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Guinea pigs were fed for five weeks with two diets with different levels of vitamin C, low (33 mg of 
Vit C/Kg diet) and high (13,200 mg of Vit C/Kg of diet). Catalase was inhibited with 3-amino-1,2,4- 
triazole (AT) in half of the animals from each dietary group. AT caused an almost complete depletion 
of liver catalase activity (90%) in both dietary groups. Vitamin C supplementation increased total 
glutathione peroxidase activity and tissue vitamin C level and decreased levels of protein carbonyls and 
malondialdehyde (MDA) in both treated and non-treated animals. This vitamin C supplementation did 
not change any of the other antioxidant defences studied. Our results show that dietary vitamin C supple- 
mentation increases global antioxidant capacity and decreases endogenous oxidative damage in the 
guinea pig liver under normal non-stressful conditions. This supports the protective value of dietary 
antioxidant supplementation. 
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INTRODUCTION 

Cellular respiration leads in part to the generation of oxygen free radicals which 
are known to produce oxidative damage to biological macromolecules including 
proteins, lipids and DNA. Even at resting respiratory conditions some oxidative 
damage is always present in the cell, oxidative damage that will be increased under 
certain physiological or pathological situations. Several studies suggest the involve- 
ment of oxidative damage in the appearance of many degenerative diseases such as 
cancer’, arteriosclerosis, cardiovascular problems’ and the aging Thus, 
enhancing tissue antioxidant capacity will reduce oxidative damage and may protect 
from the development of these degenerative diseases. In fact, there is increasing 
evidence that antioxidants like vitamin C decrease the incidence of and 
cardiovascular diseases’. 

In order to increase antioxidant capacity safely and easily, diet controlled anti- 
oxidants such as vitamin C or E may be the best choice. Supplementation with 
antioxidant enzymes or GSH (which is under feed-back cellular control) presents 
several problems and does not seem to be suitable. 

Address for correspondence: Dr. G. Barja. Departamento de Biologia Animal I1 (Fisiologia Animal), 
Facultad de Biologia, Universidad Complutense, Madrid 28040, Spain. TEL: 34-1-3944988. FAX: 
34- 1-3944935. 
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110 S. CADENAS E T A L .  

Taking all this into account we have studied the effects of two levels (high and 
low) of vitamin C supplementation in the diet on protein and lipid oxidation, and 
enzymatic and non-enzymatic antioxidants, in the guinea pig liver. We have per- 
formed this comprehensive study under basal aerobic conditions and we have also 
included animals exposed to an additional oxidative stress, using for that purpose 
3-amino- 1,2,4-triazole (AT) a very convenient catalase inhibitor since it can lead 
to an almost complete depletion of tissue catalase (CAT). In the guinea pig this 
enzyme activity is not only located inside the peroxisome but also in the cytosol and 
nuclear matrix"-". This, together with the problems of using other type of anti- 
oxidant enzyme inhibitors because of the high toxicities they induce at the doses 
required for inhibition, prompted us to inhibit catalase activity with 3-amino-l,2,4- 
triazole. Besides, guinea pig is a useful model for these diet-controlled experiments 
since it cannot (like higher primates) endogenously synthesize ascorbate. On the 
other hand it has been shown in previous that cellular endogenous anti- 
oxidants are subject to homeostatic control. Exposure to a strong oxidative stress 
in vivo can lead to compensatory inductions of endogenous  antioxidant^^-^. But 
the contrary could also be possible, addition of high amounts of exogenous anti- 
oxidants in the diet could promote a reactive depression of endogenous anti- 
oxidants, limiting then the usefulness of diet antioxidant supplementation. This is 
why in this work we have used animals, chronically feeding diets with low or high 
vitamin C levels. 

MATERIALS AND METHODS 

Animals, Diets and Treatments 

Dunkin-Hartley male guinea pigs weighing 200-250 g were obtained from IFFA- 
CREDDO (Lyon, France). A basal vitamin C-deficient laboratory diet (U.A.R., 
France) containing 19.5% protein, 3.1% fat, 68% carbohydrates, and 4.4% non- 
nutritive bulk was used. The content of minerals and vitamins per Kg of diet was: 
phosphorus, 6,791 mg; calcium, 9,450 mg; potassium, 6,700 mg; sodium, 1,900 mg; 
magnesium, 2,003 mg; manganese, 90.7 mg; iron, 252 mg; copper, 30.6 mg; zinc, 
113.4 mg; cobalt, 1.61 mg; iodine, 0.9 mg; vitamin A, 19,000 I.U.; vitamin D,, 
1,500 I.U.; vitamin D2, 1,150 I.U.; thiamine, 18.5 mg; riboflavin, 18 mg; panto- 
thenic acid, 16.5 mg; pyriodoxine, 3.15 mg; dl-a-tocopherol, 15 mg; menadione, 
2.5 mg; niacin, 190 mg; folic acid, 0.5 mg; biotin, 0.04 mg; choIine, 1,600 mg; and 
vitamin B12, 0.02 mg. 

The diets with different vitamin C levels were obtained by adding 33 or 13,200 
mg of L-ascorbic acid/Kg of basal diet. The animals were fed for five weeks the 
two experimental diets and they were maintained inside aseptic air positive-pressure 
animal cabinets (A 130 SP, Flfrance, Cachan, France) equipped with a HEPA air 
filter (99.999% for particles >0.3 pm) at the inlet. 

At the end of the dietary regimen the animals were sacrificed by decapitation and 
liver samples were immediately excised and stored at -25°C. Three hours before 
the sacrifice half of the animals in each dietary group were intraperitoneally injected 
with 3-amino-l,2,4-triazole (AT, 1 mg/g of total body weight) prepared in physio- 
logical saline (0.95% NaCl). 
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VITAMIN C AND OXIDATIVE DAMAGE 111 

Enzyme Activities 

Liver samples were homogenized in 50 mM phosphate buffer (pH 7.4). Superoxide 
dismutase (SOD) was measured after 24 hours of .dialysis, quantifying the inhibi- 
tion of pyrogallol autooxidation at 420 nm". Catalase was assayed following H20, 
disappearance at 240 nmI3. Total glutathione peroxidases (GPx), selenium and 
non-selenium, were determined following NADPH oxidation at 340 nm in the 
presence of excess glutathione reductase (GR), GSH and cumene hydr~peroxide'~. 
Glutathione reductase (GR) was assayed following NADPH oxidation at 340 nm 
in the presence of GSSG". Cytochrome oxidase (COX) was measured following 
the rate of cytochrome c oxidation at 550 nm16. All the enzymatic reactions were 
performed at 25" C. Protein concentration was determined as described by Lowry 
et a/. l7 

Non-enzymatic Antioxidants 
Liver samples were homogenized in 5% trichloroacetic acid with 0.01 N HCl and 
total glutathione was measured by the spectrophotometric recycling assay'' in the 
presence of 5,5'-dithiobis (2-nitrobenzoic acid), NADPH and GR at 412 nm. GSSG 
was assayed by the same method after derivatization of GSH with 12.5 mM N- 
ethylmaleimide (NEM) followed by alkaline hydrolysis of NEM19. GSH values 
were obtained after subtracting GSSG from total glutathione. Samples of liver tissue 
were homogenized in 50 mM perchloric acid for simultaneous analysis of ascorbic 
and uric acid by ion pair HPLC with UV detection at 280 nm2'. a-Tocopherol was 
measured by HPLC" with UV detection at 292 nm. 

Protein Oxidation 
Protein carbonyl content was determined spectrophotometrically according to the 
2,4-dinitrophenylhydrazine (DNPH) method". Liver samples were homogenized in 
100 mM potassium phosphate buffer (pH 7.4) containing 0.1070 digitonin, 1 mM 
EDTA, phenylmethylsulfonyl fluoride (36 pg/ml), and the protease inhibitors 
leupeptin (0.5 pg/ml), pepstatin (0.7 pg/ml), and apoprotinin (0.5 pg/ml). After 
15 min of incubation the samples were centrifuged (3,000 x g, 10 min) and the DNA 
was removed with 10% streptomycin (15 min incubation followed by centrifuga- 
tion). The supernatant was divided into two l ml portions and 2.5 ml of 2 M HCl 
or 2.5 ml of 10 mM DNPH in 2 M HCl were added. Both portions were sequentially 
precipitated with 4 ml of 20% TCA and 4 ml of 10% TCA. Supernatants were 
discarded and the pellets were washed three times with 4 ml of ethyl acetate:ethanol 
(1 : 1, vol/vol). Pellets were redissolved in 2 ml of 6 M guanidine hydrochloride in 
20 mM potassium phosphate (pH 2.3). Each DNPH sample was scanned from 320 
to 410 nm in the spectrophotometer against the HCl corresponding sample and the 
peak absorbance was used to calculate protein carbonyls (molar extinction coeffi- 
cient 22,000 M-' cm-'). The protein concentration was read at 280 nm in the HCl 
sample using 6 M guanidine hydrochloride as a blank. 

Lipid Peroxidation 
Free malondialdehyde (MDA) was measured by ion-pair HPLC with UV detection 
at 267 nmZ3 (Gilsonll5 UV detector) in supernatants of liver samples homogenized 
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112 S. CADENAS ET AL. 

in 0.1 M Tris buffer pH 7.4, immediately diluted (1:l) with acetonitrile to precipitate 
proteins, centrifuged at 3500 x g, filtered (0.4 pm) and injected (20 pl) in the 
chromatograph. The mobile phase was 10 mM phosphate (pH 7.4) containing 
2.5 mM miristyitrimetylammonium bromide as counterion and 25% (v/v) aceto- 
nitrile, pumped (Waters 510) at 0.5 ml/min through a 100 x 4.6 mm Mecherey- 
Nagel nucleosil (7 pm) reverse phase c18 column. The MDA standard was prepared 
from malondialdehyde-bisdimethylacetal (Merck) in the presence of 0.16% (v/v) 
HzS04. 

Statistical Analysis 

Data were analyzed by Two-way Analysis of Variance (ANOVA). After the 
ANOVA, the Fisher's least significant difference (LSD) test was used to analyze 
significance between paired groups when necessary. The 0.05 level was selected as 
the point of minimal statistical significance in every comparison. 

% OF HIGH VIT C CONTROL 
r- 

100- 

80 - 

60 - 

40 - 

20 - 

0 -  
CAT SOD 

* 
a *  

a 
T 

G Px GR cox 
ti HIGH VIT C CONTROL HIGH VIT C AT 

LOW VIT C AT LOW VIT C CONTROL 

FIGURE 1 Antioxidant enzymes and cytochrome oxidase activity from the liver of guinea pig main- 
tained for five weeks with two diets differing in the vitamin C level (33 mg VitC/Kg diet and 13,200 
mg VitC/Kg diet) and treated or not with the CAT inhibitor 3-amino-1,2,4-triazole (AT). Values are 
represented as To of the activity found in the high Vit C control. Activities in high Vit C controls: 
678.38 f 38.48 (CAT); 11.12 f 1.47 (SOD); 153.32 f 9.57 (GPx); 29.09 f 2.14 (GR); 8.09 f 0.63 
(COX). Data are means f SEM from 5-7 animals (SOD: U/mg prot; pmol H~OI-CAT, pmoles 
cytochrome-COX or nmoles NADPH-GPx and GR-transformed per min per mg prot.). a: significant 
difference between groups with high and low vitamin C levels in the diet. b: significant difference between 
control and AT treated animals from the same dietary regimen. *p < 0.05; ***p > 0.001. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



VITAMIN C AND OXIDATIVE DAMAGE 113 

RESULTS 

Endogenous Antioxidants 
Aminotriazole treatment was very effective and resulted in almost total depletion 
(90070) of liver CAT in both dietary groups (Figure 1). 

Vitamin C supplementation increased total GPx activity in control and AT treated 
animals (Figure 1). Liver ascorbate level was also significantly increased in the high 
vitamin C diet group (Table 1). 

The dietary vitamin C level did not change any other antioxidant studied including 
SOD, CAT, GR and COX activities; vitamin E, GSH, GSSG and uric acid (Figure 
1; Table 1). 

Lipid and Protein Oxidation 
Vitamin C supplementation decreased endogenous MDA levels (measured by 
HPLC); they were smaller (66-78070 decrease) in the group that ingested 13,200 mg 
vit C/Kg diet in both control and AT treated animals. Levels of protein carbonyls 
were also significantly decreased (57-22070 decrease) in the group with a high vitamin 
C diet (Figure 2) in both cases (control and AT treated animals). 

DISCUSSION 

In the present study we have used two different levels of vitamin C in the diet. 
Guinea pig must receive 0.5 mg of vitamin C/day to avoid the development of 
S C U ~ V ? ~ .  Animals in the low vitamin C group were receiving 33 mg of ascorbate/ 
Kg diet; i.e. they were ingesting 0.54-1.1 mg of ascorbate per day. So, they can 
be considered non-scorbutic animals. The high vitamin C group was receiving 
13,200 mg ascorbate/Kg diet. This group was designed to study if supplementing 
the diet with levels of vitamin C much higher (20 times) than those present in stan- 
dard comercial diets has beneficial or detrimental effects on oxidation of macro- 
molecules and levels of antioxidants in the liver. 

Supplementation with vitamin C was very effective since ascorbic acid tissue levels 
were about 50-165 times greater in the high vitamin C group than in the low vitamin 
C group. On the other hand the treatment with AT was also very effective since 
it resulted in almost total depletion (90070) of liver catalase in both dietary groups. 
Similar degrees of CAT inactivation by analogous doses of AT in vivo to those used 
in this study have been previously described in guinea pig" and other 
and also in CAT-depleted rat hepatocytes cultured in the presence of AT3'. Unlike 
the situation in the rat, between 56% and 87% of the hepatic catalase is localized 
in the cytosol in the male guinea pig". And it has also been proved that this 
cytoplasmic catalase is provided with substrate under physiological conditions". 
Thus, inhibiting CAT activity with AT treatment would mean increasing cell H202 
levels and subsequentially a form of additional oxidative stress. In fact increases 
of tissue H202 concentration have been demonstrated in houseflies drinking water 
containing 2 mM ATS0. 

Enhancing ascorbate content in the diet has decreased MDA levels (measured by 
HPLC) in the guinea pig liver (around 65-75'70). These results show how ascorbate 
is able to decrease liver lipid peroxidation in vivo not only under normal conditions 
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MDA (HPLC) PROTEIN CARBONYLS 

O H l G H  VIT C CONTROL H H l G H  VIT C AT 

0 LOW VIT C CONTROL B L O W  VIT C AT 

FIGURE 2 Endogenous MDA (nmoles/g tissue) and protein carbonyls (nmoles/mg protein) from liver 
of guinea pig fed for five weeks with two different amounts of vitamin C in the diet (33 mg VitC/Kg 
diet and 13,200 mg VitC/Kg diet) and treated or not with the CAT inhibitor 3-amino-l,2,4-triazole (AT). 
Data are means f SEM from 5-7 animals. Asterisks represent significant differences in relation to the 
low vitamin C diet group. *p < 0.05; **p > 0.01. 

but also in CAT-depleted animals. Our results are in agreement with previous 
reports describing a 30% increase of in vivo TBARS in the liver from guinea pig 
receiving a vitamin C deficient diet for three weeks3’. Genetically scorbutic rats 
also showed TBARS increases in plasma, LDL and liver in relation to control 
rats33. The acute effect of vitamin C on liver endogenous MDA levels observed in 
our work is probably due to the direct MDA measurement (by HPLC). The TBARS 
method suffers from interference problems with other substances when it is applied 
to in vivo measurements. 

We have found an interesting parallel in the dietary ascorbate effect on lipid 
and protein oxidation in vivo. As has just been shown for lipid peroxidation, 
vitamin C supplementation strongly decreased (around 25-60%) protein carbonyls 
in the guinea pig liver. It has recently been described that protein carbonyls are 
increased in old animals34 and at the same time caloric restriction, the only experi- 
mental manipulation capable of increasing maximum life span, decreases protein 
carbonyls in mice liver3’. In our experiment extra ascorbate did not decrease food 
intake. On the contrary animals receiving high amounts of vitamin C are signif- 
icantly more than animals receiving low levels of vitamin C. So we can rule out 
the possibility of caloric restriction being responsible for the decrease in carbonyls 
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116 S. CADENAS ET AL. 

observed. We have found in the literature how GSH, another hydrophilic anti- 
oxidant, was also able to inhibit both TBARS and protein carbonyl formation 
when it was added to an in vitro peroxidation system in rat liver micro some^^^. 
Our data extends this inhibitory capacity for lipid and protein oxidation to vitamin 
C in vivo in the guinea pig liver. Recent reports also show that vitamin C inhibits 
8-OH-deoxyguanosine formation both in vitro (calf-thymus DNA)37 and in vivo 
(sperm from humans supplemented with vitamin C for 15 days)3s. Thus, present 
information suggests that vitamin C supplementation protects the three principal 
types of biological macromolecules, lipids, proteins, and DNA, from oxidative 
damage. 

In previous studies it has been demonstrated that endogenous antioxidants are 
subjected to homeostatic control. Exposure to an oxidative stress in vivo can 
lead to compensatory inductions of endogenous  antioxidant^^-^. Addition of high 
amounts of exogenous antioxidants in the diet could also generate a reactive depres- 
sion of these endogenous antioxidants. The results obtained in our study reveal that 
neither antioxidant enzymes nor GSH, uric acid and vitamin E levels are depressed 
by supplementing the diet with high doses of vitamin C. This reactive depression 
of endogenous antioxidants did not take place and on the contrary total GPx activity 
from the tissue was increased. Decreases or absence of changes have been reported 
after AT treatment2s-29’3’ for GPx activity. In the present study vitamin C supple- 
mentation resulted in an increased GPx activity even after AT treatment. Vitamin 
C supplementation is then capable of enhancing global antioxidant capacity in the 
guinea pig liver leading to a decreased oxidative damage not only under basal con- 
ditions but in both control and CAT-depleted animals. On the other hand, three 
hours after AT injection do not seem to be enough time to promote any significant 
change. In contrast, previous studies in our laboratory showed important anti- 
oxidant inductions after long term AT treatment’ and increased oxidative stress 
indexes after 15 days of AT treatment2s-29. Thus, the absence of negative effects 
after catalase depletion observed in the present study, could be due to the short time 
selected. 

The capacity of vitamin C to decrease tissue lipid and protein oxidation in vivo 
supports the hypothesis that an adequate antioxidant protection is essential to 
maintain the integrity of proteins and lipids in the guinea pig liver. These results 
can possibly explain in part why in the majority of the epidemiological and longi- 
tudinal studies performed to date dietary vitamin C is protective and decreases the 
incidence of various degenerative diseases, including the main causes of death in 
industrialized countries today, cardiovascular  disease^^^^^ and cancer**’-*. 
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