Severity of copper deficiency in rats
fed fructose is not solely dependent on
hepatic copper concentration: effects

of adrenalectomy
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The present study was undertaken in order to establish whether an increase in hepatic copper concen-
tration will ameliorate the severity of copper deficiency when a fructose based diet is consumed.
Eighty weanling male Sprague-Dawley rats were divided randomly into four dietary groups and were
fed a copper deficient (0.6 pg Culg) or adequate (6.0 ug Culg) diet containing 62% carbohydrate as
either starch or fructose. Half of the rats underwent bilateral adrenalectomy and the rest were sham
operated. Adrenalectomy was successful in increasing the concentration of hepatic copper in rats fed
the copper deficient diet containing fructose compared to sham operated controls. However, the
severity of copper deficiency was not ameliorated by these increases. The data suggest that the severity
of copper deficiency in rats fed fructose may not be solely dependent on hepatic copper concentration
but rather may be due to a combination of subsequent metabolites of fructose superimposed upon

copper deficiency.
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Introduction

Recent studies have shown that the type of dietary
carbohydrate consumed by experimental animals de-
termines the severity of copper deficiency.'” When
the diet contains simple sugars such as sucrose or fruc-
tose, the signs associated with the deficiency are ag-
gravated.'’ In contrast, when starch is provided as the
sole carbohydrate moiety of the diet, the deficiency is
ameliorated and the animals are protected against the
toxic effects of copper deficiency.!”

The reasons for the dramatic differences in the ex-
pression of copper deficiency between rats fed starch
and those fed fructose could be due to differences in
copper status. Specifically, if fructose feeding causes
a reduction in copper content of tissues, then less cop-
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per will be available for utilization when fructose is
consumed than when starch is consumed.

It is well established that the liver plays a major
role in copper homeostasis.® For that reason, hepatic
copper concentration is commonly used to assess cop-
per status in experimental animals. In the majority of
studies where dietary fructose and starch were fed to
experimental animals, hepatic copper concentrations
of rats fed fructose were lower than the corresponding
values from rats fed starch.!** This may have a delete-
rious effect on the well being of the fructose fed ani-
mal. However, when the whole body content of cop-
per was measured, rather than of individual tissues,
no differences in total copper concentrations could be
found between the two experimental groups.’ It has
been reported that the ingestion of fructose containing
diets increases the levels of glucocortical hormones.®
It has also been shown that glucocorticoids regulate
copper metabolism and homeostasis.” The administra-
tion of glucocorticoids decreased hepatic copper con-
tent.” In contrast, rats that underwent adrenalectomy
exhibited higher hepatic copper concentration than
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sham operated controls.” If fructose feeding increases
the synthesis of adrenocortical hormones, which in
turn reduce hepatic copper stores, then by removing
the adrenals more copper should be deposited in the
liver for subsequent utilization. This effect of adre-
nalectomy should be beneficial to the copper deficient
rat consuming fructose.

The purpose of this study was to attempt to increase
the copper content of the liver of copper deficient rats
fed fructose by adrenalectomy and to then determine
if the increase in hepatic copper wili result in the ame-
lioration of the signs associated with the deficiency.

Materials and methods

Eighty weanling male Sprague-Dawley rats, weighing
approximately 40-45 g each were divided randomly
into eight groups according to a 2 x 2 x 2 factorial
design, which differed in the levels of dietary copper,
type of dietary carbohydrate, and type of operation.

Group 1 Fructose-Cu, Adrenalectomy (ADX)
Group 2 Fructose-Cu, Sham

Group 3 Starch-Cu, ADX

Group 4 Starch-Cu, Sham

Group 5 Fructose + Cu, ADX

Group 6 Fructose + Cu, Sham

Group 7 Starch + Cu, ADX

Group 8 Starch + Cu, Sham

All rats were fed from a diet that consisted of
the following ingredients (g/kg diet): 627 carbohydrate
as either starch or fructose, 200 egg white, 95 corn
oil, 30 non-nutritive fiber (cellulose), 35 copper-free
AIN76A salt mix!° formulated in our laboratory to
omit copper carbonate, 10 AIN76A vitamin mix'' sup-
plemented with 2 mg biotin, and 2.7 g choline bitar-
trate. The concentrations of copper in the deficient
and adequate diets were 0.6 pg Cu/g and 6.0 pg Cu/
g, respectively, as measured by flame atomic absorp-
tion spectrophotometry.

Upon arrival, half of the rats underwent bilateral
adrenalectomy under ecther anesthesia. Adrenalec-
tomy was performed via a dorsolumbar approach. In
the remaining rats, both adrenal glands were identi-
fied. left in situ, and the incision closed. All adrenalec-
tomized rats were allowed free access to salt solution
(0.9% NaCl). Sham operated rats did not receive sa-
line since a pilot study showed that drinking distilled
water or saline did not influence the parameters mea-
sured in this study. The study was terminated at the
end of the sixth week of dietary regimen. All rats were
decapitated between 08:00 and 11:00 hours and 2
hours after diet had been removed from their cages.
To minimize stress-induced release of glucocorticoids
in sham operated rats, all rats (ADX and sham) were
“‘quiescent walked”” for 10 to 14 days before killing.
Between 08:00 and 11:00 hours, rats were removed
from their cages, handled, and carried to a guillotine
for ‘‘familiarization.”” Blood samples were drawn into
heparinized microhematocrit tubes for the measure-
ment of hematocrit following the decapitation of the
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rats. Hearts, pancreas, epididymal fat pads, adrenals,
and livers were removed and weighed. Total copper
and iron concentrations were determined in liver by
flame atomic absorption spectrophotometry’* follow-
ing their digestion according to Hill et al.’® Total
plasma glucocorticoids'* and the maximal output of
glucocorticoids from the adrenal glands following an
ACTH challenge in vitro were measured.'

All data were subjected to analysis of variance
(ANOVA).'* A value of P < 0.05 was considered sta-
tistically significant.

Results

By the end of the study, two of the ten adrenalecto-
mized copper deficient rats fed fructose had died. The
remaining copper deficient rats fed fructose exhibited
heart hypertrophy with gross pathological changes.
The data in Table 1 illustrate the changes in body
weight and relative organ sizes in bilaterally adrenal-
ectomized and sham operated rats consuming copper
deficient or adequate diets containing fructose or
starch for 6 weeks. Body weight was reduced by adre-
nalectomy. It was also reduced by copper deficiency
and by fructose feeding. Liver size increased by fruc-
tose feeding compared to starch. Adrenalectomy re-
duced liver size only in rats fed fructose compared to
non-adrenalectomized animals. Adrenalectomy in-
creased heart size in all animals. The largest relative
heart size was found in copper deficient rats fed fruc-
tose. The pancreas was atrophied only in rats fed the
copper deficient diet containing fructose. Adrenalec-
tomy had no effect on pancreas size. Epididymal fat
pad size was significantly reduced by copper defi-
ciency in rats fed fructose compared to all other ani-
mals. Adrenalectomy reduced epididymal fat pad size
compared to sham operated controls.

Table 2 summarizes data pertaining to hepatic cop-
per and iron concentrations. Copper deficiency was
verified by the reduced hepatic copper concentrations
compared with copper adequate controls. Only in cop-
per deficient rats fed fructose did adrenalectomy cause
nearly a three-fold increase in hepatic copper concen-
tration compared to sham operated controls. Except
for copper deficient rats fed starch, all other adrenal-
ectomized animals exhibited moderate increases in the
concentration of copper compared to non-adrenalecto-
mized animals. All copper deficient rats exhibited a
two-fold increase in hepatic iron concentrations com-
pared to copper adequate controls. Adrenalectomy
had no effect on iron concentrations in the liver.

Table 3 summarizes the concentrations of glucocor-
ticoids in plasma and the output of glucocorticoids
from adrenal gland upon the stimulatory effect of
ACTH. Adrenalectomy was verified by the absence of
the adrenals and by significantly reduced concentra-
tions of glucocorticoids in plasma compared to sham
operated controls. Sham operated copper deficient
rats that consumed fructose exhibited a two-fold in-
crease in plasma glucocorticoids compared to all other
control animals. When ACTH stimulated the adrenal
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Table 1 Body weight and relative organ sizes in adrenalectomized (ADX) and sham operated, copper deficient {~Cu) and adequate

{+Cu) rats fed fructose (FR) or starch {ST)

Relative organ sizes

Body wt Liver Heart Pancreas Epididymal
(g> (9/1009, bw)} fat pad
FR ~ Cu + ADX 238=9 43 +03 0.80 + 0.06 0.28 +0.04 0.46 = 0.07
FR — Cu + Sham 2658 6.0 =01 0.55 +0.02 0.28 £ 0.02 0.59 = 0.03
ST - Cu + ADX 300 = 11 47 =01 0.51 = 0.03 0.49 = 0.03 0.80 = 0.06
ST ~ Cu + Sham 3004 43 =01 0.42 = 0.01 0.54 = 0.03 1.08 = 0.06
FR + Cu + ADX 258 = 10 52 =01 0.43 = 0.01 0.54 = 0.04 0.70 £ 0.05
FR + Cu + Sham 282 =5 55 = 0.1 0.36 = 0.01 0.56 = 0.03 1.10 = 0.07
ST + Cu + ADX 281 =10 42+ 01 0.42 =+ 0.02 0.53 = 0.03 0.80 + 0.08
ST + Cu + Sham 323x5 4.1 =01 0.35 + 0.01 0.59 = 0.02 1.15 = 0.06
ANOVA
Carbohydrate (CHO) S S S S S
Copper {Cu) S NS S S S
CHO % Cu NS S S S S
ADX S S S NS S
CHO x ADX NS S NS NS NS
Cu x ADX NS S NS NS S
CHO x Cu x ADX NS S NS NS NS

Mean = SEM of 10 rats per group except for FR — Cu + ADX which had 8. A 2 x 2 x 2 Analysis of Variance. Effects and interaction

significant (S) P < 0.05; non-significant (NS).

Table 2 Hepatic copper and iron concentrations in adrenalecto-
mized (ADX) and sham operated, copper deficient {—~Cu) and ade-
quate {+ Cu) rats fed fructose (FR) or starch (ST) diets

Copper fron
rQ/g wet wt,
FR — Cu + ADX 1.52 £ 0.18 134 = 10
FR — Cu + Sham 0.55 = 0.10 111+ 11
8T — Cu + ADX 1.03 =008 122 13
ST — Cu + Sham 119010 135+ 16
FR + Cu + ADX 3.77 £ 0.26 62 x5
FR + Cu + Sham 3.49 = 0.12 59 =5
ST + Cu + ADX 367 =012 57 =10
ST + Cu + Sham 3.3 x0.10 67 x4
ANQVA

CHO NS NS
Cu S S
CHO x Cu NS NS
ADX S NS
CHO x ADX S S
Cu x ADX NS NS
CHO x Cu x ADX S NS

Mean = SEM of 10 rats per group except for FR — Cu + ADX that
had 8.

gland in vitro, the output of glucocorticoids tended to
be higher in copper deficient rats fed fructose com-
pared to all other rats.

Discussion

The results of the present study confirm previous
observations that the type of dietary carbohydrate
plays a major role in the exacerbation of copper defi-
ciency.'” Fructose feeding, but not starch feeding,
in combination with copper deficiency resulted in
growth retardation, heart hypertrophy with gross pa-

Table 3 Plasma and adrena!l glucocorticoids in adrenalecto-
mized {ADX) and sham operated, copper deficient {—~ Cu) and ade-
quate {+ CU) rats fed fructose (FR) or starch (ST) diets

Plasma Adrenal
glucocorticoids glucocorticoids
nmol/} ng/mg/hr
FR — Cu + ADX 171.3 = 30.2
FR — Cu + Sham 1467.2 =277.2 567 = 187
ST - Cu + ADX 2324 £ 412
ST —~ Cu + Sham 703.0 = 137.2 305 = 52
FR + Cu + ADX 140.5 = 22.4
FR + Cu + Sham 660.8 = 84.0 258 = 39
ST + Cu + ADX 2439 x 72.2
ST + Cu + Sham 677.6 + 86.8 250 = 45
ANOVA
CHO NS NS
Cu S NS
ADX S NS
CHO x Cu S NS
CHO x ADX S NS
Cu x ADX S NS
CHO x Cu x ADX S NS

Mean + SEM of 10 observations/group except for FR — Cu + ADX
that had 8.

thology, pancreatic atrophy, and a reduction of extra-
hepatic lipogenesis reflected by a reduced epididymal
fat pad size. In addition, two rats died of the defi-
ciency.

The severity of copper deficiency in rats fed fruc-
tose was not ameliorated by adrenalectomy, although
adrenalectomy increased hepatic copper concentra-
tion by nearly three-fold compared to fructose, copper
deficient, sham operated controls. In addition, copper
deficient, adrenalectomized rats fed fructose had 50%
more hepatic copper compared to rats fed starch, and
yet copper deficient rats fed starch did not develop
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any signs of pathology. Furthermore, although sig-
nificantly more copper was deposited in the livers of
copper deficient rats fed fructose, adrenalectomized
rats exhibited the same deleterious signs associated
with copper deficiency as those of non-adrenalecto-
mized animals. Thus, the data presented here strongly
imply that the severity of copper deficiency in rats fed
fructose is not solely due to copper status as reflected
by hepatic copper stores. It is suggested that the
enhanced glucocorticoid output when fructose is fed
creates a unique subcellular environment. The com-
bination of this specific environment with copper
deficiency is responsible for the aggravation and pa-
thology of copper deficiency when fructose is
consumed.'*"7

The metabolism of copper has been shown to be
regulated by glucocorticoids.” More copper is retained
by the liver of adrenalectomized rats than by the liver
of sham operated animals,® and the rate of elimination
of the excess copper from the liver of copper in-
jected rats is reduced by adrenalectomy.” In addition,
the injection of glucocorticoids to adrenalectomized
rats resulted in a reduction of hepatic copper concen-
trations compared to non-treated animals.® The data
presented here confirm the contention that adrenal
hormones play a role in copper homeostasis. Adrenal-
ectomy elicited some increases in hepatic copper con-
centrations in all groups of rats regardless of copper
deficiency. However, only copper deficient rats fed
fructose ,exhibited nearly three-fold increases of he-
patic copper as a result of the adrenalectomy com-
pared to nonadrenalectomized controls (Table 2). This
increased hepatic copper concentration in adrenalec-
tomized rats was inversely correlated with the reduced
concentration of glucocorticoids in plasma.

A daily variation in the pattern of adrenocortical
hormone secretion has been well documented. The
lowest concentration of corticosteroids are found be-
tween 6 a.m. and noon.'"®? Adrenalectomized rats
revealed plasma steroid concentrations of 138-276
nmol/1 (5-10 pg/100 m})."®?° These values are compa-
rable with the results of the present study and with
the time of the day this study was conducted.

The highest plasma glucocorticoid concentration
was found in sham operated, copper deficient rats fed
fructose. Since all rats had been handled daily and
“‘quiescent walked’’ for 10-14 days prior to terminat-
ing the study, it is highly unlikely that only one group
of the 8 groups was stressed. In addition, all rats were
killed at a time when plasma glucocorticoids are at
their lowest levels.'®? Thus, other factors play a role
in this enhanced glucocorticoid output when copper
deficient rats are fed fructose.

It is well established that the major regulator of
adrenocortical secretory activity is the anterior pitu-
itary hormone ACTH.?' Although all adrenals of the
present study were incubated with the same concen-
tration of ACTH and were treated the same, the adre-
nals of copper deficient rats fed fructose secreted a
higher concentration of glucocorticoids than all other
adrenals. Likewise the concentration of glucocorti-
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coids in plasma of copper deficient rats fed fructose
was two-fold the corresponding values from all other
rats. The reasons for the increased output of glucocor-
ticoids in copper deficient rats consuming fructose is
not fully understood. However, it cannot be due to
copper deficiency per se or to fructose consumption,
since both copper deficient rats fed starch and copper
adequate rats fed fructose do not secrete high levels
of glucocorticoid. Only when fructose feeding is com-
bined with copper deficiency is the secretion of gluco-
corticoid enhanced. Increased cyclic AMP content, an
increase in steroid synthesis, and greater sensitivity to
ACTH have been shown to play a role in glucocorti-
coid secretion.’! The increased secretion of glucocorti-
coid in copper deficient rats consuming fructose could
be due to stress or to the morbidity of the animals. It
has been observed that plasma cortisol concentrations
are generally elevated in both stress and in dying pa-
tients.?! However, the design of this study does not
allow us to differentiate between the numerous factors
that could induce a hypersecretion of glucocorticoids
in copper deficient rats fed fructose.

Many of the typical signs associated with copper
deficiency when fructose containing diets are con-
sumed are similar to those reported in hypersecretion
of corticoids.’! These include weight loss,'-* depletion
of adipose tissue due to mobilization of fat,® involu-
tion of the thymus,* and impaired glucose tolerance.**
Regardless of the factors that contribute to the eleva-
tion in plasma corticoids in rats consuming the copper
deficient diet containing fructose, the high glucocorti-
coid secretion may be responsible for the ‘‘typical™
signs associated with copper deficiency in rats fed
fructose.

Summary

The data of the present study show that copper defi-
ciency per se is not sufficient to cause pathology to
the rats since a) copper deficient rats fed starch are
protected against heart pathology and mortality, and
b) even when hepatic copper is increased, rats fed
fructose die of the deficiency. Therefore, it is sug-
gested that the induction of an enhanced glucocorti-
coid output when fructose is fed may provide a dif-
ferent subcellular environment than starch. The
combination of copper deficiency with the increased
secretion of glucocorticoids and the specific metabolic
pathways of fructose may create a toxic environment
which eventually will cause the pathology seen in cop-
per deficient rats fed fructose.
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