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Figure 2 RNase protection analysis of stage 50/52
Xenopus limb buds showing the three diffusely
expressed gene products together with FGF-8.
Results for the same genes in stage 33 embryos
are shown as positive controls. Ornithine decar-
boxylase (ODC) is a loading control. Detailed meth-
ods are available from the authors.

activity and the AER. These observations
suggest that the mechanisms in proxi-
modistal and anteroposterior axes are
indeed conserved.

Amphibia was the first tetrapod class to
diverge from the vertebrate lineage, so our
results suggest that the proximodistal and
anteroposterior patterning systems have
indeed been conserved across the tetrapods.
The same cannot be said of the dorsoventral
system, however. Our results show that En-1
is not repressing the dorsal genes, and that
it is not necessary to have restricted expres-
sion of Wnt-7A, Rfng or Notch-1 to make a
limb. Because all these genes are expressed
diffusely, it remains possible that there is a
permissive requirement for their products,
but a mechanism depending on interaction
across boundaries*® does not seem likely.

Some differences between amphibian
and amniote limb development that might
account for a difference in the mechanism
of dorsoventral patterning are known’,
including a more complex muscle pattern
in amniotes and the regenerative ability
shown by many amphibians, including
Xenopus in the larval stage®’. We have
examined the expression of the same eight
genes in regeneration blastemas and find
very similar results to the original limb
buds (data not shown). Whatever the rea-
son for the difference, our results show that
the accepted mechanism for dorsoventral
patterning is not a necessary feature of limb
development but is, at its most general, a
derived feature shown by the amniotes.

Bea Christen, Jonathan M. W. Slack
Developmental Biology Programme,
Department of Biology and Biochemistry,

NATURE | VOL 395 | 17 SEPTEMBER 1998

scientific correspondence

University of Bath,
Bath BA2 7AY, UK.
e-mail: bssbc@bath.ac.uk

—

. Bushdid, P. B., et al. Nature 392, 615-618 (1998).

. Kanegae, Y., Tavares, A. T., Izpistia Belmonte, J. C. & Verma, I.
M. Nature 392, 611-614 (1998).

. Johnson, R. & Tabin, C. J. Cell 90, 979-990 (1997).

. Laufer, E. et al. Nature 386, 366-373 (1997).

. Rodriguez-Esteban, C. et al. Nature 386, 360-366 (1997).

. Riddle, R. D., Johnson, R. L., Laufer, E. & Tabin, C. Cell 75,
1401-1416 (1993).

. Hinchliffe, J. R. & Johnson, D. R. The Development of the
Vertebrate Limb (Oxford Univ. Press, 1980).

8. Dent, J. N. J. Morphol. 110, 61-78 (1962).

9. Maden, M. J. Embryol. Exp. Morphol. 63, 243-265 (1981).

o U oA W )

~

Does vitamin C have a
pro-oxidant effect?

The conclusions of the Scientific Correspon-
dence by Podmore et al.' are undermined
by some unaddressed scientific issues.
Podmore et al. gave vitamin C supplements
of 500 milligrams to healthy volunteers, and
measured levels of vitamin C in plasma and
of oxidative DNA adducts in lymphocytes
before, during and after supplementation.

Because the reported changes in levels of
8-oxoguanine and 8-oxoadenine occurred
in lymphocytes, the relevant vitamin C con-
centrations are not those in plasma but
those in lymphocytes; however, these data
were not presented. Because millimolar
concentrations of ascorbate are found in
lymphocytes, measurements of vitamin C
are practical using as few as 0.25 x 10° cells
and a sensitive electrochemical high-perfor-
mance liquid chromatography assay’ ™.
Available cell numbers should not have
been a limiting problem because few cells
are needed for the measurement compared
with the number that can be isolated from
peripheral blood**”.

Although the data on plasma vitamin C
concentrations presented by Podmore et al.'
were expressed as percentage changes only,
true intracellular vitamin C concentrations
can still be calculated. Because the
vitamin C supplement produced a 60%
increase in plasma concentrations of vita-
min C, and because 500 mg is a saturating
dose of vitamin C, the initial plasma vita-
min C concentration was roughly 50 uM
(refs 5,6). However, at this concentration
lymphocytes are already saturated, with an
intracellular ascorbate concentration of
approximately 3 mM (refs 5,6). Increasing
the extracellular plasma concentration of
ascorbate above 50 wM will not affect the
intracellular concentration further.

If the reported changes in oxidative
DNA adducts could not be due to changes
in intracellular lymphocyte vitamin C con-
centrations, what is responsible? The con-
centrations of 8-oxoguanine reported by
Podmore et al. are 25-120 times more
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than those reported by others”. These
measurements are notoriously difficult to
make and are easily increased artefactually
by oxidation’. The possibility of oxidation is
increased further if mononuclear cells
rather than pure lymphocytes were isolated,
because activated contaminating mono-
cytes can produce superoxide and other
oxidants. The purity of the isolated lym-
phocytes was not indicated by Podmore er
al. In addition, without proper precautions
ascorbate can act as a pro-oxidant. By
increasing plasma ascorbate levels with sup-
plements, the authors may have increased
the probability of an oxidation artefact
occurring.

Because Podmore ef al. used an experi-
mental design that did not take into
account the fact that cells become saturated
with vitamin C at lower doses than does
plasma, an inappropriate choice of tissue
sampled for vitamin C, unclear lympho-
cyte-isolation procedures, and assays that
may be biased by oxidation artefacts, we
believe that their conclusions are not justi-
fied by the data.
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Podmore et al' reported a decrease in
8-0x0-7,8-dihydroguanine and an increase
in 8-ox0-7,8-dihydroadenine in lympho-
cyte DNA after intake of 500 milligrams of
vitamin C daily for 6 weeks. In our view,
four issues compromise the validity of their
findings.

First, there are severe problems resulting
from increased oxidation during the DNA
isolation and extraction necessary™ for gas
chromatography mass spectrometry. Pod-
more et al. reported high values in lympho-
cyte DNA of 30 molecules of 8-oxo-
7,8-dihydroguanine per 100,000 guanines,
but did not acknowledge these problems or
refer to related published studies (see, for
example, ref. 4). Artefactual oxidation ex
vivo in their study cannot be excluded and
hence their results are difficult to interpret.

Second, the study design is without
randomization or true placebo control, nor
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is it double-blinded; thus, time and other
effects unrelated to those of vitamin C can-
not be excluded. Third, Podmore et al. did
not mention whether any of their subjects
smoked. Fourth, the authors did not refer-
ence relevant previous studies.

We have reported a 59-fold variation in
guinea-pig liver vitamin C concentrations
as a result of dietary manipulation, without
any change in oxidized guanine levels in the
liver’, for example. In a two-month ran-
domized, placebo-controlled trial in which
we gave 38 smoking men 500 mg vitamin C
every day, we found no change in oxidative
DNA damage measured by 24-hour urinary
excretion of 8-0x0-7,8-dihydro-2'-
deoxyguanosine, as compared with 19
smoking men who received a placebo’. Uri-
nary excretion of 8-oxo-7,8-dihydro-2’-
deoxyguanosine is interpreted as a
total-body average measurement of the rate
of DNA oxidation, a theory supported by
recovery of 2-nitro-propane-induced excess
organ 8-o0x0-7,8-dihydro-2’-deoxyguano-
sine in excreted urine in animals’.

Measurements of the oxidized bases
8-0x0-7,8-dihydroguanine and 8-oxo-7,8-
dihydroadenine, or of the corresponding
nucleosides  8-o0xo0-7,8-dihydro-2'-deoxy-
guanosine and  8-oxo-7,8-dihydro-2'-
deoxyadenosine, in lymphocytes represents
concentrations of oxidized bases in those
cells only and their relevance to other
organs, for example target organs, is not
known. Neither is it known whether one or
both of the two measurements is relevant
for risk assessment.

We think it is too soon to say whether
supplemental doses of vitamin C exert pro-
oxidant or mutagenic effects. Further well-
designed trials with an analysis that would
eliminate artificial ex vivo oxidation are
needed to resolve this question.
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Podmore et al. reply — In our Scientific
Correspondence' we reported changes in
lymphocyte DNA to two established ‘mark-
ers’ of oxidative DNA damage after daily
supplementation of healthy volunteers with
500 mg vitamin C for six weeks. One mark-
er, 8-oxoadenine, increased, whereas the
other, 8-oxoguanine, decreased. On this
basis, vitamin C seems to act as both a pro-
oxidant and an antioxidant in vivo. Our
contribution has stimulated many com-
ments, most of which were addressed in our
original manuscript to Nature, which was
shortened for publication at the editors’
request. The full details are available from
us on request.

The suggestion made above by Poulsen
et al. and Levine et al. that artefactual oxi-
dation has occurred during lymphocyte iso-
lation and DNA extraction is based entirely
on the measurement of a single marker,
8-oxoguanine. As founder members of the
European Standards Committee on Oxida-
tive DNA Damage (ESCODD), we are
aware of the discrepancies between 8-oxo-
guanine measurement by different tech-
niques. Indeed, with this in mind we have
measured 8-oxoguanine in DNA samples
from healthy volunteers by two additional
assays using high-performance liquid chro-
matography: one measuring the base, and
the other, widely used, its 2'-deoxynucleo-
side derivative, 8-ox0-2'-deoxyguanosine
(Cooke, M. S. et al., manuscript in prepara-
tion). All three assays show the same
decrease in 8-oxoguanine on vitamin C
supplementation.

We disagree with Poulsen et al. about the
need for randomization or a double-blind
study, as we were not reporting a clinical
trial requiring a subjective interpretation of
efficacy. The design of our study included a
correct placebo treatment. Methods for
improving DNA extraction are currently
evolving through ESCODD. The important
question remains of why, if 8-oxoguanine
and 8-oxoadenine are generated solely as
artefacts, one increases and the other
decreases on supplementation but both
return to baseline/placebo values following
washout.

We do not consider the references cited
by Poulsen et al. to be relevant to our study
on human volunteers (all of whom were
non-smokers, as smoking is known to
reduce levels of plasma ascorbate). One
citation refers to a study measuring 8-oxo-
guanine in guinea-pig liver on “dietary
manipulation”. The other used only mea-
sures of 8-oxo-2'-deoxyguanosine in urine’,
which has not yet been shown to derive
directly from DNA. However, its relevance
as a marker of the total-body average rate of
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DNA oxidation cannot be ruled out. Using
a monoclonal antibody to detect 8-ox0-2'-
deoxyguanosine, we observe an increase in
urine following supplementation of the
volunteers with vitamin C, a finding that
corresponds to loss of 8-oxoguanine from
DNA (Cooke, M. S. et al., manuscript in
preparation).

The mean plasma ascorbate concentra-
tion for 30 healthy volunteers (14 males
and 16 females, aged between 17 and 49) in
our study was 51.3 uM, increasing to 80.4
pM  on vitamin C supplementation
(Cooke, M. S. et al., manuscript in prepara-
tion). Levine et al. argue that lymphocytes
saturate when plasma ascorbate levels reach
50 pM. We do not find their argument
compelling as it seems to be based on a
depletion—repletion study of seven healthy
volunteers, all males aged between 20 and
26 (ref. 4). In addition, we find consider-
able individual variation of plasma ascor-
bate with presupplement-ation values as
low as 8 M, equivalent to an intracellular
ascorbate concentration of approximately
1.5 mM (less than 50% of the stated satura-
tion value)’. It is therefore reasonable to
conclude that saturation of plasma with vit-
amin C does not occur with at least 50% of
our volunteers before supplementation.

Furthermore, we observe highly signifi-
cant positive and negative correlations
between plasma ascorbate concentration
and levels of 8-oxoadenine and 8-oxogua-
nine, respectively, which we believe suggests
that vitamin C is influencing levels of both
markers in a divergent manner (Cooke, M.
S. et al.,, manuscript in preparation). This
differential effect, which cannot be
explained as methodological artefact, is
related to the possible induction of specific
repair of 8-oxoguanine. There is a prece-
dent for redox regulation of repair of this
lesion”.

In conclusion, our results show a defi-
nite increase in 8-oxoadenine after supple-
mentation with vitamin C. This lesion is at
least ten times less mutagenic than 8-oxo-
guanine®, and hence our study shows an
overall profound protective effect of this
vitamin.
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