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Abstract. The present investigation was undertaken to establish whether the severity of copper
deficiency in rats fed diets containing fructose is affected by the presence and type of endogenous
sex hormones. Intact and castrated male rats and intact and ovariectomized females were fed
from weaning a copper-deficient diet (0.6 ppm) containing 62% fructose for 8 weeks. Regardless
of castration, male rats were anemic, exhibited heart hypertrophy, and died of the deficiency.
However, castration ameliorated the anemia and delayed the mortality. In contrast, none of the
females died of the deficiency. It is suggested that in addition to the sex of the animal, levels of
testosterone in the male may also play a role in the severity of copper deficiency. © 1987 Society

for Experimental Biology and Medicine.

We have recently shown that although male
and female rats fed a copper-deficient diet
containing fructose are equally copper defi-
cient (1), only male rats are anemic, have hy-
pertrophied hearts, and die of the deficiency
(1). In contrast, copper-deficient female rats
are not anemic, they do not exhibit heart hy-
pertrophy and pathology, and they survive.
Thus, female rats are protected against the
mortality of copper deficiency (1). It is possible
that this protection is provided by the presence
of endogenous estrogens. Endogenous as well
as exogenous estrogens have been shown to
alter the subcellular distribution of copper in
the liver (2, 3) and increase plasma copper lev-
els by inducing the synthesis of ceruloplasmin
(4). Conversely, the presence of testosterone
could predispose the male rats to the lethal
effect of the copper—fructose interaction. If es-
trogens protect but testosterone exacerbates
the symptoms associated with copper defi-
ciency, then ovariectomized females should be
susceptible but castrated males should be pro-
tected against the lethal effects of copper de-
ficiency.

Thus, the purpose of the present investi-
gation was to verify whether the expression
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and the severity of copper deficiency in male
and female rats fed a fructose-containing diet
are affected by the presence of endogenous sex
hormones.

Materials and Methods. Intact male (n
= 37), castrated male (n = 12), intact female
(n = 12), and ovariectomized female (n = 12)
Sprague-Dawley rats (Harlane-Sprague-Daw-
ley, Indianapolis, IN) weighing approximately
45-55 g each were fed from weaning a copper-
deficient (0.6 ppm) diet containing 62% fruc-
tose. The composition of the diet has been de-
scribed elsewhere (5). The male rats were
anesthetized with ether and the testes were re-
moved. All intact animals were sham operated.
During the fourth and eighth week of the study
rats were bled from the tip of their tail and
blood was collected into heparinized capillary
tubes for hematocrit determination. At the end
of the eighth week, six rats from each group
were decapitated, and blood was collected into
heparinized test tubes for the analysis of cop-
per and ceruloplasmin activity (6) and for the
determination of total estrogens and testos-
terone by a radioimmunoassay (7). Superoxide
dismutase (SOD) activity was measured in
erythrocytes (8). Livers were removed for the
analysis of hepatic copper concentration. Tis-
sues and diets were digested for mineral de-
terminations by combining dry heat and acid
digestion (9). To assure accuracy, National
Bureau of Standards certified reference ma-
terials were digested and analyzed along with
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tissues and diets. Concentrations of copper in
plasma, liver, and diets were measured by
atomic absorption spectroscopy (10). Data
were analyzed by ANOVA using the SAS soft-
ware system for data analysis (11). A proba-
bility level of 5% was used to detect statistical
significance. Duncan’s multiple range test was
used to determine differences in means.
Numbers in Tables I and II not sharing a su-
perscript letter are significantly different.
Results. Body and relative tissue weights,
hematocrit, and mortality of rats are presented
in Table I. Body weight was increased by
ovariectomy in the female rats from the fourth
week of the study. Castration in the males did
not affect growth rate. Heart weight was not
affected by ovariectomy in females when
compared to their intact controls. Similarly,
castration did not affect heart weight of males.

SEXUAL DIFFERENCES IN Cu DEFICIENCY

However, heart weight of males was signifi-
cantly greater than that of females.

Liver weight was not affected by the treat-
ment in either males or females when com-
pared to that of their intact controls but was
greater in males than in females. Adrenals were
hypertrophied in females, but their weight was
not affected by ovariectomy.

Hematocrit was significantly reduced in
males compared with females, at 4 and 8 weeks
of the study, and was further reduced in intact
males.

Six of the intact and six of the castrated
males were sacrificed at the end of the eighth
week. Intact male rats began dying after being
fed the diet for five weeks. By the ninth week
18 of the 37 rats had died. Castration delayed
mortality by 2 weeks. The castrated rats began
dying from the seventh week of the study. By

TABLE 1. BODY AND RELATIVE TISSUE WEIGHTS, HEMATOCRIT, AND MORTALITY OF FEMALE AND
MALE RATS FED A COPPER-DEFICIENT DIET FOR 4 AND 8§ WEEKS?

Females Males
Intact Ovariectomized Intact Castrated
4 weeks
Body wt (g) 150+3 170 £5 175 %5 1775
Hematocrit (%) 41+ 14 34 +2¢ 17414 36 +2¢
8 weeks
Body wt (g) 171+3 196 + 10 1919 206 £ 11
Heart wt (g/100) 0.41 £0.007 0.50 +£0.02 0.61 £0.05 0.63£0.07
Liver wt (g/100) 34+0.2 35+0.2 39+0.2 39+0.1
Adrenals wt (g/100) 0.04 +£0.002 0.04 +0.002 0.03 +£0.003 0.03£0.001
Hematocrit (%) 42+1° 38+2° 17 +£2° 30+ 24
Mortality 0/12 0/12 18/37 4/12
ANOVAS® (P value)
Sex Gonadectomy Sex X gonadectomy
4 weeks
Body wt NS 0.04 NS
Hematocrit 0.0001 NS 0.0002
8 weeks
Body wt NS 0.04 NS
Heart wt 0.001 NS NS
Liver wt 0.01 NS NS
Adrenals wt 0.08 NS NS
Hematocrit 0.001 0.03 0.0007

Note. NS, not significant.

¢ Each value represents the mean + SEM of six rats per group.

b¢4 Indicates significantly different.
€A 2 X 2 analysis of variance.
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the ninth week, 4 of the 12 castrated rats died.
By the eleventh week of the study all remaining
rats, castrated and intact had died. In contrast,
none of the females, regardless of treatment,
died (Table I).

Table IT summarizes plasma levels of estro-
gens and testosterone at time of sacrifice.
Higher levels of testosterone were found in
males than in females. In the male rat, castra-
tion reduced the levels of testosterone by ap-
proximately 50% when compared to those of
intact controls. The ovariectomy of females
significantly reduced plasma levels of total es-
trogen by 48% when compared to those of their
intact controls.

Hepatic and plasma copper concentrations,
erythrocyte SOD, and plasma ceruloplasmin
activities are presented in Table III. Hepatic
copper was affected by the sex of the animal.
Regardless of treatment, females had reduced
hepatic copper concentration compared with
males (P < 0.03). Ceruloplasmin activity was
non-detectable in all copper-deficient rats.
Plasma copper concentration and erythrocyte
SOD activity were affected neither by the sex
of the animal nor by the treatment.

Discussion. In agreement with our previous
data (1), the present study shows that intact
females are protected against the fructose-in-
duced mortality of copper deficiency. In ad-
dition, ovariectomized females are also pro-

TABLE II. PLASMA LEVELS OF TESTOSTERONE AND
TOTAL ESTROGENS OF MALE AND FEMALE RATS
FED A COPPER-DEFICIENT DIET FOR 8 WEEKS?

Testosterone Estrogens
(pmole/liter) (pmole/liter)
Females
Intact 160 + 10° 212 +31¢
Ovariectomized 100 =+ 30° 103+ 7°
Males
Intact 200 + 2074 146 + 205¢
Castrated 100 £ 10° 126 +19°
ANOVA? (P value)
Treatment
Sex 0.006 NS
Gonadectomy 0.001 0.006
Sex X gonadectomy 0.009 NS

Note. NS, not significant.

4 Each value represents the mean + SEM for six rats.
b4 Indicates significantly different.

¢ A 2 X 2 analysis of variance.
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tected against the severity of copper deficiency
since the ovariectomy of the female reduced
total plasma estrogen by 48%, but this change
had no effect on the symptoms of copper de-
ficiency. Thus, regardless of whether females
are ovariectomized or intact they are not sus-
ceptible to the severity of copper deficiency,
suggesting that estrogens do not affect the
symptoms associated with copper deficiency.
Gonadectomized females and males had sim-
ilar levels of estrogen and testosterone. How-
ever, castration of the male reduced testoster-
one levels by 50%, improved the copper-de-
ficiency anemia, and delayed the onset of
death by 2 weeks when compared with that of
intact males. Thus, the reduced testosterone
levels in the castrated rats appeared to ame-
liorate the severity of copper deficiency. How-
ever, this protection was only temporary, since
even the castrated males died of the deficiency
by the eleventh week of the study.

Although gonadectomy reduced the levels
of testosterone and estrogens in male and fe-
male rats, respectively, levels of testosterone
and estrogens during the eighth week of the
study show that all the rats were still in their
prepubertal stage. Feeding a fructose-based
diet from weaning has been reported to delay
testicular development compared with that of
rats fed starch (12).

It has been suggested that the high levels of
sex hormones at birth or immediately after
birth are of importance in “programming” the
central nervous system and hypothalamic
function (13-17). Sex-related differences in
physiological and metabolic pathways have
been predetermined and pre-regulated by the
exposure of the hypothalamo-pituitary-go-
nadal axis to sex hormones during fetal and
neonatal development (13-17). This phe-
nomenon may explain the results of the pres-
ent study, in which the sex of the rat deter-
mines the severity of copper deficiency.

In addition to differences in the levels of sex
(13-17) and growth hormones (18) due to
gender, a variety of metabolic pathways are
also gender related. It is well established that
there is a sexual dimorphism of absorption of
iron (19), induction of fatty liver (20), dietary-
induced cirrhosis (21), uric acid metabolism
(22), a-tocopherol requirements (23), and
glutathione peroxidase and reductase activi-
ties (24).
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TABLE III. HEPATIC AND PLASMA COPPER AND CERULOPLASMIN ACTIVITY AND ERYTHROCYTE SOD OF MALE
AND FEMALE RATS FED A COPPER-DEFICIENT DIET FOR 8 WEEKS*

Females Males
Intact Ovariectomized Intact Castrated
Hepatic copper (ug/g wet wt) 0.87+0.17 1.02+0.19 1.68 £0.30 1.19+0.17
Ceruloplasmin (U/liter) ND ND ND ND
Plasma copper (umol/liter) 1.6 0.5 2.8 0.3 24 +04 27 +04
Erythrocyte SOD (U/ml) 143 3.5 143 +8.8 89 +45 10.2 £1.0
ANOVA? (P values)
Hepatic Cu Plasma Cu Erythrocyte SOD
Treatment
Sex 0.03 NS NS
Gonadectomy NS NS NS
Sex X gonadectomy NS NS NS

Note. NS, not significant; ND, nondetectable.
2 Each value represents the mean + SEM for six rats.
5 A 2 X 2 analysis of variance.

Numerous studies have demonstrated a
gender-linked difference in the basal activities
of lipogenic enzymes, such as glucose-6-phos-
phate dehydrogenase and 6-phosphogluconate
dehydrogenase (25-27). The activities of these
enzymes are more than twice as high in fe-
males as in males (28). In addition, a gener-
alized disaccharide effect could not be dem-
onstrated with female rats (29) as was previ-
ously reported with male rats (28).

Men and postmenopausal women manifest
abnormally high levels of circulating triglyc-
erides and fatty acids after being fed diets con-
taining fructose (30). However, this response
is absent in females of reproductive age (31).
If fructose is metabolized differently in males
than in females, it may be that copper require-
ments will also be gender dependent. The
findings that male rats fed a copper-deficient
diet containing starch are not anemic and that
they do not die of the deficiency (5) may sup-
port the hypothesis that upon fructose feeding
a certain metabolite of fructose could interact
with copper deficiency, but only in males.
However, this metabolite is absent when starch
is fed.

Although it has been reported that estrogens
increase ceruloplasmin activity in females (4)
this could not be demonstrated in the present
study. It is suggested either that in copper de-
ficiency the incorporation of copper into ce-
ruloplasmin is inhibited or that the levels of

estrogens in the intact prepubertal female are
too low to stimulate ceruloplasmin synthesis.

Hepatic copper concentration is used as an
indicator of copper status. Females had lower
levels of hepatic copper than males, indicating
a reduced copper status. However, since the
levels of hepatic copper of intact males were
double the levels of intact females, but the
males died of the deficiency, it is suggested
that the mortality of copper-deficient males
may not be solely due to the levels of hepatic
copper. In addition, castrated males had lower
levels of hepatic copper than their intact con-
trols but their mortality was delayed. Further-
more, when copper-deficient males are fed
starch, their hepatic copper concentrations are
similar to those of copper-deficient rats fed
fructose, but they survive (1). Thus, our pre-
vious data (1) and the results of the present
study stress the point that unless fructose is
fed to a copper-deficient male rat, copper de-
ficiency per se is not sufficient to produce ane-
mia, heart hypertrophy and pathology, and
mortality.
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