (w/v) ice-cold

metaphosphoric acid.
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vitamin C to afford cellular protection against the potential
biomolecule damaging effects of free radicals (Washko et al.
1989).

Vitamin E did not show a protective effect against H,O,-
induced DNA damage until 3 weeks following the with-
drawal of vitamin E supplementation. We have suggested
that this may have been due to time taken to accumulate and
incorporate the vitamin into lymphocyte cell membranes.
Vitamin E is a powerful chain-breaking antioxidant, pri-
marily preventing lipid peroxidation by breaking the chain
of events leading to the formation of hydroperoxides. This
action should also lead to a reduction in DNA damage
since the intermediate products of lipid peroxidation include
lipid peroxides, which can cause strand breaks in DNA
(Cheeseman, 1993).

In conclusion, supplementation with vitamin C or vitamin
E afforded protection against 200 wuM-H,0,-induced DNA
damage, despite a decrease in the activities of antioxidant
enzymes SOD and GSH-P. There was no effect of either
supplementation regimen on endogenous or 10 uM-H,0,-
induced levels of DNA damage and, even though SOD
and GSH-P activities remained depressed, there was no
detrimental effect (in terms of endogenous, 10 uM- or
200 pwM-H,0,-induced DNA damage) of withdrawal of the
supplementation. The protective effect of both vitamins
remained for at least 3 weeks following withdrawal. In the
case of vitamin C supplementation, this protection may be a
result of boosted intracellular levels of ascorbic acid. These
results are interesting in light of the possible accumulation
of DNA damage in T cells following participation in
immune responses where high doses of ROS are generated.
It has not yet been shown whether vitamin C and E supple-
mentation might help protect against the age-related decline
in T-cell-mediated immune responses.

Acknowledgements

This study was supported by a Clinical Research Award
including a studentship to L. A. B. from the Department of
Health and Social Sciences, Northern Ireland. The authors
would also like to thank all subjects for participating in this
long study.

References

Aebi ABH (1974) Catalase. In Methods in Enzymatic Analysis,
vol 2, pp. 643—684 [E Bergmeyer, editor]. New York, NY:
Academic Press.

Anderson D, Phillips BJ, Yu TW, Ayesh R & Butterworth KR
(1997) The effects of vitamin C supplementation on biomarkers
of oxygen radical generated damage in human volunteers with
“low’” or “‘high’’ cholesterol levels. Environmental and Mole-
cular Mutagenesis 30, 161-274.

Barnett YA & Barnett CR (1998) DNA damage and mutations:
Contributors to the age-related alterations to T-cell mediated
immune responses. Mechanisms of Ageing and Development
102, 165-175.

Barnett YA & King CM (1995) An investigation of in vivo
antioxidant status, DNA repair capacity and mutation as a
function of age in humans. Mutation Research 338, 115-128.

Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilising the

principle of protein-dye binding. Analytical Biochemistry 72,
248-254.

Cheeseman KH (1993) Lipid peroxidation and cancer. In DNA and
Free Radicals, pp. 211-228 [B Halliwell & OI Aruoma,
editors]. West Sussex: Ellis Horwood Ltd.

Cole J, Waugh APW & Beare DM (1991) HPRT mutant frequen-
cies in circulating lymphocytes: population studies using normal
donors, exposed groups and cancer prone syndromes. In New
Horizons in Biological Dosimetry, pp. 319-328 [BL Gledhill &
F Mauro, editors]. New York, NY: Wiley-Liss.

Dacie J & Lewis SM (1991) Practical Haematology, Tth ed.
Edinburgh: Churchill Livingstone U.K. Limited.

Dizdaroglu M (1993) Chemistry of free radical damage to
DNA and nucleoproteins. In DNA and Free Radicals, pp. 19—
41 [B Halliwell & OI Aruoma, editors]. West Sussex: Ellis
Horwood Ltd.

Duthie SJ, Ma A, Ross MA & Collins AR (1996) Antioxidant
supplementation decreases oxidative DNA damage in human
lymphocytes. Cancer Research 56, 1291-1295.

Fenech M & Morley AA (1985) The effect of donor age on
spontaneous and induced micronuclei. Mutation Research 148,
99-105.

Frei B (1989) Ascorbate is an outstanding antioxidant in human
blood plasma. Proceedings of the National Academy of Sciences,
USA 86, 6377-6381.

Gregory SH, Wing EJ, Hoffman RA & Simmons RL (1993)
Reactive nitrogen intermediates suppress the primary immuno-
logic response to Listeria. Journal of Immunology 150, 2901—
2909.

Helliger F (1980) Ascorbic acid analysis by LCEC. Current
Separations (BAS) 2, 4-5.

Jones DG & Suttle NF (1981) Some effects of copper deficiency on
leucocyte function in sheep and cattle. Research Veterinary
Science 31, 151-156.

King CM, Gillespie ES, McKenna PG & Barnett YA (1994) An
investigation of mutation as a function of age in humans.
Mutation Research 316, 79-90.

Ma L, Hoeijmakers JHJ & van der Eb AJ (1995) Mammalian
excision repair. Biochimica et Biophysica Acta 124, 137-164.
Meneghini R & Martins S (1993) Hydrogen peroxide and DNA
damage. In DNA and Free Radicals, pp. 211-228 [B Halliwell

& OI Aruoma, editors]. West Sussex: Ellis Horwood Ltd.

Metzger Z, Hoffeld JT & Oppenheim JJ (1980) Macrophage-
mediated suppression: Evidence for participation of both hydrogen
peroxide and prostaglandins in suppression of murine lympho-
cyte proliferation. Journal of Immunology 124, 983—988.

Meyer M, Schreck R & Baeuerle PA (1993) H,0, and antioxidants
have opposite effects on activation of NF-kB and AP-1 in intact
cells: AP-1 as secondary antioxidant-responsive. The EMBO
Journal 12, 2005-2015.

Moser U (1987) Uptake of ascorbic acid by leukocytes. Annals of
the New York Academy of Science 201, 215.

Packer L (1992) Interactions among antioxidants in health and
disease: Vitamin E and its redox cycle. Proceedings of Society
for Experimental Biology 200, 271-276.

Paglia DE & Valentine KJA (1967) Characterisation of erythrocyte
glutathione peroxidase. Journal of Laboratory and Clinical
Laboratory Medicine 70, 158.

Pawelec G, Remarque E, Barnett Y & Solana R (1998) T cells and
ageing. Frontiers in Bioscience 3, 39-99.

Pohl H & Reidy JA (1989) Vitamin C intake influences the
bleomycin-induced chromosome damage assay: implications
for detection of cancer susceptibility and chromosome break-
ages syndromes. Mutation Research 224, 247-252.

Schraufstitter I, Hyslop PA, Jackson JH & Cochrane CG (1988)
Oxidant-induced DNA damage of target cells. Journal of Clini-
cal Investigation 82, 1040-1250.

ssaud Ans1anun abprquie) Ag auljuo paystiand zz#L0000S L L£000S/£L0L 0L/Bio 10p//:sd1y


https://doi.org/10.1017/S0007114500001422

202 L. A. Brennan et al.

Schreck R, Reiber P & Baeuerle PA (1992) Reactive oxygen
intermediates as apparently widely used messengers in the
activation of the NFkB transcription factor and HIV-1. The
EMBO Journal 10, 2247-2258.

Singh NP, Danner DB, Tice RR, Pearson JD, Brant LJ, Morrell CH
& Schneider EL (1991) Basal DNA damage in individual human
lymphocytes with age. Mutation Research 256, 1-6.

Strain JJ, Hannigan BM & McKenna PG (1991) The patho-
physiology of oxidant damage. Journal of Biomedical Sciences
2, 19-24.

Sweetman SF, Strain JJ & McKelvey-Martin VJ (1997) Effect of
antioxidant supplementation on DNA damage and repair in
human lymphoblastoid cells. Nutrition and Cancer 27, 122—130.

Tates AD, Van Dam FJ & Van Mossel H (1991) Use of the clonal
assay for the measurement of frequencies of HPRT mutants in T-
lymphocytes from five control populations. Mutation Research
253, 199-213.

Thurnham DI, Smith E & Flora PS (1988) Concurrent liquid-
chromatographic assay of retinol, a-tocopherol, (-carotene,

a-carotene, lycopene and (-cryptoxanthin in plasma, with
tocopherol acetate as internal standard. Clinical Chemistry 34,
337-381.

Trainor KJ, Wigmore DJA, Chrysostomou J, Dempsey R, Seshadri
R & Morley AA (1984) Mutation frequency in human lympho-
cytes increases with age. Mechanisms of Ageing and Develop-
ment 27, 83-86.

van Loon AAWM, Groenendijk RH, Timmerman AJ, Van der
Schans GP, Lohman PHM & Baan RA (1992) Quantitative
detection of DNA damage in cells after exposing to ionising
radiation by means of an improved immunochemical assay.
Mutation Research 274, 19-27.

Vuilleumieur JP & Keck E (1989) Fluorometric assay of vitamin C
in biological materials using a centrifugal analyser with fluor-
escence attachment. Journal of Micronutrient Analysis S, 25—
34.

Washko P, Rotrosen D & Levine M (1989) Ascorbic acid transport
and accumulation in human neutrophils. Journal of Biological
Chemistry 264, 18996—19002.

© Nutrition Society 2000

ssaud Ans1anun abprquie) Ag auljuo paystiand zz#L0000S L L£000S/£L0L 0L/Bio 10p//:sd1y


https://doi.org/10.1017/S0007114500001422

