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Metabolic syndrome is more prevalent in men than in women. In
an experimental dietary model of metabolic syndrome, the high-
fructose~-fed rat, oxidative stress has been observed in males.
Given that estradiol has been documented to exert an antioxi-
dant effect, we investigated whether female rats were better
protected than males against the adverse effects of a high-
sucrose diet, and we studied the influence of hormonal status in
female rats. Males and females were first fed a sucrose-based
or starch-based diet for 2 weeks. In the males, the plasma tri-
glyceride (TG)-raising etfect of sucrose was accompanied by
significantly lowered plasma a-tocopherol and a significantly
lowered a-tocopherol/TG ratio (30%), suggesting that vitamin E
depletion may predispose lipoproteins to subsequent oxidative
stress. In males, after exposure of heart tissue homogenate to
iron-induced lipid peroxidation, thiobarbituric reactive sub-
stances were significantly higher in the sucrose-fed than in the
starch-fed rats. In contrast, in sucrose-fed females, neither a
decrease in vitamin E/TG ratio nor an increased susceptibility of
heart tissue to peroxidation was observed, despite both a sig-
nificantly decreased heart superoxide dismutase activity (14%)
and a significant 3-fold increase in plasma nitric oxide concen-
tration compared with starch-fed females. The Influence of hor-
monal status in female rats was then assessed using intact,
ovariectomized, or estradiol-supplemented ovariectomized fe-
male rats fed the sucrose or starch diet for 2 weeks. After ex-
posure of heart tissue to iron-induced lipid peroxidation, higher
susceptibility to peroxidation was found only in ovariectomized
females fed the sucrose diet compared with the starch group
and not in Intact females or ovariectomized females supple-
mented with estradiol. Thus, estrogens, by their effects on an-
tioxidant capacity, might explain the sexual difference in the
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cluster of abnormalities, including among other

signs, hypertension, insulin resistance, and dyslip-

idemia, has been designated syndrome X or meta-
bolic syndrome (1). Its prevalence, based on the 1998 WHO
definition (2), has been estimated to be higher in men than
in women (3). Although genetic influence is undoubtedly a
strong factor in predisposition to insulin resistance, diet also
plays a significant role (4). D-fructose occurs in foods both
as a simple sugar and as a component of the disaccharide
sucrose composed of one molecule of glucose and one of
fructose. Although there is little evidence that modest
amounts of fructose have detrimental effects on carbohy-
drate and lipid metabolisms, larger doses of fructose have
been associated with numerous metabolic abnormalities in
humans and laboratory animals (5, 6). Healthy subjects who
received 17% of their energy intake in the form of fructose
for 6 weeks showed increased fasting and postprandial
plasma triacylglycerol concentrations (7). In addition,
=30% of total energy intake as sucrose is thought to have
an adverse effect on insulin sensitivity (8). Because of the
use of high-fructose corn sweeteners and of sucrose in
manufactured foods, the dietary consumption of fructose is
now several times higher than that provided by natural
foods (8). The 1990 U.K. national dietary and nutritional
survey showed that a substantial number of apparently
healthy people obtain >30% of their total energy from non-
milk sugar (predominantly sucrose), representing intakes
for which adverse effects on insulin sensitivity may occur
(8, 9). Data from a recent investigation that evaluated the
food sources of added sweeteners in the U.S. diet are con-
sistent with these observations and suggest that the percent-
age of fructose in the diet is still rising (10). High-sucrose
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and high-fructose diets can be used in animal models to
induce the metabolic changes observed in syndrome X (11,
12). The underlying mechanisms for the detrimental conse-
quences of a high-fructose diet in animal model are not
clear, but fructose feeding may facilitate oxidative damage
(13). We have recently demonstrated that in weaning rats, a
short-term high-sucrose diet has a pro-oxidant effect (14,
15) that may contribute to the etiology of syndrome X.
Because estradiol has been documented as exerting antioxi-
dant effects (16, 17) and given that female rats do not de-
velop sucrose-induced insulin resistance (18), we conducted
two experiments to determine whether female rats were pro-
tected against the pro-oxidant effect of a high-sucrose diet.
In the first experiment, we assessed the effect of a high-
sucrose diet versus starch diet on oxidative stress param-
eters in male and female rats. A menopausal metabolic syn-
drome, originating from estrogen deficiency and restored by
estrogen replacement, has been suggested as a risk factor for
coronary heart diseases (19). A second study was therefore
performed to assess the effect of hormonal status on heart
susceptibility to lipid peroxidation in female rats, using in-
tact, ovariectomized or estradiol-supplemented ovariecto-
mized animals.

Materials and Methods

Experimental Design. Male and female Wistar-
Han rats from a laboratory animal colony (INRA: National
Institute of Agricultural Research, Clermont-Ferrand,
France) were housed in wired-bottomed cages in a tempera-
ture-controlled room (22°C) with a 12-h light/dark cycle,
and fed semi purified-diets for 2 weeks. Food and distilled
water were provided ad libitum. The synthetic diets con-
tained (in g/kg): 200 casein, 650 starch or sucrose, 50 corn
oil, 50 alphacel, 3 DL-methionine, 2 choline bitartrate, 35
AIN-76 mineral mix, 10 AIN-76A vitamin mix (ICN Bio-
medicals, Orsay, France).

In the first experiment, 6-week-old male and female
rats, weighing 155 + 2 g and 140 £ 3 g respectively, were
randomly assigned to starch and sucrose groups (eight ani-
mals per group). Non-fasted rats were weighed, anesthe-
tized with sodium pentobarbital (40 mg/kg body weight,
intraperitoneally) and killed. Blood was collected from the
abdominal aorta in heparinized tubes. Plasma obtained after
low speed centrifugation (2000g, 15 min), was stored at
—80°C for biochemical analysis. The heart was rapidly re-
moved, washed in ice-cold saline (9 g NaCl/L), immersed in
liquid N,, and stored at —80°C before analysis.

In the second experiment, 60 weaning females, weigh-
ing approximately 60 g, were used. After anesthesia with
sodium pentobarbital (40 mg/kg body weight, intraperito-
neally), 40 rats were ovariectomized (20) and treated every
2 days with either placebo or 17B-estradiol (10 pg/kg/48 hr
intraperitoneally). The remaining 20 rats were sham-
operated. All the females were maintained-on a regular
chow diet for 3 weeks and then assigned to six groups as
follows: Group 1: sham-operated (SH) starch-fed females,

Group 2: SH sucrose-fed females, Group 3: ovariectomized
(OVX) starch-fed females, Group 4: OVX sucrose-fed fe-
males, Group 5: OVX + estradiol (E2) starch-fed females,
and Group 6: OVX+E2 sucrose-fed females. After 2 weeks
on the experimental diet, hearts were removed as described
above and stored for biochemical analysis. Principles of
laboratory animal care (NIH publication No.85-23, revised
1985) were followed.

Plasma and Tissue Analysis. Plasma vitamin E
was assayed by reversed-phase HPLC (HPLC apparatus;
Kontron series 400; Kontron. S' Quentin en Yvelines,
France) using a hexane extract. Briefly, a-tocopherol ac-
etate (Sigma Chemical Co., St. Louis, MO) was added to
samples as an internal standard. They were then extracted
twice with hexane, after ethanol precipitation of the pro-
teins. This extract was evaporated to dryness under N,,
dissolved in ethanol-methylene chloride (65:35, v/v), and
injected onto a C,5 column (nucleosil; 250-mm long, i.d. 46
mm, 5-pm particles). Pure methanol, at a flow-rate of 2
ml/min, eluted a-tocopherol in 5 min and tocopherol acetate
in 6.3 min. The compounds were detected by UV (292 nm)
and quantified by internal and external calibration using
daily controlled standard solutions. Triacylglycerol (Biotrol,
Paris, France) was determined in plasma by enzymatic pro-
cedures. Nitrite + nitrate NOx, degradation products of ni-
tric oxide (NO), were measured in deproteinized plasma of
sucrose- and starch-fed rats. We used the Griess reaction
procedure as previously described (21). Briefly, after pro-
tein precipitation of the samples and reduction of nitrate to
nitrite with nitrate reductase, nitrite was quantified colori-
metrically at 450 nm using a multiplate reader spectropho-
tometer (MR 700, Dynatech Laboratories, Guernsey, GB).
Standards were made up by serial dilutions of sodium nitrite.

For lipid peroxidation studies of heart tissue, homog-
enates were prepared on ice in a ratio of 1 g wet tissue to 9
ml 150 mmol/L. KClI using a Polytron homogenizer. Thio-
barbituric acid-reactive substances (TBARS) were mea-
sured using a spectrophotometer (Uvikon 941 plus series,
Kontron Instruments, St Quentin en Yvelines, France), in
tissue homogenates after lipid peroxidation induced by
FeSO, (2 pwmol/l)-ascorbate (50 pmol/l) for 30 min in a
37°C water bath in an oxygen-free medium using a standard
of 1,1,3,3-tetraethoxypropane as previously described (22).
Heart homogenates, prepared on ice in a ratio of 1 g wet
tissue to 9 ml 150 mmol/l KCl using a Polytron homog-
enizer, were used for superoxide dismutase (SOD) determi-
nation. Tissue SOD activity was determined using a Ransod
kit from Randox (Randox Laboratories, Crumlin, U.K.).
Briefly, the method uses xanthine and xanthine oxidase to
generate superoxide radicals, which react with 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chlo-
ride to form a formazan dye. The SOD activity was mea-
sured by the degree of inhibition of the reaction, using a
spectrophotometer (Uvikon 941 plus series, Kontron Instru-
ments, St Quentin-en Yvelines, France). The results were
expressed in units per gram of protein. Protein content was
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determined using a bicinchoninic acid protein assay kit
(Pierce, Rockford, IL.) with bovine serum albumin as stan-
dard. Copper content was determined in heart tissue by a
method combining dry heat and acid digestion (23).
Samples were analyzed by flame atomic absorption at
wavelength 324.7 nm using a Perkin-Elmer 800 atomic ab-
sorption spectrometer (Perkin-Elmer, Norwalk, CT; 24).
Heart tissue was dry-ashed at 500°C for 12 h, and the ash
was dissolved in nitric acid fore analysis of copper content.
National Institute of Standard and Technology Reference
material (Office of Standard Reference, Gaithersburg, MD)
was digested and analyzed along with samples to verify
accuracy.

Statistical Analysis. Statistical analysis was per-
formed using the “Statview” (Abacus Concepts, Inc.) soft-
ware package. Results were expressed as means + SEM
Two-way analysis of variance (ANOVA), defined as P <
0.05, was adopted to determine the main effects (carbohy-
drate and gender or hormonal status) and interaction. When
significant F ratios were found, the individual means were
compared by PLSD-Fisher (P < 0.05).

Results

The sucrose-enriched diet did not affect the normal
growth of the rats. The consequences of sucrose feeding on
vitamin E plasma levels were markedly different between
males and females. In the males, plasma a-tocopherol levels
were significantly lower in the sucrose group than in the
starch group, whereas in the females, plasma a-tocopherol
levels were significantly higher in the sucrose group than in
the starch group. Regardless of gender, sucrose feeding was
accompanied by a significant increase in triglyceride (TG)
plasma levels. Consequently, the a-tocopherol/TG ratio was
significantly decreased in sucrose-fed males compared with
starch-fed males, whereas no difference was observed in the
females. Plasma NOx levels were significantly higher in the
sucrose group than in the starch group, regardless of gender
(Table I).

In the males, after exposure of heart tissue homog-
enates to iron-induced lipid peroxidation, TBARS were sig-
nificantly higher in heart tissue from the sucrose group than
in that from the starch group, whereas female rats fed the
sucrose-based diet were partially protected. In both male

and female rats, heart SOD activities were significantly de-
creased by sucrose feeding. However, females had higher
SOD activity than males. Decreased SOD activity in heart
homogenates from sucrose-fed males was accompanied by a
significant decrease in heart copper level. Compared with
males, females had lower heart copper levels, but copper
level was not affected by the nature of the carbohydrate in
the diet (Table II).

Increased body weight was observed in ovariectomized
females, and estradiol treatment reversed this effect. Uteri
were weighed in OVX, OVX+E2, and SH female rats to
make sure ovariectomy was correctly performed. Regard-
less of the type of carbohydrate, uterus weights were sig-
nificantly decreased in OVX compared with SH females.
This loss was partially restored by estradiol supplementa-
tion. Regardless of the type of carbohydrate, OVX females
exhibited increased body weight compared with SH and
OVX+E2 females. After exposure of heart tissue homog-
enates to iron-induced lipid peroxidation, ovariectomy re-
sulted in increased TBARS only in sucrose-fed females,
whereas no difference was observed in SH groups. Estradiol
supplementation reversed this effect, no difference being
observed in either starch or sucrose estradiol-supplemented
groups (Table III).

Discussion

The results reported here agree with those of previous
studies showing that a short-term consumption of a high-
sucrose diet has a pro-oxidant effect in male rats. However,
here we have demonstrated first that females are protected
against the pro-oxidant effect of sucrose and that modifica-
tions of hormonal status of female rats affect the response.

Previous studies in male rats have shown that a short-
term consumption of a sucrose-based diet negatively affects
the balance between free radical production and antioxidant
defense in male rats, leading to increased lipid susceptibility
to peroxidation (14, 15, 25). Higher plasma levels of
TBARS and higher urinary TBARS excretion were found in
the sucrose group than in the starch group, suggesting in-
creased production of these substances from in vivo lipid
peroxidation (14). The plasma TG-raising effect of sucrose
was accompanied by lowered a-tocopherol plasma levels,
and the sucrose-fed rats were less well protected against

Table I. Body Weight, Vitamin E, Plasma Triacylglycerol Concentrations, Plasma Vitamin E/TG Ratio, and
Nitrite + Nitrate Levels in Male and Female Rats Consuming Starch or Sucrose Diets

Male Female Two-way ANOVA*
Starch Sucrose Starch Sucrose Ch Sex Ch x Sex
Body weight (g) 262+ 4 274+ 6 187 £ 2 189+ 3 NS <0.001 NS
Vitamin E (ug/mi) 993+039a 833:0.55b 7.03+021c 9.81x0.51a NS NS <0.001
Triglycerides (mmol/L) 1.60+0.16 228 £ 0.24 1.09 + 0.08 1.45x0.08 <0.001 <0.001 NS
Vitamin E/TG (ug/mol-TG) 6.33+0.54a 4.43+0.47b 6.37+0.63a 6.85x0.46a NS <0.006 <0.007
NOx (umol/l) 10.8+ 0.6 298+ 1.7 95+ 1.6 26413 <0.001 NS NS

Results are means + SEM (eight rats per group). Ch, carbohydrate; NS, not significant. Means in the same row with different superscripts are
significantly (P < 0.05) different [protected least significance difference (PLSD) Fisher post-ANOVA]. *P value, two-way ANOVA.
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Table Il. Tissue Susceptibility to Peroxidation, SOD Activity, and Cu Levels in Heart Tissue From Male and
Female Rats Consuming Starch or Sucrose Diets

Male - Female Two-way ANOVA*
Starch Sucrose Starch Sucrose Ch Sex Ch x Sex
TBARS (nmol/g wet weight) 83.3+3.8a 144.3+6.6b 83.8x76a 101.9+59c <0.001 <0.002 <0.002
SOD activity (U/mg protein) 39.20 + 1.82 32.32 + 2.72 46.49 £2.47 39.86 + 1.41 <0.004 <0.002 NS
Cu (mg/g wet weight) 428+0.17a 3.421025b 241:025c 274+0.18¢c NS  <0.001 <0.05

Results are means + SEM (eight rats per group). Ch, carbohydrate; NS, not significant. Means in the same row with different superscripts are
significantly (P < 0.05) different (PLSD Fisher post-ANOVA). *P value, two-way ANOVA,

Table Ill. Body Weight, Uterus Weight, and Heart Susceptibility to Peroxidation in SH, OVX, or OVX + E2
Female Rats Consuming Starch or Sucrose Diets

SH OVX Females OVX + E2 Two-way ANOVA*
Starch Sucrose Starch Sucrose Starch Sucrose Ch HS HS x Ch
Body weight (g) 214+ 3 2203 2695 2797 2135 2133 NS <0.001 NS
Uterus weight (g) 0.37 + 0.03a 0.52 + 0.03b 0.07 £ 0.01¢c 0.07 £ 0.01¢c 0.24 + 0.03d 0.23 £ 0.03d <0.05 <0.001 <0.005
Heart TBARS
(nmol/g wet
weight) 80.92 £ 3.97 86.15 + 3.87 86.52 £ 6.99 106.67 + 7.8 74.13 £ 3.79 73.19 £ 4.56 NS <0.001 NS

Results are means + SEM (10 rats per group). Ch, carbohydrate; HS, hormonal status; NS, not significant. Means in the same row with different
superscripts are significantly (P < 0.05) different (PLSD Fisher post-ANOVA). 2P value, two-way ANOVA.

lipid susceptibility to peroxidation, as shown by TBARS
measurement in heart tissue homogenates. Also, sucrose-fed
male rats display higher plasma NOx levels (15). It has been
suggested that NO is involved in oxidative stress when it
reacts with superoxide (0,°7) to form peroxynitrite
(ONOOT; 26), but NO has also been shown to be cytopro-
tective through its reaction with lipid radicals and with the
transition metal iron (27). The question of whether NO acts
as a pro-oxidant or is increased in the sucrose group in
response to oxidative stress has been addressed (15).
Here, we also found that sucrose feeding in male rats
was accompanied by a significant decrease in both the
plasma vitamin E level (16%) and vitamin E/TG ratio
(30%). There was no difference in the vitamin E supplied by
either the starch or the sucrose diet, and an influence of type
of carbohydrate on vitamin E absorption is unlikely. There-
fore, because vitamin E has antioxidant functions, a low
vitamin E level may result from increased vitamin E utili-
zation, suggesting the occurrence of ir vivo oxidative stress
in sucrose-fed rats. When lipoproteins are depleted of anti-
oxidants, unsaturated fatty acids are rapidly oxidized and
the lower plasma vitamin E level in sucrose-fed rats may
predispose lipoproteins to subsequent oxidative stress (28).
The sucrose-induced increase in TG-rich lipoprotein and
increased lipoprotein susceptibility to peroxidation are fac-
tors that may combine to increase risk of cardiovascular
diseases (29). Compared with starch feeding, sucrose feed-
ing thus results in a higher occurrence of aortic atheroscle-
rotic plaque in animal models as previously reported (30).
Moreover, we found that heart tissue from male sucrose-fed
rats was more susceptible to in vitro peroxidation than that
from the starch group. The specific SOD activity was also
found to be lower in male sucrose-fed rats.” The decreased

heart SOD activity in sucrose-fed rats was accompanied by
a decrease in heart copper concentration. The interaction of
dietary fructose with copper has received considerable at-
tention (31). However, whether the decrease in SOD activ-
ity is related to copper depletion or whether the protein is
damaged by oxidative stress is unclear. Nevertheless, SOD
depletion may contribute to cardiac vulnerability to oxida-
tive stress because this antioxidant enzyme plays a key role
in cell protection against the detrimental effect of superox-
ide anion (32). Moreover, our results suggest a possible
implication of oxidative stress in the cardiomyocyte dys-
function observed in sucrose-fed rats (33), and points to a
possible involvement of oxidative stress, among other com-
ponents of the metabolic syndrome, as an important risk
factor for cardiovascular diseases.

The results reported here demonstrate for the first time
that female rats are protected against the pro-oxidant effect
of sucrose. It is well known that lipid metabolism is influ-
enced by sex hormones in animals and humans (34). Hy-
pertriacylglycerolemia resulting from sucrose feeding was
lower in females than in males, suggesting that hepatic me-
tabolism of fructose may be different in males and females,
or that clearance of TG may be accelerated in female rats.
Unlike other fat-soluble vitamins, vitamin E has no specific
transport protein but instead is transported in plasma lipo-
proteins (28). The slight hypertriacylglycerolemia found in
sucrose-fed female rats compared with starch-fed female
rats was accompanied by higher plasma a-tocopherol con-
centration. The vitamin E/TG plasma ratio was not modified
in sucrose-fed female rats compared with starch-fed female
rats. These findings contrast with the significant decrease in
vitamin E/TG plasma ratio observed when male rats were
fed the sucrose diet compared with the starch diet. The
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results of the first experiment emphasize the detrimental
effect of sucrose on cardiovascular risk in males as shown
by hyperlipidemia, increased lipoprotein, and heart suscep-
tibility to free radical mediated injury, whereas females
were protected against the pro-oxidant effect of sucrose.
This prompted us to investigate whether endogenous estro-
gens could explain the protective effects of female gender
against the pro-oxidant effect of sucrose. This was done
using intact, OVX and E2+0VX females. As in previous
studies, ovariectomy was accompanied by increased body
weight, whereas estradiol treatment restored the normal
growth of the rats (35). Uterus weights were significantly
decreased by ovariectomy, confirming the effective sup-
pression of ovarian hormonal activity. In these rats exog-
enous estrogen administration induced an uterotropic activ-
ity. The results clearly indicate the influence of hormonal
status on heart susceptibility to lipid peroxidation. When
animals were fed the sucrose diet, OVX females exhibited
significantly higher TBARS values in heart tissue, and es-
tradiol treatment reversed this effect. Increased susceptibil-
ity to lipid peroxidation in OVX females fed sucrose was
not directly related to increased body weight. Hence, al-
though this abnormal growth was also observed in OVX
females fed starch, it was not accompanied by increased
heart susceptibility to lipid peroxidation in those rats. The
pro-oxidant effect of fructose has been discussed in relation
with the lowered copper status and decreased heart Cu-Zn-
SOD activity (15). Our results confirm that in male rats,
decreased copper level and decreased SOD activity in heart
tissue were accompanied by oxidative stress. Females were
protected against the pro-oxidant effect of sucrose even
though SOD activity was significantly decreased by sucrose
feeding. Heart SOD activity was higher in females than in
males regardless of the type of carbohydrate. However,
heart copper concentration was significantly lower in fe-
male rats than in males, and copper concentration was not
affected by the type of carbohydrate, suggesting an inde-
pendent relation between copper metabolism and specific
SOD activity in these conditions. In addition, although fe-
male rats fed a high-sucrose diet have altered heart enzyme
activity, SOD activity level in this group remained similar to
that of starch-fed male rats. Although the mechanisms for
the pro-oxidant effect of sucrose are still unclear, the im-
plication is that the modulation of SOD activity by sucrose
feeding and the influence of gender may contribute to the
pro-oxidant effect of dietary sucrose. Our experiment also
confirmed previous work showing that a high sucrose diet
increased plasma NOx level in male rats (15). Moreover, the
effect of sucrose on plasma NOx level was also observed in
female rats. Overall we conclude that female rats are pro-
tected against the pro-oxidant effect of a short-term high-
sucrose diet, and that further experiments are required to
determine whether the same effect is observed in female
animals after longer exposure to a high sucrose diet. Pro-
tective effects of estrogens, widely described in animals and
humans (36), can be mediated through genomic effects on

estrogen receptors or by their antioxidant properties. It has
been suggested that estrogens can suppress free radical-
induced peroxidation chain reactions because of the simi-
larity of their chemical structure with that of vitamin E,
especially the presence of the hydroxyl group on the phe-
nolic A ring (37, 38). This antioxidant capacity may be a
mechanism whereby estrogens limit coronary heart diseases
in women (39). Estrogens alone may protect tissues from
oxidative damage resulting from sucrose feeding: treatment
of ovariectomized rats with exogenous estrogens effectively
restores the protection of female rats against the pro-oxidant
effect of a sucrose-based diet. This hypothesis is also sup-
ported by other experiments showing the protective effects
of endogenous estrogens against oxidative stress induced by
copper deficiency (40). It is well known that inadequate
antioxidant protection is a consequerice of copper defi-
ciency as a result of a reduction of SOD activity and that
increased lipid peroxidation is a contributing factor in the
pathophysiology of low copper status (41). In copper-
deficient rats, feeding sucrose caused severe pathology and
mortality. In contrast, the consumption of starch did not
produce such pathology and the copper-deficient animals
survived (42). In this latter model, female rats fed a sucrose
diet are lent a greater degree of protection against the det-
rimental effect of copper deficiency.

It is well known that high fructose-fed rodents develop
a syndrome that is the equivalent of the human metabolic
syndrome (12). Previous studies have shown that female
rats do not develop sucrose-induced insulin resistance (18),
and that hypertension was significantly delayed in females
with functional ovarian status (43). In this context, our re-
sults showing that female rats are protected against sucrose-
induced oxidative stress also support the involvement of
oxidative stress in this experimental model of syndrome X.
Given the high prevalence of peri- and postmenopausal
women in cardiac manifestations of syndrome X, it has been
hypothesized that estrogen deficiency may play a major role
in the pathogenesis of this conditions (19, 44). Our results
showing the influence of hormonal status in female rats on
heart susceptibility to oxidative damage support this postu-
late. Finally, our findings suggest that oxidative stress may
be a primary event in the development of the cluster of
abnormalities leading to syndrome X.

The authors thank C. Lab and J.C. Tressol for expert technical as-
sistance.

1. Reaven GM. Banting lecture. Role of insulin resistance in human
disease. Diabetes 37:1595-1607, 1988.

2. Alberti KG, Zimmet PZ for the WHO Consultation. Definition, diag-
nosis and classification of diabetes mellitus and its complications. Part
1: Diagnosis and classification of diabetes mellitus, provisional report
of a WHO consultation. Diabetic Med 15:539-553, 1998.

3. Isomaa B, Almgren P, Tuomi T, Forsen B, Lahti K, Nissen M, Taski-
nen MR, Groop L. Cardiovascular morbidity and mortality associated
with the metabolic syndrome. Diabetes Care 24:683-689, 2001.

PROTECTION BY ESTROGENS AGAINST OXIDATIVE STRESS 841



10.

1.

12.

13,

14,

20.

21

22.

23.

24,

25.

842

. Storlien LH, Higgins JAZ, Thomas TC, Brown MA, Wang HQ, Huang

XF, Else PL. Diet composition and insulin action in animal models. Br
J Nutr 83:585-S90, 2000.

. Henry RR, Crapo PA, Thorburn AW. Current issues in fructose me-

tabolism. Annu Rev Nutr 11:21-39, 1991,

. Hallfrisch J. Metabolic effects of dietary fructose. FASEB J 4:2652~

2660, 1990.

. Bantle JP, Raatz SK, Thomas W, Georgopoulos A. Effects of dietary

fructose on plasma lipids in healthy subjects. Am J Clin Nutr 72:1128-
1134, 2000.

. Daly ME, Vale C, Walker M, Alberti KG, Mathers JC. Dietary car-

bohydrates and insulin sensitivity: A review of the evidence and clini-
cal implications. Am J Clin Nutr 66:1072-1085, 1997.

. Gregory J, Foster K, Tyler H, Wiseman M. The dietary and Nutritional

Survey of British Adults—further analysis. Ministry of Agriculture,
Fisheries and Food. London: Her Majesty’s Stationery Office, 1994.
Guthrie JF, Morton JF. Food sources of added sweeteners in the diets
of Americans, ] Am Diet Assoc 100:43-48, 2000.

Pagliassotti MJ, Prach PA, Koppenhafer TA, Pan DA. Changes in
insulin action, triglycerides, and lipid composition during sucrose
feeding in rats. Am J Physiol 271:R1319-R1326, 1996.

Storlien LH, Oakes N, Pan D, Kusonoki M, Jenkins A. Syndromes
insulin resistance in the rat: Inducement by diet and amelioration with
benfluorex. Diabetes 42:457462, 1993.

McDonald RB. Influence of dietary sucrose on biological aging. Am J
Clin Nutr 62:2845-293S, 1995.

Busserolles J, Rock E, Gueux E, Mazur A, Grolier P, Rayssiguier Y.
Short-term consumption of a high sucrose diet has a pro-oxidant effect
in rats. Br J Nutr 87:337-342, 2002.

. Busserolles J, Zimowska W, Rock E, Rayssiguier Y, Mazur A. Rats

fed a high sucrose diet have altered heart antioxidant enzyme activity
and gene expression. Life Sci 71:1303-1312, 2002.

. Mooradian AD. Antioxidant properties of steroids. J Steroid Biochem

45:509-511, 1993.

. Subbiah MT, Kessel B, Agrawal M, Rajan R, Abplanalp W, Rymas-

zewski Z. Antioxidant potential of specific estrogens on lipid peroxi-
dation. J Clin Endocr Metabol 77:1095-1097, 1993,

. Horton TJ, Gayles EC, Prach PA, Koppenhafer TA, Pagliassotti MJ.

Female rats do not develop sucrose-induced insulin resistance. Am J
Physiol 272:R1571-R1576, 1997.

. Spencer CP, Godsland IF, Stevenson JC. Is there a menopausal meta-

bolic syndrome? Gynecol Endocrinol 11:341-355, 1997.

Waynforth H, Flecknell P. Experimental and surgical technique in the
rat. London: Harcourt Brace and Company Publishers, 1994,

Rock E, Astier C, Lab C, Malpuech C, Nowacki W, Gueux E, Mazur
A, Rayssiguier Y. Magnesium deficiency in rats induces a rise in
plasma nitric oxide. Magnesium Res 8:237-242, 1995.

Okhawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal Biochem 95:351-358,
1979.

Hill AD, Patterson KY, Veillon C, Morris ER. Digestion of biological
materials for mineral analysis using a combination of heat and dry
ashing. Anal Biochem 58:2340, 1986.

Perkin-Elmer Inc. Analytic Methods for Atomic Absorption Spectro-
photometry. Norwalk, CT: Perkin-Elmer Inc., 1996.

Faure P, Rossini E, Lafond JL, Richard MJ, Favier A, Halimi S.
Vitamin E improves the free radical defense system potential and

26.

27.

28.

29.

30.

3L

32

33.

34,

35.

36.

37.

38.

39.

40.

41,

42.

43,

insulin sensitivity of rats fed high fructose diets. J Nutr 127:103-107,
1997.

Beckman J, Beckman TW, Chen J, Marshall PA, Freeman BA. Ap-
parent hydroxyl radical production by peroxynitrite: Implications for
endothelial injury from nitric oxide and superoxide. Proc Natl Acad
Sci USA 87:1620-1624, 1990.

Joshi MS, Ponthier JL, Lancaster JR. Cellular antioxidant and pro-
oxidant actions of nitric oxide. Free Radical Bio Med 27:1357-1366,
1999.

Esterbauer H, Gebicki J, Puhl H, Jurgens G. The role of lipid peroxi-
dation and antioxidants in oxidative modification of LDL. Free Radi-
cal Bio Med 13:341-390, 1992.

Atherosclerosis RR. An inflammatory disease. New Engl J Med
340:115-126, 1999.

Kritchevsky D, Davidson LM, Kim HK, Krendel DA, Malhotra S,
Mendelsohn D, van der Watt 1J, duPlessis JP, Winter PA. Influence of
type of carbohydrate on atherosclerosis in baboons fed semi purified
diets plus 0.1% cholesterol. Am J Clin Nutr 33:1869-1887, 1980.
Fields M, Ferretti RJ, Reiser S, Smith JC. The severity of copper
deficiency in rats is determined by the type of dietary carbohydrates.
P Soc Exp Biol Med 175:530-537, 1984.

Halliwell B. Oxidative stress, nutrition and health. Experimental strat-
egies for optimization of nutritional antioxidant intake in humans. Free
Rad Res 25:57-74, 1996.

Dutta K, Podolin DA, Davidson MB, Davidoff AJ. Cardiomyocyte
dysfunction in sucrose-fed rats is associated with insulin resistance.
Diabetes 50:1186-1192, 2001.

Gevers Leuven JA. Sex steroids and lipoprotein metabolism. Pharma-
col Ther 64:99-126, 1994,

Turner RT, Vandersteenhoven JJ, Bell NH. The effects of ovariectomy
and 12-B-estradiol on cortical bone histomorphometry in growing rats.
J Bone Miner Res 2:115-122, 1987.

Mendelsohn ME, Karas RH. The protective effects of estrogen on
cardiovascular system. N Engl ] Med 340:1801-1811, 1999.
Sugioka K, Shimosegawa Y, Nakano M. Estrogens as natural antioxi-
dants of membrane phospholipid peroxidation. FEBS Lett 210:37-39,
1987.

Green PS, Gordon K, Simpkins JW. Phenolic A ring requirement for
the neuroprotective effects of steroids. J Steroid Biochem 63:229-235,
1997.

Grodstein F, Stampfer MJ, Manson JE, Colditz GA, Willett WC, Ros-
ner B, Speizer FE, Hennekens CH. Postmenopausal estrogen and pro-
gestin use and risk of cardiovascular disease. N Engl J Med 335:453~
461, 1996.

Bureau I, Gueux E, Rock E, Roussel AM, Mazur A, Rayssiguier Y.
Female rats are protected against oxidative stress during copper defi-
ciency. TEMA 11. A25, 2002.

Rayssiguier Y, Gueux E, Bussiere L, Mazur A. Copper deficiency
increases the susceptibility of lipoproteins and tissues to peroxidation
in rats. J Nutr 123:1343-1348, 1993.

Fields M, Lewis C, Schofield DJ, Powell AS, Rose AJ, Reiser S, Smith
JC. Female rats are protected against the fructose induced mortality of
copper deficiency. P Soc Exp Biol Med 183:145-149, 1986.
Roberts CK, Vaziri ND, Barnard RJ. Protective effects of estrogen on
gender specific development of diet-induced hypertension. J Appl
Physiol 91:2005~-2009, 2001.

. Kaski JC. Overview of gender aspects of cardiac syndrome X. Car-

diovasc Res 53:620-626, 2002.

PROTECTION BY ESTROGENS AGAINST OXIDATIVE STRESS



