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Abstract

Oxidative stress is suggested to be central to the ageing process, with endogenous antioxidant defence and repair mechanisms in place to
minimize damage. Theoretically, supplementation with exogenous antioxidants might support the endogenous antioxidant system, thereby
reducing oxidative damage, ageing-related functional decline and prolonging life- and health-span. Yet supplementation trials with antioxidants in
animal models have had minimal success. Human epidemiological data are similarly unimpressive, leading some to question whether vitamin C,
for example, might have pro-oxidant properties in vivo. We supplemented cold exposed (7 & 2 °C) female C57BL/6 mice over their lifespan with
vitamin C (ascorbyl-2-polyphosphate), widely advocated and self administered to reduce oxidative stress, retard ageing and increase healthy
lifespan. No effect on mean or maximum lifespan following vitamin C treatment or any significant impact on body mass, or on parameters of
energy metabolism was observed. Moreover, no differences in hepatocyte and lymphocyte DNA oxidative damage or hepatic lipid peroxidation
was seen between supplemented and control mice. Using a DNA macroarray specific for oxidative stress-related genes, we found that after 18
months of supplementation, mice exhibited a significantly reduced expression of several genes in the liver linked to free-radical scavenging,
including Mn-superoxide dismutase. We confirmed these effects by Northern blotting and found additional down-regulation of glutathione
peroxidase (not present on macroarray) in the vitamin C treated group. We suggest that high dietary doses of vitamin C are ineffective at prolonging
lifespan in mice because any positive benefits derived as an antioxidant are offset by compensatory reductions in endogenous protection
mechanisms, leading to no net reduction in accumulated oxidative damage.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The biochemical, physiological and functional changes
characteristic of advancing age, are believed to be caused by, in
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part, reactive oxygen species (ROS) damage (Beckman and
Ames, 1998; Golden et al.,, 2002). To stem this potential
damage, a cascade of endogenous antioxidants, including
superoxide dismutase, catalase, glutathione peroxidase (Gpx)
and glutathione have evolved (Beckman and Ames, 1998).
Theoretically, one might anticipate that dietary supplementa-
tion with exogenous antioxidants may support the endogenous
defence system by scavenging additional ROS, thus reducing
oxidative damage. Vitamin C is a powerful water soluble
antioxidant (Carr and Frei, 1999) which may protect against
lipid damage (Amer, 2002; Huang et al., 2002), protein
oxidation (Carty et al., 2000), DNA oxidation (Lenton et al.,
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1999 but see Cadenas et al., 1997), protect against cognitive
impairment (Paleologos et al., 1998) and may reduce incidence
of certain cancers (Carr and Frei, 1999; Chen et al., 2000).
However, there are very variable effects of life-long vitamin C
supplementation in animal studies. A life-long supplementation
of 1% ascorbic acid in the drinking water of C57BL/6 male
mice was reported to increase mean lifespan significantly
(Massie et al., 1984), but a mixed antioxidant diet, which
included vitamin C, did not have an effect on lifespan of
voluntary wheel running rats (Holloszy, 1998). However, a
mixed antioxidant supplemented diet, which included vitamin
C, did significantly increase mean lifespan and reduce
hippocampal inclusion bodies in ApoE-deficient mice (Veurink
et al., 2003). Epidemiological data in humans is similarly
confused although some minor benefits to overall mortality
risk, coronary heart disease and subsequent risk of stroke, in
particular, appear associated with vitamin C supplementation
(Enstrom et al., 1992; Gale et al., 1995; Osganian et al., 2003),
despite markers of oxidative damage generally being unaf-
fected (Prieme et al., 1997).

The general inability of antioxidants, including vitamin C, in
supplementation studies to consistently deliver the promise of
increased lifespan in animal models, or reduced disease risk in
humans, could have a varied causality (see McCall and Frei,
1999). Perhaps, in vivo vitamin C acts more as a pro-oxidant
than an antioxidant (Carr and Frei, 1999; Childs et al., 2001;
Rehman et al, 1998), possibly necessitating increased
activation of the defence system to maintain the status quo.
Alternatively, vitamin C may successfully scavenge ROS (Carr
and Frei, 1999), but this may not be translated into reduction in
damage and lifespan enhancement because of compensatory
effects, which may take two forms. Firstly, we know that body
size and energy metabolism may have effects on free-radical
production (Speakman, 2005; Speakman et al., 2004). If
vitamin C supplementation modulates either, or both of these
factors, then the effects could offset any direct impact on free-
radical scavenging resulting in no net benefit in reduced
oxidative damage. Alternatively, vitamin C may negatively
affect the endogenous scavenging and repair systems, either
directly (Nemoto et al., 1997; Podmore et al., 1998), or
indirectly via systems that sense reduced radical production and
retarded damage accumulation. These reductions may also
offset any benefits leading to no net change in oxidative
damage. Finally, oxidative damage might be significantly
reduced, but this might have no impact on ageing and lifespan
because we have overestimated the importance of these
processes, or because the benefits are offset by other
effects—for example the generation of genotoxic chemicals
which, for example, promote cancer (Sowell et al., 2004).

Cold exposure elevates metabolic rate in mammals (Selman
et al.,, 2001a, 2002a), enhances levels of various antioxidant
enzymes and endogenous antioxidants (Barja de Quiroga et al.,
1991; Selman et al., 2000; Siems et al., 1999; Spasic et al., 1993),
and increases both ROS production (Barja de Quiroga et al.,
1991; Venditti et al., 2004) and oxidative stress (Selman et al.,
2002a; Topp et al., 2000; Venditti et al., 2004). Therefore, we
employed a life-long cold exposure (7 &= 2 °C) paradigm in the

following experiment in order to increase metabolic rate, ROS
production and oxidative stress, consequently allowing us to be
more likely to detect a beneficial impact of antioxidant treatment
if one existed. We measured lifespan in both control and vitamin
C (ascorbyl-2-polyphosphate) supplemented mice maintained in
the cold (7 £ 2 °C), and examined the impact of supplementation
on body mass, parameters of energy balance (resting metabolic
rate, daily energy expenditure, food intake), lymphocyte and
hepatocyte DNA oxidative damage. In addition, we used an
HPLC method to evaluate hepatic lipid peroxidation, as assessed
by thiobarbituric acid-reactive substances (TBARS) (Magwere
et al., 2006; Navarro et al., 2002). A cDNA-based macroarray
specific for oxidative stress genes, was used to identify hepatic
gene expression changes with both age and vitamin C
supplementation, and these findings were verified using standard
Northern blotting techniques.

2. Materials and methods

2.1. Study design

C57BL/6 mice were purchased at 8 weeks of age from a commercial breeder
(Harlan, UK Limited, UK) and were individually housed in cages
(48 cm x 15 cm x 13 cm) at an ambient temperature of 22 £ 2 °C. From 12
weeks of age onwards, mice were maintained on a 16L/8D light/dark cycle
(lights on 06:00), at 7 & 2 °C within a controlled temperature room (Atlantic
Cooling Services, UK), with access to bedding material and ad libitum access to
standard mouse diet (Rat and Mouse Maintenance (RM1), Special Diets
Services, BP Nutrition, UK) and water. Over a period of 4 weeks of acclimation
to 7 & 2 °C, bedding material was gradually removed and individuals randomly
assigned a ‘control”’ RM1 diet (10 mg kg " ascorbyl-2-polyphosphate) group or
on a vitamin C supplemented diet group (RM1 + 180 mg kg~" of ascorbyl-2-
polyphosphate, equivalent to 18x the unsupplemented dietary level). Thus,
vitamin C supplementation commenced at 16 weeks of age. All experiments
followed institutional guidelines for laboratory animal care and the UK Home
Office.

2.2. Lifespan analysis

All mice were housed at 7 + 2 °C, with a total of 21 female mice maintained
on the control diet and 20 females maintained in the vitamin C supplemented
diet. All mice were monitored daily but otherwise left undisturbed until they
died naturally. If death appeared imminent, individuals were sacrificed follow-
ing Home Office guidelines to minimize suffering. Kaplan—-Meier survival
curves were constructed using the known of birth and death dates of each
individual. Additional groups of female mice, following the identical protocol
described above, were used to examine the effects of vitamin C supplementation
on oxidative stress (Comet assay and TBARS) and stress-related gene expres-
sion in the liver.

2.3. Energy balance

Resting metabolic rate (RMR) was determined at 6 and 22 months of age,
i.e. 2 and 18 months following initiation of vitamin C supplementation, using
open-flow respirometry (Selman et al., 2001b). All individuals had ad libitum
access to food and water prior to, but not during measurements. Mice were
weighed (0.01 g) immediately before being placed in an airtight Plexiglas
chamber within a temperature-controlled incubator (INL-401N-010, Gallen-
kamp, UK) at 7 & 0.1 °C. Air, dried by passing through silica gel, was pumped
(Charles Austin Pump Ltd., UK) at 600-800 ml min~! (DM3A, Alexander
Wright Flow Meter, UK), re-dried and a sub-sample (~150 ml min~ ") passed
through a paramagnetic oxygen and an infrared carbon dioxide analyser (Series
1400, Servomex Group Ltd., UK). Energy expenditure was calculated, cor-
rected for standard temperature and pressure, and the lowest 10 consecutive
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readings (equivalent to 5 min within the chamber) in oxygen concentration used
to calculate resting metabolic rate (ml O, min~ ).

Daily energy expenditure (DEE) was estimated using the doubly-labelled
water technique (Lifson et al., 1955; Speakman, 1997, 1998). In brief, a sub-
sample of mice, at 6 and 22 months of age, were weighed (0.01 g) and deuterium
(enrichment = 4.63 atom%) and 18oxygen (enrichment = 9.44 atom%) was
administered IP (weighed to 0.0001 g). The isotopes equilibrated for 60 min
and then an initial blood sample was taken (50 wl Vitrex pre-calibrated
capillaries). All blood samples were immediately flame-sealed and stored until
analysis. Final blood samples were collected exactly 24 h after the initial sample
and background samples were also collected. Blood samples were distilled into
glass Pasteur pipettes (Volac, John Poulten Ltd., UK) and the distillates used for
mass spectrometric analysis (Micromass Ltd., UK) of deuterium and '®oxygen.
Data analysis was carried out following the two-sample method, using the
plateau technique (Speakman, 1997).

2.4. Comet assay—single cell gel electrophoresis

We employed the modified Comet assay containing an extra post-lysis DNA
digestion step using lesion-specific enzymes, to determine DNA oxidative
damage in lymphocytes and hepatocytes (Collins, 2004; Collins and Dusinska,
2002). In summary, isolated lymphocytes and hepatocytes were suspended in
85 wl of 1% low melting point agarose and pipetted on to pre-coated standard
agarose slides. Cells were lysed for 1 h, via immersion in 2.5 M NaCl, 0.1 M
Na,EDTA, 10 mM Tris—HCI (pH 10) and 1% Triton X-100, leaving only
residual nucleoids embedded on the slides. The slides were then washed three
times post-lysis with enzyme buffer [0.1 M KCI, 0.5 mM Na,EDTA, 40 mM N-
(2-hydroxyethyl)-piperazine-N'-2-ethanesulfonic  acid (HEPES) KOH,
0.2 mg ml~" bovine serum albumin pH 8.0] and incubated with endonuclease
III (ENDO III converts oxidised pyrimidines to strand breaks) or formamido-
pyrimidine-DNA glycosylase (FPG recognizes and breaks altered purines).
Endo III and FPG are site-specific bacterial repair endonuclease enzymes that
enhance the sensitivity and specificity of the Comet assay through their ability
to recognize specific types of DNA damage and convert lesions to DNA breaks,
thus increasing Comet tail intensity. Slides were electrophorised (30 min, 25 V,
300 mA, 4 °C), in 0.3 M NaOH, 1 mM Na,EDTA, neutralised with Trizma base
(pH7.5), stained with 20 pl 4,6-diamidino-2-phenylindole (DAPI) and viewed
by fluorescence microscopy. Damage was scored visually, with 100 Comets on
each slide assigned a score from 0 to 4, depending on the fraction of DNA pulled
out into the tail. The overall score for each slide was therefore between 0
(undamaged) and 400 (completely damaged).

2.5. Thiobarbituric acid-reactive substances

Liver tissue homogenates (0.1 ml) in 0.05 M potassium phosphate (pH 7.4)
were incubated (37 °C) in 2.5 ml buffer (final volume) as previously described
(Selman et al., 2002b). Incubation samples were mixed with 0.5 ml 15% TCA
and peroxidation products then determined after reaction with 0.67% thiobar-
bituric acid. Samples were measured on a HPLC (Spheresorb 5 ODS2 (C18)),
with fluorimeter excitation set at 532 nm and emission at 553 nm. The results

are expressed as wmol malonaldehyde mg protein™'.

2.6. Hepatic ascorbic acid determination

Ascorbic acid in liver homogenates was measured by isocratic reverse phase
HPLC, with an ion-pairing reagent (Ross, 1994). In brief, standards of ascorbic
acid and the MPA/acetic acid solution were prepared and run at concentrations
of 10 pgml™", 25 wgml™", 50 pgml~', 75 wg ml~" and 100 wg ml~'. Sam-
ples were defrosted on ice and transferred to gold chromacol vials before
application to the HPLC column (Waters 486UV detector), with UV detection

set at 263 nm. The results are expressed as wmol ascorbic acid mg protein'.

2.7. Macroarray analysis
Female mice (n=6 in each case) were sacrificed from the vitamin C

supplemented group and control group at 6 and 22 months of age, i.e. 2 and
18 months after initiation of vitamin C supplementation, and at the same time

each day to avoid any circadian changes in liver metabolism that may confound
any effects observed due to vitamin C supplementation. Liver samples were
collected, immediately frozen in liquid N, and stored at —80 °C. No patho-
logical conditions were evident in any experimental animals. Total RNA was
extracted using a guanidium isothiocyanate/phenol method (Chomczynski and
Sacchi, 1987), suspended in 300 wl of ultra-pure water and frozen at —80 °C.
Each sample (250 .l of total RNA) was treated following the Clontech Atlas
Pure System™ (Clontech Laboratories Inc., USA http://www.clontech.com/
clontech) protocol, including digestion using 25 pl of RNase-free DNase 1.
Isolated RNA was re-suspended in 30 wl ultra-pure water, yield and purity
determined spectrophotomically by capillary electrophoresis (Agilent Tech-
nologies, UK), and stored at —80 °C until use. Clontech Atlas™ mouse stress
cDNA expression arrays (Cat #7749-1) contained a grid of 140 cDNAs spotted
in duplicate on a nylon membrane. cDNA probe preparation, using [a-32P]
dATP (3000 Ci mmol ™', Amersham Pharmacia Biotech, UK), and hybridisa-
tion to the Atlas™ array followed the manufacturer’s protocol. However, during
incubation of the total RNA sample in the course of probe synthesis, a
modification was introduced whereby all samples were incubated at 48 °C
for 4 min and the master-mix then incubated at 48 °C for 2 min. Hybridisation
of the labelled arrays occurred overnight at 68 °C. Membranes were then
washed three times in wash 1 (2x SSC, 1% SDS) at 68 °C, and once in wash
2 (0.1x SSC, 0.5% SDS) at 68 °C and again at RT. Membranes were subse-
quently exposed to Kodak BIOMAX MS film (Kodak Ltd., UK) at —80 °C,
using a Kodak BIOMAX intensifying screen for 2-5 days and then scanned and
analysed using Clontech Atlas Image 2.0 software.

2.8. Northern blotting

Total RNA was extracted from the same liver samples used for the macroarrays
using a guanidium isothiocyanate/phenol method, fractionated on a 1.4% dena-
turing agarose gel before being transferred overnight to a positively charged nylon
membrane (Amersham Biosciences, UK). Following cross-linking, membranes
were hybridised O/N at 42 °C and probed sequentially for Mn-superoxide
dismutase (5" CATTGCCCAGGTCTCCAACATGCCTCTCTT), Cu—Zn-super-
oxide dismutase (5 CTGCACGCCGCCCGACACAACATTATTGAGGT), cat-
alase (5 GAGAATCCATCCAGCGTTGATTACAGGTGA) and glutathione
peroxidase (5 AGACCAAATGATGTACTTGGGGTCGGTCAT) mRNA using
5' Digoxigenin end-labelled oligonucleotides (Eurogentec Ltd., UK). Membranes
were subsequently stripped and hybridised for 18S rRNA (5 CGCCTGCTG-
CCTTCCTTGGATGTGGTAGCCG). Signals were detected by chemilumines-
cence using CDP-Star as the substrate (Applied Biosystems, UK). The signals
were scanned and quantified by densitometry using ImageJ (Microsoft Java
Image, USA).

2.9. Statistical analysis

All values reported are mean =+ standard error (S.E.M.), except where
indicated and data were analysed using Minitab (Minitab Inc., PA, USA,
version 13) statistical software. Significance is indicated by p-values <0.05.
For macroarray analysis, all spot intensities were log-transformed with respect
to the base 2, resulting in differences of 1, 2 and 3 on the log-scale correspond-
ing to fold-changes of 2, 4 and 8 on the original scale.

Normalisation methods for gene expression arrays usually assume that the
majority of spotted genes will show no differential expression between arrays.
This assumption is still reasonable in our experiment for the six slides within
one group, but not for between-group comparisons. For this reason we
employed a two-stage strategy. First normalisation stage: For the six slides
within the same group we calculated a baseline array by averaging the log-
intensities across the six hybridisations. The Clontech macroarrays include 12
scale and housekeeper genes. We selected those which were unaffected by
saturation effects and standardized the four baseline arrays to have the same
mean and standard deviation among these unsaturated controls. Second normal-
isation stage: Within an experimental group, there was no reason to assume that
genes were systematically differentially expressed between individual animals.
For this reason, we used the standardized group average (see first stage) and
examined the six scatter plots of this average against each of the individual
arrays and assumed the data to scatter around the 45° line of this plot. A
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non-linear robust regression (loess regression/normalisation) was employed to
remove any systematic departure from this expected behaviour. The data
generated from the 6-month- and 22-month-old mice were analysed separately,
where the effect of vitamin C supplementation on gene expression was tested by
a two-sample #-test for each gene. The Bonferroni method was applied to correct
for multiple testing.

3. Experimental results

There was no extension in the lifespan of cold exposed mice
(7+£2°C) following life-long vitamin C supplementation
compared to those individuals maintained on the control diet
(Fig. 1, mean =+ S.D. lifespan: 747 £ 139 days compared to
710 £ 131 days; range 287-887 days and 403-891 days for
vitamin C supplemented and control mice, respectively;
P > 0.05). Kaplan—Meier analysis of survival revealed no
difference in mortality rate between the two groups (Log Rank
X2, P> 0.05).

Both body size and metabolic rate have been implicated as
important factors in the ageing process. There was no treatment
effect on body mass (Fig. 2A, P > 0.05), although body mass did
significantly increase in both control mice and vitamin C mice
with age (P < 0.001). Daily food intake between the control and
the vitamin C supplemented mice did not differ between the
two experimental groups at either 13 months (control 7.8
4+ 0.9 gday ' compared with vitamin C 8.0 + 0.7 g day ',
P >0.05) or 22 months of age (control 8.4+ 1.2 gday '
compared with vitamin C 9.1 + 1.5 gday ™', P > 0.05). Body
mass had a significant effect on resting metabolic rate
(RMR =0.964 +0.0431 x body mass, P < 0.001). Using a
general linear model with body mass as a covariate, neither age
nor treatment had significant effects on RMR (Fig. 2B;
P > 0.05). In addition, we measured daily energy expenditure
at 6 and 22 months of age using the doubly-labelled water method
and similarly both age and treatment did not have any significant
effect on DEE when body mass was included as a covariate in the
analysis (Fig. 2C, P > 0.05).

We investigated the levels of lipid peroxidation in the liver
by measuring thiobarbituric acid-reactive substances by HPLC
at 22 months of age, and showed that there was no treatment
effect on hepatic lipid peroxidation (Fig. 3A). Employing the
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Fig. 1. Lifespan of life-long vitamin C supplemented (N = 20) C57BL/6 female
mice compared to non-supplemented controls (N = 21) maintained at 7 £ 2 °C.
No significance in median lifespan (747 + 139 days compared with 710 £ 131
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Fig.2. All mice are denoted by time on vitamin C supplemented diet, i.e. 2,9 or
18 months following initiation of supplementation, with treatment starting at 4
months of age, thus corresponding to 6, 13 and 22 months of age, respectively.
(A) A significant increase (P < 0.001) was observed in body mass (g) with age
following vitamin C supplementation in both control and treatment groups,
although no difference in body mass was observed between groups at any
supplementation initiation age (P > 0.05). Asterisk denotes significant differ-
ence to 2 months of supplementation (P < 0.001). Double asterisk denotes
significant difference to 2 and 9 months of supplementation, P < 0.001.
Mean £ S.E.M. (B) No significant age (2 and 18 months of supplementation)
or treatment effect was observed in resting metabolic rate at 7 £ 0.1 °C (RMR,
ml O, min~"), when body mass was introduced as a covariate employing a
general linear model (P > 0.05). Mean + S.E.M. (C) Daily energy expenditure
(kJ day™") was determined using the doubly-labelled water technique. No
significant age (2 and 18 months of vitamin C supplementation) or treatment
effect was observed in daily energy expenditure, when body mass was intro-
duced as a covariate when employing a general linear model (P > 0.05).
Mean &+ S.E.M. N =6 in all cases.
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Fig. 3. Oxidative stress markers following 18 months of vitamin C supple-
mentation (22 months of age). (A) No treatment effect was observed on the
levels of hepatic lipid peroxidation (thiobabituric-acid-reactive substances) by
HPLC (pmol mg’1 protein). Mean £+ S.E.M. (B) No difference in the amount
of hepatocyte (Hep) or lymphocyte (Lym) DNA oxidative DNA damage using
either Endo III (Endonuclease III-Pyrimidine damage) or FPG (Formamido-
pyrimidine-DNA glycosylase-Purine damage) observed using the modified
Comet assay. Mean &= S.E.M. N =5 in all cases.

Table 1

modified Comet assay, no difference in oxidative DNA damage
was seen between treatment groups at 22 months of age in
either hepatocytes or lymphocytes when using the lesion-
specific enzymes endonuclease III and formamidopyrimidine-
DNA glycosylase (Fig. 3B).

Hepatic ascorbic acid levels of vitamin C supplemented
mice were higher in the treatment group at both 13 months
(5.4 +£0.7 pmol mg protein™'  versus 3.9 £ 0.5 wmol mg
protein™— ') and 22 months of age (5.3 + 1.0 wmol mg protein ™'
1 versus 4.9 + 0.8 wmol mg protein~ ') compared to control
mice (P < 0.05, one tailed test).

Applying the Bonferoni correction to the significance levels
that individual comparisons needed to attain to be considered
significant at the 0.05 level (P < 0.00033), none of the
differences in hepatic gene expression at 6 months of age (2
months of vitamin C supplementation), for all 153 genes on the
array, reached statistical significance. Using the same criteria at
22 months of age (18 months of vitamin C supplementation)
three genes were significantly up-regulated in the vitamin C
treated group (Table 1); cyclooxygenase2 which was up-
regulated 2.8-fold, the tumour suppressor p21 which was
up-regulated 3.3-fold and microsomal UDP-glucuronosyltrans-
ferase which was up-regulated 3.1-fold. Two other genes,
FK506-binding protein and calnexin precursor, reached a less
stringent criterion of P < 0.001. In addition, eight genes were
significantly down-regulated in the vitamin C treatment group
(P < 0.05 using the Bonferoni corrected limit of P = 0.00033).
These eight genes included manganese-superoxide dismutase
(Mn-SOD) down-regulated (1.9-fold), and quinone NAD(P)H
dehydrogenasel which was down-regulated 1.3-fold. Two other
genes reached the less stringent criterion of P < 0.001
(Table 1).

Oxidative stress-related genes that were (A) up-regulated and (B) down-regulated in the livers of mice following 18 months of vitamin C supplementation (started at 4
months of age), compared to age matched unsupplemented control mice (n =6 in both groups)

t P Control intensity Treatment intensity Fold-change Gene
(A) Up-regulated genes
—24.24 0.000000002 9.43 10.93 2.8 Cyclooxygenase2 (Cox2)
—10.93 0.00000170 9.34 11.07 33 Cyclin-dependent kinase inhibitor 1 (p21)
-9.1 0.00000987 15.41 16.81 2.6 Microsomal (UDPGT)
—5.18 0.00057817 14.84 15.78 1.9 FK506-binding protein (Fkbpla)
—4.75 0.00077594 15.01 15.94 1.9 Calnexin precursor (Canx)
(B) Down-regulated genes
15.45 0.000000026 13.32 11.93 2.6 Soluble epoxide hydrolase (Ephx2)
9.23 0.000003306 12.80 11.94 1.8 Manganese-superoxide dismutase 2 (Sod2)
6.86 0.000044099 13.72 12.27 2.7 Cytochrome P450 IVA12 (Cyp4al2)
6.74 0.000051334 12.92 11.78 22 T-complex protein 1 zeta subunit (Tcpl-zeta)
6.15 0.000108881 12.19 11.77 1.3 Quinone NAD(P)H dehydrogenasel (Ndhl)
5.98 0.000135165 13.49 12.67 1.8 NADPH-cytochrome P450 reductase (CPR)
5.93 0.000145857 12.29 11.39 1.9 Multidrug resistance protein 1 (Mdrl)
5.44 0.000286152 14.04 13.17 1.8 Liver carboxylesterase 22 precursor (Es22)
4.86 0.000658848 13.20 12.17 2.0 T-complex protein 1 delta subunit (Tcpl-delta)
4.74 0.000791409 13.17 11.95 2.3 Nucleophosmin (Npm)

Gene expression was measured using the Clontech Atlas stress gene array. The tables list, in order of significance, differences in expressions of genes that met the
Bonferoni adjusted significance criterion for P < 0.05 (P = 0.00033) and, in italics, additional genes that reached a less stringent criterion of P < 0.001. Column
values list the # value for the mean expression difference, the significance of the difference (P), the mean intensity of the expression for control and vitamin C treatment

groups, respectively, and the fold-difference in expression.
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Fig. 4. Hepatic gene expression levels by Northern blotting for four antioxidant
genes, relative to 18S ribosomal RNA levels. In all cases, analyses were made
for vitamin C supplemented and control animals at 18 months following
initiation of treatment (22 months of age). No significant changes were observed
for Cu—Zn-SOD. Mean =+ S.D. Treatment effects were significant for the other
three enzymes. N = 6 in all cases.

Hepatic gene expression changes observed on the macro-
arrays were verified by Northern blotting using three genes
(Mn-SOD, Cu-Zn-SOD, catalase) at both 6 and 22 months of
age, i.e. 2 and 18 months of vitamin C supplementation. In
addition, we measured gene expression of glutathione
peroxidase, an antioxidant enzyme not present on our
macroarray. At 6 months of age, the directions and significance
of the expression differences on the arrays for the three genes
were 0.233 and 0.318, respectively (i.e. all clearly not
significantly altered) and the lack of difference was also
observed by Northern analysis. At 22 months of age both Mn-
SOD and Cu—Zn-SOD genes were significantly down-regulated
at P =0.00000331 and P = 0.0066, respectively. Only this first
difference in gene expression was statistically significant at
P =0.05 when our Bonferoni correction was applied to the
array data. The differences in expression by Northern blotting
are illustrated in Fig. 4 for all four genes at 22 months of age.
For Cu—Zn-SOD we found no significant effect of treatment on
the gene expression relative to 18S (Fig. 4; P =0.823).
However, Mn-SOD, catalase and Gpx showed significant
decreases in gene expression following 18 months of vitamin C
supplementation (Fig. 4) relative to 18S (Mn-SOD P = 0.034,
catalase P =0.016, Gpx P = 0.005). For these same four genes,
we observed no difference in gene expression between control
and vitamin C supplemented animals after 2 months of vitamin
C supplementation (6 months of age). In addition, we observed
a significant effect when using Northern blotting that was not
significant on the arrays, for catalase. This may suggest that
using the Bonferroni procedure on the arrays may be too
stringent a criterion—Ileading to false negative results. The
largest effect among the antioxidant enzymes was for Gpx—a
gene not represented on the array. In the light of these
confirmatory and extended analyses we are confident that the
gene expression changes reported as significant using the
conservative Bonferoni criterion are real.

4. Discussion

Although the primary purpose of our experiments was not to
determine the impact of cold exposure (hence the absence of a

warm exposed group), the mean lifespan of 710-747 days in
our C57BL/6 female mice at 7 &= 2 °C was similar to, or only
slightly less than, that reported for conventionally housed
C57BL/6 female mice on a pure genetic background (mean
lifespan 692-810 days (Blackwell et al., 1995; Kunstyr and
Leuenberger, 1975; Storer, 1966)). These data suggest that life-
long cold exposure (7 £ 2 °C) only marginally impacted on the
mean lifespan of these animals. A priori we had expected that
life-long cold exposure might significantly shorten lifespan due
to elevated oxidative metabolism in the cold, thereby
generating more reactive oxygen species and enhancing our
ability to detect an effect of vitamin C. However, as the
understanding of links between ROS, metabolism and ageing
have evolved in the past few years (Brand, 2000; Hulbert et al.,
2004; Speakman, 2005; Speakman et al., 2004), the absence of
a negative effect of cold exposure is less surprising.

The key aspect from the perspective of the present study was
the complete absence of any impact of life-long dosing with
vitamin C on lifespan or oxidative stress. The absence of an
effect of vitamin C on lifespan, despite its supposed antioxidant
properties, might occur for several reasons. Our data provide
some evidence which may distinguish between these alter-
natives. First, we detected no effect of the vitamin C treatment
on body mass, food intake, resting metabolism or daily energy
expenditure. This strongly suggests that antioxidant effects of
the vitamin were not being compensated for by modulations in
the rate of oxidative metabolism, which might impact on total
rates of reactive oxygen species production. Moreover, the
vitamin C supplemented food was not more palatable than the
control diet, thus we did not have a covert ‘caloric restriction’
effect in the controls offsetting any benefits in the treatment
group. The supplementation significantly increased ascorbic
acid levels in the livers of mice following 9 and 18 months of
supplementation, despite mouse (but not human) hepatocytes
being able to synthesize ascorbate de novo from glucose.
Because we observed an increase in the tissue levels (liver) of
ascorbate even though mice are able to synthesise their own, it
seems possible that the other observations we have made would
also translate to other species that are incapable of synthesising
ascorbate endogenously (such as humans). However, this
hypothesis would need to be tested.

Our measures of oxidative damage to both lipids and DNA,
which have previously been indicated as primary macro-
molecular targets protected by vitamin C (Amer, 2002; Block
et al., 2002; Huang et al., 2002; Lenton et al., 1999) indicated
no treatment effect on the levels of oxidative damage,
supporting previous studies (e.g. Prieme et al., 1997). We
used TBARS as a marker of lipid peroxidation in the liver.
Although TBARS as a measure of oxidative stress has been
criticised and more specific assays are now available (compared
to when this work was performed), the assay based on HPLC is
still widely used as a measure of lipid oxidative damage
(Magwere et al., 2006; Navarro et al., 2002). The absence of an
impact of treatment on our measured parameters of oxidative
stress allowed us to eliminate two possibilities. We can exclude
the possibility that vitamin C had a significant positive benefit
by reducing oxidative damage that is offset by negative effects



C. Selman et al./Mechanisms of Ageing and Development 127 (2006) 897-904 903

on other processes unrelated to oxidative stress (for example the
generation of genotoxins (Sowell et al., 2004)). This does not
mean vitamin C in our experiments did not generate genotoxins,
just that if it did, then the impact was insufficient to negatively
affect lifespan. The observed absence of an effect on oxidative
damage also allows us to exclude the possibility that an effect
on oxidative damage did occur, but rather that oxidative
damage may not be a significant contributor to the ageing
process. We are therefore left with two alternatives. One
possibility is that in vivo vitamin C exerts pro-oxidant effects
thereby increasing damage. However, the animals can enhance
their endogenous protection and repair system resulting in no
negative impact on measured oxidative stress and lifespan.
Alternatively, vitamin C may act as an antioxidant but it may
simultaneously negatively impact on the endogenous protection
and repair system. Our gene expression data suggested that
there was a significant down-regulation of key genes connected
with free-radical scavenging and repair in the vitamin C
supplemented group. We did not observe a down-regulation of
catalase expression, which was unchanged, but this is perhaps
because a too stringent criterion was utilised in the array
analysis, as we detected a significant reduction by Northern
blotting. We did not observe any significant up-regulation in
expression of various components of the endogenous defence
and repair mechanisms. This directional bias indicates that
vitamin C was not acting as a pro-oxidant to which the animals
had to respond by up-regulating their endogenous defence
systems — supporting other studies that indicate vitamin C, at
levels present in our manipulation, does not exert pro-oxidant
effects in mice.

5. Summary

Although we did not confirm any of these hepatic gene
expression changes at the protein or enzyme activity level, these
data do provide a preliminary working model for understanding
why treatment with a powerful antioxidant like vitamin C does
not bring the anticipated benefits in reduced oxidative stress or
increases in either mean or maximum lifespan (in this and in
common with other supplementation studies) in cold exposed
mice. We suggest that the absence of such effects may come
about primarily because, despite its proven antioxidant
capabilities, there are compensatory changes in the endogenous
protection system. The mechanism by which the endogenous
antioxidant system is down-regulated will be of key
significance. If the protective genes are down-regulated because
the cells sense a reduction in ROS being generated, and hence a
lower requirement for protection, the prognosis for any
antioxidant based treatment that aims to extend lifespan via
areduction in oxidative damage will be poor. In this context it is
perhaps significant that a recent meta-analysis of supplementa-
tion treatments with vitamin E in humans concluded there was
no evidence of significant benefits (Pham and Plakogiannis,
2005). However, if the mechanism involves a more direct effect
of vitamin C on gene expression then the hope remains that
alternative antioxidant therapies might be found that reduce
free-radical production, but do not trigger the same responses.

We suggest that our novel findings in cold exposed mice
following vitamin C supplementation should now be extended
to mice under more ‘conventional’ housing temperatures, or
indeed to mice maintained within their thermoneutral zone as
this is likely to be the most similar to those experienced by the
majority of humans during their lifespan.
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