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Epidemiological evidence has shown that the habitual consumption of diets high in fruits and vegetables is associated with reduced risk of
cancers. The challenge is to identify causal mechanisms of effect. The aim of the current study was to determine whether an increase in
rate of removal of DNA single-strand breaks (SSB) following oxidative challenge could be provoked ex vivo in peripheral blood lympho-
cytes (PBL). The PBL were isolated from apparently healthy volunteers following dietary intervention with: (1) a mixed carotene capsule;
(2) a daily portion of cooked minced carrots; (3) a matched placebo; (4) a portion of mandarin oranges; (5) vitamin C tablets. Single-cell
gel electrophoresis was employed to measure baseline levels of SSB and DNA susceptibility to oxidative damage, and to monitor the
number of SSB over 4 h, in both unchallenged and H2O2-treated PBL. The enzymatic capacity for repair of different types of DNA oxi-
dative lesions was also measured using two related cell-free assays. There was no evidence that any of the dietary supplementation regi-
mens altered baseline levels of SSB, provided any direct antioxidant protection or altered DNA repair capacity, with two exceptions: the
number of SSB following exposure to H2O2 decreased more rapidly in PBL from volunteers given the mixed carotene capsules and repair
patch synthesis activity in PBL increased from volunteers given the cooked carrots. These results suggest that carotenoids and carotenoid-
rich foods can influence DNA damage:repair by modulation of discrete stages in the DNA repair mechanisms.

Carotenoids: b-Carotene: b-Cryptoxanthin: DNA damage: DNA repair: Single-cell gel electrophoresis

In the light of strikingly consistent observations from
many epidemiological studies, there can be little doubt
that the habitual consumption of diets high in fruits and
vegetables helps to reduce the risk of development of
degenerative diseases, including many types of cancers
(Block et al. 1992; Byers & Perry, 1992; World Cancer
Research Fund, 1997). The challenges are to identify the
food components responsible for these effects, to elucidate
their mechanisms of action and to determine the dietary
amounts of these agents that provide optimal health
benefits.

To a great extent, the focus of attention has fallen on
compounds present in foods that possess inherent anti-
oxidant capacity. The basis for this is: (1) evidence that
oxidative damage to cell constituents plays a central role
in many degenerative processes (Ames, 1989; Guyton &
Kensler, 1993; Wiseman & Halliwell, 1996); (2) the
hypothesis that natural antioxidants in the diet help to
limit the accumulation of such damage, thereby providing
a degree of protection (Halliwell, 1994). It is, however,
increasingly apparent that dietary antioxidants and other
food components possess bioactivities that may influence
the processes of disease development in other ways.

In the context of cancer and ageing, several studies
suggest that dietary antioxidants, such as vitamin C and
the carotenoids, may regulate DNA repair processes
(Cooke et al. 1998; Fillion et al. 1998; Torbergsen & Col-
lins, 2000). It is not certain whether the direct antioxidant
protection they may afford cellular DNA is more or less
important than the effects they may have on DNA repair
processes, or even whether either is genuinely physiologi-
cally significant in a healthy individual.

The present study follows on from earlier experiments in
which we demonstrated that in vitro supplementation of
Molt-17 cells (a human lymphocyte cell line) with various
carotenoids provoked an increase in the rate of disappear-
ance of DNA single-strand breaks (SSB) produced by oxi-
dative challenge (Astley et al. 2002). Our results were
consistent with a carotenoid-induced stimulation of DNA
SSB repair, but other researchers have suggested that
such an effect might be due to enhanced protection of
the DNA from ongoing damage over the course of the
experiment (i.e. a direct antioxidant protection provided
by the carotenoid within the cells) (Fillion et al. 1998;
Torbergsen & Collins, 2000). These two potential mechan-
isms need not be mutually exclusive.
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The aim of the current study was to determine whether a
similar effect could be observed ex vivo in peripheral blood
lymphocytes (PBL) isolated from healthy human volun-
teers, before and following a 3-week dietary intervention
with a mixed a-carotene–b-carotene isolate or caroten-
oid-rich whole foods (cooked carrots or mandarin oranges).
These interventions were selected to investigate the effects
of carotenoids commonly consumed in the UK and for
which marked effects had been observed previously
in vitro.

Single-cell gel electrophoresis (SCGE) was employed to
measure baseline levels of DNA damage, in the form of
SSB, and susceptibility of the DNA to damage from
exogenous oxidative insult (H2O2 treatment). SCGE was
also used to monitor changes in the numbers of SSB
over a time course in both unchallenged and H2O2-treated
PBL. This approach provided indications of the rates of
DNA repair for the different lesions. However, interpret-
ation of these results is complex, both as a result of the
potential for production of additional oxidative DNA
SSB during the course of the experiment and the possible
production of SSB as intermediates in the repair of oxi-
dised bases, particularly in PBL. Thus, to complement
the SCGE approaches, the enzymatic capacity for repair
of different types of DNA oxidative lesions (repair patch
synthesis activity for SSB and oxidised bases) was
measured in PBL extracts by application of two related
cell-free assays (Elliott et al. 2000).

Subjects and methods

Dietary intervention

The Institute of Food Research Ethics Committee gave
approval for the study. Informed consent was obtained
from sixty-four male volunteers (age 18–50 years, non-
smokers, not taking regular medication or dietary sup-
plements, not consuming .200 g alcohol per week (UK
28 units, USA 14 units)). Volunteers whose fasting blood
glucose or total plasma cholesterol were .6·1 mmol/ l or
.5·8 (SD 0·2) mmol/l respectively were excluded. Volun-
teers were assigned randomly to one of the five dietary
intervention regimens described later.

One group of volunteers was given a daily portion
(200 g) of cooked, minced carrots. The carrots (frozen
sliced carrots; J. Sainsbury plc., own brand) were cooked
from frozen in boiling water for 10 min, drained and
minced using a food processor. Portions (200 g) were
weighed and stored at 2208C and their carotenoid and
vitamin E contents were assessed as described later. The
volunteers also consumed 5 g butter with each serving of
the carrots, but its contribution to carotenoid and vitamin
E content was assumed to be negligible based on data
from food tables (approximately 0·1 mg vitamin E and
0·2mg b-carotene; Southgate, 2002).

A second group was given mixed supplement capsules
(one per d with any meal), the contents of which mimicked
the a-carotene: b-carotene ratio found in carrots (3·7 mg
a-carotene and 8·2 mg b-carotene per capsule). These cap-
sules also contained 1·75 mg a-tocopherol, present in the
carrier oil. A third group received a matched placebo for

the carotene capsules (containing 0·06 mg a-tocopherol
and 0·23 mg g-tocopherol).

The fourth group was given tinned mandarin oranges in
mandarin orange juice (one 298 g can per d; J. Sainsbury
plc., own brand). The final group was given 60 mg vitamin
C (J. Sainsbury plc., own brand; 60 mg tablets) one taken
every other day. Thus, the increase in vitamin C for both
groups (mandarin orange and vitamin C control) over the
period of the study was identical.

For the groups of volunteers given the capsules or
tablets, the study was performed in a single-blind format.
Obviously, this was not possible for the volunteers given
the whole foods. All the volunteers were asked to consume
the food or supplement for a 3-week period, but otherwise
maintain their usual diet throughout the study. The volun-
teers’ body weights were measured both at the beginning
and end of the intervention and at the end of the study.

Blood sampling, plasma separation and lymphocyte
isolation

Blood samples were taken from volunteers immediately
before the intervention period (week 0), at the end of the
intervention period (week 3) and after a 6-week washout
period following the intervention (week 9). Each sample
(110 ml) was obtained by venepuncture in heparinised
tubes after an overnight fast. A few drops were used immedi-
ately for blood glucose determination, as described later.

Plasma (from 10 ml heparinised blood) was separated by
centrifugation (1000 g, 20 min, 208C), divided into several
portions and stored under liquid N2 for subsequent ana-
lyses. PBL were isolated from the remaining volume
(approximately 100 ml) of each sample by density gradient
centrifugation using LymphoPrep (Nycomed, Birmingham,
UK) according to established methods (Boyum, 1983). The
PBL were washed with sterile NaCl (0·15 mol/l), pelleted
by centrifugation (400 g, 20 min, 208C), re-suspended in
Hanks’ balanced salt solution (HBBS; Sigma, Poole, UK)
and counted using a haemocytometer.

Whole blood and plasma analyses

Fasting whole-blood glucose concentrations were analysed
using BM-Test 1–44 clinical test strips and a Reflolux S
reflectance photometer (Boehringer Mannheim Biochem-
ica, Lewes, Sussex, UK). Total cholesterol, HDL-choles-
terol and plasma triacylglycerols were determined using
appropriate commercial kits (Roche Diagnostic Systems,
Welwyn Garden City, Herts., UK) on a COBAS Mira auto-
analyser (Roche Diagnostic Systems). Plasma vitamin C
and uric acid were determined according to the method
of Finglas et al. (1993) and Brookes et al. (2000).
Plasma concentrations of six carotenoids (lutein, zeax-
anthin, b-cryptoxanthin, lycopene, and a- and b-carotene),
retinol and a-tocopherol were measured simultaneously
according to the method of Hart & Scott (1995).

Food analyses

Vitamin C. The entire contents of 298 g cans of mandarin
oranges were homogenised and filtered, and metaphospho-
ric acid added to the filtrates at a final concentration of
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0·75 mol/l. The filtrates were analysed as described by
Finglas et al. (1993).

Carotenoid. The entire contents of 298 g cans of man-
darin oranges were homogenised and acetone (20 ml)
added. The mixtures were vortexed for 1 min then centri-
fuged (800 g, 5 min, 48C) and the organic layers removed.
The process was repeated until the homogenates were
grey–white and the acetone layers had no discernible
yellow colour. The acetone fractions for each sample
were pooled, filtered and the total volume determined.
The solvent from a 1 ml portion was evaporated under a
stream of N2 and the dried material subjected to HPLC
analysis as described by Hart & Scott (1995).

Cooked, minced carrots were homogenised, mixed with
methanol (8 ml) and incubated at room temperature for
15 min. Chloroform (8 ml) and then water (5 ml) were
added with vortexing. Each mixture was centrifuged
(800 g, 5 min, 48C) and the chloroform layer removed.
More chloroform was added to the homogenates, the mix-
tures were vortexed and centrifuged as described earlier
and the chloroform layer removed. This process was
repeated until the vegetable matter was grey–white and
the chloroform layer had no discernible colour. The chloro-
form fractions for each sample were pooled and the total
volume determined. The solvent from a 1 ml portion was
evaporated under a stream of N2. Samples were analysed
by HPLC as described by Hart & Scott (1995).

Single-cell gel electrophoresis

Freshly prepared PBL were diluted to 1·5 £ 106 cells/ml in
HBSS (1·5 £ 107 cells/10 ml for each sample) and split
equally between two 25 cm2 50 ml culture flasks. After a
1 h recovery period at 378C, the cells in one flask were trea-
ted with 100mmol H2O2/l (5 min at 48C). The cells in the
matched flask were treated with an equivalent volume of
HBSS. Subsequently, all the cells were maintained at
378C. A portion (400ml) of the PBL suspension was
removed from each of the flasks at 0, 120, 180 and
240 min after addition of the H2O2 or HBSS. These
samples were subjected to SCGE analyses under non-u.v.
fluorescent light as described previously (Astley et al.
2002).

Cell-free DNA repair enzyme assays

For cell-free DNA repair assays, the PBL that had been pre-
pared as described earlier were processed further to mini-
mise platelet contamination before cell extraction. For
this, PBL (3 £ 107–4 £ 107) in HBSS were pelleted by cen-
trifugation (400 g, 20 min, 208C). The HBSS was aspirated
and the cells resuspended in 1 ml fresh HBSS. A density bar-
rier (r 1·063 g/ml) was produced by mixing 5 vol. Optiprep
(600 g/l iodixanol; Robbins Scientific Europe Ltd, Solihull,
UK) with 22 vol. sterile NaCl (8 g/l), 4-(2-hydroxyethyl)-
1-piperazine-ethanesulfonic acid–NaOH (10 mmol/l),
EDTA (1 mmol/l) (pH 7·4). The cell suspensions (1 ml)
were layered onto 3 ml of this barrier and centrifuged at
350 g for 15 min at room temperature. After centrifugation,
the liquid, including the platelet-rich layer, was aspirated
leaving the PBL pellet.

Extraction of the PBL was performed essentially as
described previously (Elliott et al. 2000), but with the fol-
lowing modifications. The extraction process was divided
into two stages. The first stage was performed immediately
after isolation and further purification of the PBL. The PBL
pellet was resuspended in 2 ml ice-cold hypotonic solution
(Tris-HCl (10 mmol/l), pH 8·0, EDTA (1 mmol/l), dithio-
threitol (5 mmol/l)) and placed on ice for 20 min. At the
end of this period a cocktail of protease inhibitors was
added (leupeptin, pepstatin and chymostatin (Sigma–
Aldrich Chemical Company, Poole, Dorset, UK) at a final
concentration of 0·5mg/ml plus 4-(2-aminoethyl)benzene-
sulfonylfluoride hydrochloride (AEBSF; Roche Diagnostics
Ltd, Lewes, Sussex, UK) to a final concentration of
0·5 mmol/l). The cell suspension was homogenised using a
Potter-Elverhjem homogeniser. Ice-cold sucrose–glycerol
solution (2 ml Tris-HCl (50 mmol/l), pH 8·0, MgCl2
(10 mmol/l), dithiothreitol (2 mmol/l), sucrose (250 g/l), gly-
cerol (500 ml/l)) was added drop-wise with constant stirring.
The extracts were snap frozen and stored under liquid N2.

The second stage of the extraction was carried out batch-
wise using complete sample sets (all three samples from five
subjects, with one from each of the intervention groups).
This approach was adopted to minimise the potential for
artifactual differences arising as a result of possible day-
to-day variations in the efficiency of the extraction process.

Each batch of samples was thawed on ice. Neutralised,
saturated ammonium sulfate (0·5 ml) was added drop-wise
with constant stirring. The samples were then stirred for a
further 30 min on ice before being transferred to polyallomer
tubes (code 356562; Beckman Coulter, High Wycombe,
Bucks., UK) and centrifuged at 220 000 g, 48C, for
150 min. The clarified cell extracts were transferred to Ultra-
free-4 ultrafiltration units (Millipore, Watford, Herts., UK)
with a nominal molecular mass cut-off of 10 kDa, and centri-
fuged at 7500 g, 48C, for 16 h. The concentrated samples
(50–100ml) were diluted by the addition of 500ml ice-cold
diafiltration buffer (2 ml 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid–KOH (25 mmol/l), pH 7·8, MgCl2
(12 mmol/l), 0·1 M-KCl, EDTA (1 mmol/l), dithiothreitol
(2 mmol/l), glycerol (170 ml/l)) to the ultrafiltration units.
The samples were centrifuged for 3 h at 7500 g, 48C, to recon-
centrate them. This diafiltration process was repeated two
more times. The final volumes of the concentrated extracts
were determined and then the samples were each divided
into 4–5 portions. These were snap frozen on dry ice and
stored at 2808C. One portion of each sample was used for
determination of protein concentration. Portions of these
samples were diluted 500-fold with PBS and analysed
using a MicroBCA protein assay kit (Pierce Warriner,
Chester, Ches., UK).

A second portion of each sample was used for the DNA
repair analyses. Here again, the samples were analysed in
the same batch-wise fashion as described earlier. In each
batch a Molt-17 cell extract was used as a standard, and a
previously prepared PBL extract was used as a quality con-
trol sample. Repair analyses were performed as described
previously (Elliott et al. 2000) using sample extract equiv-
alent to 2mg protein per reaction and an incubation time of
1 h. For each batch, the two different assay systems,
employing either Methylene Blue–visible light or iron
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nitrilotriacetate–H2O2-treated plasmid templates, were per-
formed in parallel. The damage in both plasmids and the
differences between the assays have been described fully
elsewhere (Elliott et al. 2000). For each of the two assay
types, the sample repair activities for each batch were nor-
malised against the mean value calculated for the Molt-17
cell standard sample obtained from all the batches. Intra-
assay CV were calculated at 6·6 and 4·9 % (n 5) for the
Molt-17 cell standard sample for Methylene Blue–visible
light or iron nitrilotriacetate–H2O2-treated plasmid tem-
plates respectively. The intra-assay CV for the PBL quality
control samples were 12·8 and 5·3 % (n 5), and the inter-
assay CV were 10·9 and 27 % (n 11) for Methylene
Blue–visible light or iron nitrilotriacetate–H2O2-treated
plasmid templates respectively.

Statistical analyses

Data were analysed using Statistica, version 5.5 (1984–
2000; StatSoft Inc., Tulsa, OK, USA). Unless otherwise
stated, one-way ANOVA was used to analyse all data.
Where the variance ratio (F) was significant for a given
analysis, mean values were compared by two-tailed paired
t tests, Student’s t tests or Sheffé tests, as appropriate.

The data for BMI, cell-free DNA repair activities and all
plasma variables were analysed both within treatment
groups to investigate potential changes between samples
taken at weeks 0, 3 and 9, and between groups at each
sample time as appropriate. Literal ages were compared
between groups only.

Single-cell gel electrophoresis. Data from duplicate
slides were compared using Student’s t test. None were
demonstrated to be significantly different, and data were
combined to calculate the mean % DNA in the tail portion
of the whole comet image (% tail DNA), which is
proportional to the number of SSB present in the genomic
DNA. The incidence of SSB and alkali-labile sites at
baseline (no H2O2) and after treatment with H2O2 was
examined using one-tailed paired t test. This established
whether the difference between lymphocytes at baseline
and following oxidative stress was significant. Mean data
sets for each treatment in vitro (H2O2 v. no H2O2) were
analysed to determine whether any significant changes in
% tail DNA were evident over the 240 min time course.

Results

Food antioxidant contents

Each portion of carrots contained 10·6 (SD 0·6) mg a-caro-
tene, 22·7 (SD 1·1) mg b-carotene and 0·68 (SD 0·1) mg
lutein (n 6). A portion of mandarin oranges contained 4·3
(SD 0·6) mg b-cryptoxanthin, 0·19 (SD 0·04) mg a-carotene,
1·2 (SD 0·2) mg b-carotene (n 6) and 35 mg vitamin C (based
on duplicate analyses). All other carotenoids and tocopher-
ols were below detectable limits in these foods.

Volunteers

After exclusions and dropouts, eleven volunteers given the
mixed carotene supplement, eleven volunteers given

the additional carrot portions and nine volunteers from
each of the other groups completed the study. There was
no significant difference between the intervention groups
in terms of age or BMI. Neither was there any significant
change in body weight within any of the groups over the
course of the study (results not shown).

There were no differences between the intervention
groups in average concentrations (the mean values of
samples taken at weeks 0, 3 and 9) of plasma total choles-
terol, HDL-cholesterol or triacylglycerols (results not
shown), and no significant changes in any of these vari-
ables were detected over the course of the study within
any of the groups.

Plasma antioxidants (carotenoids, tocopherols and
vitamin C)

Within each group there were no significant changes in
plasma concentrations of a-tocopherol, lutein or zeax-
anthin over the course of the study. However, unexpect-
edly, plasma lycopene was found to be significantly
elevated in volunteers given the cooked carrots at both
weeks 3 and 9 compared with week 0 (P¼0·001; results
not shown).

There were no significant differences between the
groups for any of the plasma components measured at
week 0. However, the dietary interventions did evoke a
variety of changes at other time points (Tables 1–4).

Plasma concentrations of vitamin C changed signifi-
cantly only in volunteers given the mandarin oranges
(P¼0·003), although there was a trend towards an increase
at week 3 in those volunteers given the vitamin C tablets
(P¼0·092) (Table 1). Values had returned to baseline by
week 9, after the 6-week washout period (i.e. statistically
no difference between values at weeks 0 and 9).

Plasma concentrations of b-cryptoxanthin (Table 2) chan-
ged only in volunteers given the mandarin oranges, with a
significant increase only evident at week 3 (P,1027).

There were no significant differences in plasma b-caro-
tene concentrations (Table 4) between any of the groups at
weeks 0 or 9. At week 3, plasma b-carotene concentrations
were higher in volunteers fed carrots (P,1026) and those
given the mixed carotene capsules (P,1027) than in the pla-
cebo control volunteers as well as those taking vitamin C
tablets or consuming the mandarin oranges. However, sur-
prisingly, a significant decrease in plasma concentrations
of b-carotene was observed between weeks 0 (baseline)
and 9 (baseline after washout period) in volunteers given
the vitamin C tablets (P¼0·029), although the differences
within the group between weeks 0 and 3, and between
weeks 3 and 9, did not achieve statistical significance.

Plasma a-carotene concentrations (Table 3) were signifi-
cantly elevated at both weeks 3 and 9 in volunteers fed the
carrots (P,1027) and mixed carotene capsules (P,1028)
compared with the other intervention groups, in particular
the placebo controls.

Single-cell gel electrophoresis analyses

Baseline levels of SSB did not differ between the interven-
tion groups or within any group at weeks 0, 3 or 9. In the
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absence of exposure to H2O2, SSB levels were also found
to be constant across the 4 h time course in all intervention
groups at each of the sample times (weeks 0, 3 and 9).

In all cases, exposure of PBL to H2O2 produced a sig-
nificant increase in SSB. The magnitude of the increase
in SSB immediately following exposure to H2O2 did not
differ significantly between any of the intervention
groups, or within each group, at weeks 0, 3 or 9.

The number of SSB present in the PBL did not decrease
significantly over the 4 h time course following oxidative
challenge except in cells isolated at week 3 from volunteers
given the carotene isolate (Fig. 1). In these individuals, the
number of SSB returned to levels not significantly different
from the matched unchallenged cells (i.e. those that had not
been exposed to H2O2).

Cell-free DNA repair activities

DNA repair patch synthesis activity in PBL extracts,
measured using either singlet oxygen- or hydroxyl rad-
ical-damaged plasmid DNA, was found to vary markedly
from volunteer to volunteer (as much as 10-fold). For
this reason, the results obtained for each volunteer are
shown separately (Figs 2 and 3). It was notable, however,
that intra-individual repair capacity (i.e. repair patch syn-
thesis activity in the three different PBL samples analysed
from any one individual) was generally much more
consistent.

No correlation was evident between baseline (week 0)
repair patch synthesis activities and volunteer age, weight,
height, BMI or any of the plasma components analysed.

Table 2. Plasma concentrations of b-cryptoxanthin (nmol/l)†‡

(Mean values with their standard errors)

Week 0 Week 3 Week 9

Group n Mean SEM Mean SEM Mean SEM

a-Carotene–b-carotene 11 217·8 42·8 194·7 36·8 205·7 21·4
Cooked carrots 11 182·7 36·9 146·5 30·2 177·3 37·3
Mandarin oranges 9 249·9 79·8 1213·7* 172·9 348·0 44·8
Placebo 9 187·8 34·9 205·0 39·7 194·7 34·8
Vitamin C tablets 9 281·3 61·7 246·9 65·0 207·0 50·8

Mean value was significantly different from that at week 0: *P,0·05.
† For details of subjects, supplements and procedures, see pp. 64–65.
‡ Values were compared using one-way ANOVA; where the variance ratio (F) was significant for a given

analysis, mean values were compared by two-tailed paired t tests, Student’s t tests or Sheffé tests.

Table 1. Plasma concentrations of vitamin C (mmol/l)‡§

(Mean values with their standard errors)

Week 0 Week 3 Week 9

Group n Mean SEM Mean SEM Mean SEM

a-Carotene–b-carotene 11 54·0 3·9 55·2 4·3 54·4 3·7
Cooked carrots 11 61·3 6·1 59·5 5·8 57·5 8·1
Mandarin oranges 9 56·1 3·1 72·3*† 4·5 58·6 4·5
Placebo 9 58·7 4·2 60·0 3·9 59·3 4·7
Vitamin C tablets 9 64·9 2·7 72·6† 3·6 64·1 5·0

Mean value was significantly different from that at week 0: *P,0·05.
Mean values were significantly different from those at week 9: †P,0·05.
‡ For details of subjects, supplements and procedures, see pp. 64–65.
§ Values were compared using one-way ANOVA; where the variance ratio (F) was significant for a given

analysis, mean values were compared by two-tailed paired t tests, Student’s t tests or Sheffé tests.

Table 3. Plasma concentrations of a-carotene (nmol/l)†‡

(Mean values with their standard errors)

Week 0 Week 3 Week 9

Group n Mean SEM Mean SEM Mean SEM

a-Carotene–b-carotene 11 144·4 25·2 1022·7* 118·1 319·7 61·8
Cooked carrots 11 152·6 31·1 487·7* 67·7 201·9 26·9
Mandarin oranges 9 173·9 21·6 313·4 135·5 192·7 45·1
Placebo 9 116·8 10·4 162·1 29·5 142·1 20·1
Vitamin C tablets 9 174·8 29·7 181·8 57·2 112·3 17·8

Mean values were significantly different from those at weeks 0 and 9: *P,0·05.
† For details of subjects, supplements and procedures, see pp. 64–65.
‡ Values were compared using one-way ANOVA; where the variance ratio (F) was significant for a given

analysis, mean values were compared by two-tailed paired t tests, Student’s t tests or Sheffé tests.
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There were no overall differences in DNA repair patch
synthesis activities between the intervention groups at
any of the three time points measured using either assay.
This was not surprising in the light of the substantial
inter-individual variation in PBL repair patch synthesis
activity.

There was no evidence that dietary intervention with the
carotene isolate, its matched placebo, the mandarin oranges
or the vitamin C produced any alteration in DNA repair
patch synthesis activity measured using either of the two
assay systems. On the other hand, dietary intervention
with the cooked carrots did evoke a moderate change in
DNA repair patch synthesis activity. In this case, repair
activity, as measured with both assay systems, was signifi-
cantly elevated at the end of the intervention (hydroxyl
radical-damaged DNA assay P¼0·035, singlet oxygen-
damaged DNA assay P¼0·013). No correlation between
this increase in repair activity and changes in any of the
plasma components measured could be identified.

Discussion

Dietary supplementation with a mixed a-carotene–b-caro-
tene isolate enhanced the rate of PBL recovery, measured
as disappearance of DNA SSB following challenge with
H2O2. The lack of an equivalent enhancement of cellular
recovery in PBL isolated from volunteers fed cooked car-
rots may have been due to the less substantial increases
in plasma concentrations of a- and b-carotene in members
of this group. This reflects the fact that, although the
a-carotene and b-carotene content of the carrots exceeded
the content of the capsules, absorption of the carotenoids
from the whole food matrix is less efficient than from the
capsules (Jayarajan et al. 1980; Southon & Faulks, 2001).

In the absence of oxidative challenge, no changes in
numbers of SSB were detected in PBL isolated at any
time for any of the intervention groups. However, under
these conditions, the number of SSB is very low and the
assay is being used at the limit of its sensitivity. Thus,

Table 4. Plasma concentrations of total b-carotene (cisþ trans) (nmol/l)†‡

(Mean values with their standard errors)

Week 0 Week 3 Week 9

Group n Mean SEM Mean SEM Mean SEM

a-Carotene–b-carotene 11 377·1 68·3 1763·1* 243·7 572·1 113·6
Cooked carrots 11 352·2 74·1 873·1* 110·2 452·3 55·2
Mandarin oranges 9 458·6 85·8 518·7 83·7 514·3 84·5
Placebo 9 321·5 70·0 380·7 59·8 412·4 76·9
Vitamin C tablets 9 481·5 78·0 420·2 76·3 374·8 59·2

Mean values were significantly different from those at weeks 0 and 9: *P,0·05.
† For details of subjects, supplements and procedures, see pp. 64–65.
‡ Values were compared using one-way ANOVA; where the variance ratio (F) was significant for a given

analysis, mean values were compared by two-tailed paired t tests, Student’s t tests or Sheffé tests.

Fig. 1. Single-strand breaks in control (unchallenged) and H2O2-challenged (at time 0) peripheral blood lymphocytes isolated from volunteers
immediately following a 3-week supplementation with an a-carotene–b-carotene mixed capsule (group B) or a matching placebo (group D) at
0 ( ), 2 (o), 3 (A) and 4 (r) h. Values are means with standard deviations shown by vertical bars (n 11). The results for the placebo-fed group
are included both as a control and as a representative example of results obtained for all other dietary interventions and all other time points.
For details of subjects and procedures, see pp. 64–65. Mean data sets for each treatment in vitro (H2O2 v. no H2O2) were analysed to deter-
mine whether any significant changes in tail moment were evident over the 240 min time course. Means values were significantly different
from those of unchallenged cells: *P,0·05. a,b Mean values with unlike superscript letters were significantly different (P,0·05).
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the possible presence of subtle but important differences
cannot be ruled out completely.

The enhanced recovery following oxidative challenge
in PBL isolated from volunteers following a-carotene–
b-carotene supplementation mirrors results that we have
obtained with a human lymphocyte cell line (Molt-17) sup-
plemented with carotenoids in vitro (Astley et al. 2002)
and that others have observed in PBL from human volun-
teers following either a single large oral dose of b-carotene
or a 1-week dietary supplementation with b-carotene
(Fillion et al. 1998; Torbergsen & Collins, 2000).

It is not possible with any techniques currently available
to define the mechanism responsible for this enhanced
recovery with certainty. However, two possible interpret-
ations are immediately obvious. The first is that increased
cellular carotenoids act to enhance the DNA SSB repair.
The second, favoured by other authors, is that carotenoids
taken up by the cells provide a degree of protection for cel-
lular DNA against further DNA damage being generated
over the protracted time course following exposure to
H2O2 (Fillion et al. 1998; Torbergsen & Collins, 2000).

A third, less apparent, explanation arises from the fact
that SSB are produced as intermediates during the repair

of oxidised bases in DNA. Thus, alterations in the rates
of production and removal of such intermediates could
affect the apparent rate of cellular recovery from oxidative
challenge, measured as disappearance of DNA SSB.
However, there was no evidence of changes in DNA
repair patch synthesis activity in PBL isolated from volun-
teers following dietary supplementation with a-carotene–
b-carotene. The singlet oxygen-damaged DNA, which is
used as the repair template for one of these assays, contains
almost exclusively oxidised bases. In this case, repair patch
synthesis only takes place following excision of base
lesions, generation of SSB and removal of the 30 blocking
groups in the SSB. The absence of any detectable change
in the activity measured with this assay provides a strong
indication that there were no alterations in the enzyme
activities for each of the preceding steps as a result of diet-
ary supplementation with the mixed carotene capsules.

In addition, the results presented here are not consistent
with the a-carotene–b-carotene acting to enhance cell
recovery by providing direct antioxidant protection over
the time course following oxidative challenge. First, there
was no evidence of additional direct antioxidant protection
afforded to the cellular DNA immediately after exposure to

Fig. 2. DNA repair patch synthesis activity measured using singlet oxygen (generated with Methylene Blue and visible light)-damaged template
DNA in peripheral blood lymphocytes isolated before (week 0) and immediately after (week 3) dietary intervention and after a 6-week washout
period (week 9). The intervention groups were as follows: (A), cooked carrots (200 g/d); (B), mixed a-carotene–b-carotene capsules
(15 mg/d); (C), mandarin oranges (298 g/d); (D), placebo capsule (one per d); (E), vitamin C (60 mg tablet every other day). Repair activity for
each volunteer is shown as a line with identical symbols at all three sample times. Different symbols have been used to distinguish between
data from individuals. Solid lines with open symbol denote instances where repair activity was higher following intervention than before. Broken
lines with closed symbols denote instances where repair activity was unchanged or decreased following intervention. For details of subjects
and procedures, see pp. 64–65.
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H2O2 in PBL from a-carotene–b-carotene supplemented
volunteers. Direct protective effects have been observed
previously with vitamin C, carotenoid supplements and
carotenoid-rich foods (Duthie et al. 1996; Astley, 1997;
Collins et al. 1998; Lowe et al. 1999; Riso et al. 1999;
Porrini & Riso, 2000). However, carotenoids have been
shown to be capable of producing both anti- and pro-oxi-
dant effects, as well as no net effect, in relation to DNA
SSB in vitro (Lowe et al. 1999). The balance between
the different effects depends on the carotenoid concen-
trations and model systems used (Woods et al. 1999).
Thus, the lack of observed antioxidant effect by the caro-
tenoids or vitamin C in the current study does not necess-
arily contradict other previous studies.

The second point, which suggests that the enhancement
of cellular recovery was unlikely to be due to the caroten-
oids providing significant antioxidant protection, is that
dimethylsulfoxide was added to the cells immediately
after treatment with H2O2. Dimethylsulfoxide is an effec-
tive hydroxyl radical scavenger (Repine et al. 1981).
At the concentration used (10 ml/l, 128 mmol/l) it is
likely that the antioxidant protection afforded by the
dimethylsulfoxide would swamp any provided by the

much lower concentrations of the carotenoids in the cells
(Astley et al. 2002). It is possible that the different sub-cel-
lular distributions of the lipophilic carotenoids and
dimethylsulfoxide could elicit distinct antioxidant effects.
However, dimethylsulfoxide is capable of both cytosolic
and cell membrane interaction (Halliwell & Gutteridge,
1991) and should be as well, if not better, located within
cells to protect nuclear DNA from oxidants.

Consequently, the results presented here are most con-
sistent with the a-carotene–b-carotene capsule dietary
supplements specifically leading to an increase in DNA
SSB repair activity. The suggestion that a dietary antioxi-
dant is also able to modulate DNA repair via redox-sensi-
tive pathways that ultimately influence nucleotide or base
excision repair, or transcription-coupled repair, is not
new (Cooke et al. 1998; Lunec et al. 2002). It has been
claimed that Vitamin C has a novel function, quite apart
from its direct antioxidant ability (Cooke et al. 2001), in
modifying DNA repair mechanisms; in addition to simply
scavenging free radicals, this function could be responsible
for its anti-cancer properties. Increasingly, the carotenoids
are also being acknowledged as possessing other biological
activities (Bendich & Olson, 1989).

Fig. 3. DNA repair patch synthesis activity measured using hydroxyl radical (generated with iron nitrilotriacetate and H2O2)-damaged tem-
plate DNA in peripheral blood lymphocytes isolated before (week 0) and immediately after (week 3) dietary intervention and after a 6-week
washout period (week 9). The intervention groups were as follows: (A), cooked carrots (200 g/d); (B), mixed a-carotene–b-carotene cap-
sules (15 mg/d); (C), mandarin oranges (298 g/d); (D), placebo capsule (one per d); (E), vitamin C (60 mg tablet every other day). Repair
activity for each volunteer is shown as a line with identical symbols at all three sample times. Different symbols have been used to dis-
tinguish between data from individuals. Solid lines with open symbols denote instances where repair activity was higher following interven-
tion than before. Broken lines with closed symbols denote instances where repair activity was unchanged or decreased following
intervention. For details of subjects and procedures, see pp. 64–65.
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Using the cell-free repair assays, no enhancement of
DNA repair patch synthesis activity was apparent in
extracts from PBL isolated from volunteers immediately
following dietary supplementation with the a-carotene–
b-carotene capsules. The same was true for the human
lymphocyte cell line supplemented in vitro with a range
of carotenoids (Astley et al. 2002). This suggests that if
the a-carotene–b-carotene isolate does indeed influence
DNA repair processes in vivo, it does so at a step that is
independent of the processes involved in the synthesis of
the DNA repair patches incorporated during the base exci-
sion repair and SSB repair processes. One candidate pro-
cess is the strand break re-ligation step, which is
downstream of the patch synthesis in the repair process.
The development of new methods capable of measuring
the kinetics of different steps in the SSB repair pathway
will be required to confirm or exclude this possibility.

Although dietary supplementation with the a-carotene–
b-carotene capsules did not provoke any alteration in DNA
repair patch synthesis activity, dietary supplementation
with cooked carrots, rich in these same carotenoids, did
increase the repair activity moderately. This suggests that
other components of the whole food may be important in
modulating DNA repair processes, either separately from
or in conjunction with the carotenoids. Alternative and/or
contributing factors that could explain this apparent discre-
pancy, and the lack of effect of vitamin C, include duration
and dose, comparative bioavailability and the time point of
testing, as discussed by Cooke et al. (2002).

In summary, dietary supplementation with mixed caro-
tene capsules, at a level achievable by dietary manipulation
alone without the use of isolates, led to an enhancement of
cellular recovery from oxidative challenge, measured as
the disappearance rate of H2O2-induced DNA SSB, in
PBL. This effect was most consistent for the mixed caro-
tenoid intervention promoting cellular SSB repair pro-
cesses. Carotenoid-rich whole foods did not elicit the
same effect, possibly due to the fact that they produced a
less marked rise in plasma carotenoids. On the other
hand, one of the whole foods, cooked carrots, did lead to
a moderate but significant increase in DNA repair patch
synthesis activity in PBL. Indeed, the observed wide
inter-individual variation in PBL DNA repair patch
synthesis activity, which could not be linked to any of
the volunteers’ variables measured, suggests that either
genetic or environmental factors, or both, are important
for the regulation of DNA repair processes. The results
presented here suggest that diet may be one such factor.
Such modulation of DNA repair activity potentially has
great significance in relation to degenerative processes
and human health.
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