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Abstract. The purpose of this study was to determine what levels of starch or glucose
replacement for fructose in the copper-deficient diet (copper) can minimize the fructose-
copper interaction. Experimental diets contained either 100% fructose as the carbohy-
drate source, or the fructose was partially replaced with 50% starch, 50% glucose, 75%
starch, or 75% glucose. Diets were either copper adequate (7-8 ppm) or inadequate
(<1 ppm). Male weanling rats were fed their respective diet for 5 weeks and then fasted
overnight. After decapitation, blood was collected and liver and heart were removed.
Plasma copper was significantly reduced and ceruloplasmin was not detected in all
copper-deficient groups. Copper deficiency increased plasma cholesterol, as well as
heart and liver weight in the glucose groups, but not in the starch groups. Those organ
weights were heavier in glucose-copper than starch-copper rats. Erythrocyte copper-
zinc-superoxide dismutase activity was greater in starch-copper than glucose-copper
rats regardless of carbohydrate amount. Hepatic copper concentration of the group fed
starch-copper was twice levels observed in glucose-copper. The 50% glucose rats had
lower hepatic copper than the 75% glucose rats. Hepatic copper-zinc-superoxide dis-
mutase activity showed patterns similar to hepatic copper. Cardiac copper was greater
in starch-copper than glucose-copper rats. Cardiac copper-zinc-superoxide dismutase
activity was equally reduced in all copper-deficient groups. The 50% starch-replaced
diet was more effective in minimizing copper deficiency than the 75% glucose-replaced
diet. This poorer improvement of copper deficiency by glucose than starch may partially

be due to a more severe reduction of food intake in glucose than in starch diets.

[P.S.E.B.M. 1990, Vol 194]

status of copper-deficient rats has been reported

(1-3). The degree of severity of the signs of
copper deficiency depends on the type of dietary car-
bohydrate: fructose and sucrose producing much more
severe signs of deficiency than do glucose and especially
starch (4-8). In many of these studies (1-8), fructose at
levels contributing 60% of the total calories have been
used to study this interaction. However, fructose at
these levels is not relevant to human consumption of
this sugar (10-12% of total calories) (9) and, thus, it is
of nutritional importance to evaluate the relevance of
this interaction at levels more closely approximating
human consumption. It is also of interest to compare

! n interaction between carbohydrate and copper
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the copper status in rats when dietary fructose is re-
placed by either starch or glucose.

Materials and Methods

Weanling male Sprague-Dawley rats (Hilltop Lab
Animals, Scottsdale, PA) weighing approximately 50-
60 g each were housed individually in stainless steel
cages with wire mesh bottom in a temperature humidity
controlled room with a 12-hr light/dark cycle. The rats
were randomly divided into 10 groups. They were fed
either sole fructose as the carbohydrate source (100%
fructose); 50% starch and 50% fructose (50% starch),
50% glucose and 50% fructose (50% glucose); 75%
starch and 25% fructose (75% starch), or 75% glucose
and 25% fructose (75% glucose) with or without copper
(Table I).

The basal diet contained the following (g/kg diet):
628 carbohydrate, 200 eggwhite, 95 corn oil, 30 cellu-
lose, 35 AIN mineral mix (10) prepared in my labora-
tory and formulated to omit cupric compounds from



the mineral mix for the copper-free basal diet, 2.7
choline bitartrate, and 10 vitamin AIN-76 (10, 11)
supplemented with 2 mg of biotin/kg diet. The basal
diets contained 0.79-0.98 ug of copper/g diet. Cupric
carbonate (10.5 mg of CuCO;/kg) supplemented diets
contained 7.06-7.81 ug of copper/g diet. All animals
were provided with distilled, deionized drinking water.
Body weight and food intake were measured weekly.
The termination of the experiment was based on
the time of death of the first rat. This occurred during
the fifth week in the rats fed 100% fructose-copper diet.
None of the animals in the other groups died. The study
was terminated following an overnight fast. Animals
were killed by decapitation and blood was collected into
heparinized test tubes. The blood was centrifuged at
2200g for 20 min at 4°C and the plasma was analyzed
for triglycerides, cholesterol, and ceruloplasmin. Eryth-
rocytes were used to determine copper-zinc-superox-
ide dismutase (EC 1.15.1.1) activity (12). Livers and
hearts were removed from the rats immediately after
they were killed and weighed, washed in ice-cold saline
solution, and homogenized with five volumes of 0.2%
Triton X-100 using a homogenizer equipped with stain-
less steel blades. Homogenate aliquots were extracted
to isolate copper-zinc-superoxide dismutase (13).
Plasma total cholesterol and triglycerides were de-
termined by enzymatic methods using the Centrifichem
System (Baker Instrument Co., Allentown, PA). Plasma

Table I. Experimental Groups

Carbohydrate in diet

Copper Sample  Group
Fructose Starch Glucose (#g/g) no. desjgnation
(%) (%)
62.8 7.06° 8  +Cu100F°
62.8 0.79 13 —Cu 100F°
314 314 7.52 8 + Cub08”
314 314 1.01 8 —Cubs08°
15.7 471 7.07 8 +Cu755%
15.7 47 1 0.98 8 —Cu758¢
314 314 7.42 8  +Cu50G"
314 314 0.96 8 —Cu50G
15.7 47 1 7.81 8 +Cu75G
15.7 471 0.89 8 —Cu75Gr

2 Copper level analyzed by atomic absorption.

> One-hundred percent fructose with copper.

¢ One-hundred percent fructose without copper.

9 Fifty percent fructose replaced by starch with copper.

¢ Fifty percent fructose replaced by starch without copper.
Seventy-five percent fructose replaced by starch with
copper.

9 Seventy-five percent fructose replaced by starch without
copper.

" Fifty percent fructose replaced by glucose with copper.
"Fifty percent fructose replaced by glucose without copper.

/ Seventy-five percent fructose replaced by glucose with cop-
per.

* Seventy-five percent fructose replaced by glucose without
copper.

ceruloplasmin activity (EC 1.16.3.1) was measured by
the use of O-dianisidine dihydrochloride (14). Copper-
zinc-superoxide dismutase activity was determined ac-
cording to the method of Misra and Fridovich (12).
Copper concentration in liver and heart was measured
following their digestion by a method combining wet
and dry ashing (15, 16). The ashed residue was dissolved
in 0.1 N HCI (15). Duplicate samples of the tissue
homogenates and of plasma were analyzed for copper
by flame atomic absorption spectrophotometry (model
5000; Perkin-Elmer, Norwalk, CT) (16). Bovine liver
1577a from the National Bureau of Standards Refer-
ence Materials (17) was digested and analyzed along
with samples to verify accuracy. The percentage of
recoveries for copper was 98.5%.

Statistics

Data were analyzed by analysis of variance (AN-
OVA) using the SAS software system for data analysis
(18). In all of the statistical comparisons, difference
with P < 0.05 were considered to be significant.

Results

The effects of carbohydrate type with or without
copper on final body weight, food intake, and relative
organ sizes are shown in Table II. The animals fed
fructose without copper had significantly lower food
intake and lower body weight as compared with those
fed fructose with copper. Copper deficiency did not
affect food intake in either level of the starch diets,
while it significantly reduced food intake in the animals
fed glucose as compared with their respective copper-
adequate animals. Copper deficiency did not change
relative liver weight and relative heart weight in the
starch-fed animals. However, copper deficiency signif-
icantly increased relative liver weight and relative heart
weight in the animals fed 100% fructose as well as those
fed glucose. The effect of copper deficiency on food
intake and relative liver weight was even greater in the
50% glucose than in the 75% glucose group. Relative
heart weight was equally increased by copper deficiency
in both glucose groups.

The effects of carbohydrate source with or without
copper on blood copper indices, cholesterol, and tri-
glycerides are presented in Table III. Erythrocyte cop-
per-zinc-superoxide dismutase activity was reduced in
all copper-deficient groups. However, there was a sig-
nificant carbohydrate difference in the degree of reduc-
tion in enzyme activity. Both starch groups had signif-
icantly higher erythrocyte copper-zinc-superoxide dis-
mutase activity than either the fructose or two glucose
groups. The enzyme activity in the glucose-fed animals
was further reduced when the diet contained more
fructose. Regardless of carbohydrate sources and their
combination levels, plasma copper was extremely lower
in all copper-deficient groups than their comparable

COPPER STATUS IN RATS 109



Table l. Effects of Carbohydrate Sources with or without Copper on Final Body Weight, Food Intake, and
Relative Organ Weights

Final body Food Relative liver Relative heart
Experimental groups weight intake weight weight
{s)] (g/day) (9/100 body wt) (9/100 body wt)

—Cu100F 258 £10.7¢ 123+ 1.1 474 +0.12 0.56 = 0.03
—Cub0G 288 £ 9.3 156+ 0.9 415+ 0.20 0.49 + 0.04
—Cub0S 29673 185+ 0.8 3.31 = 0.09 0.38 = 0.01
—-Cu75G 293+ 84 172+ 0.7 3.43+0.14 0.50 = 0.01
—Cu758S 305 9.7 194+ 0.6 3.05x0.04 0.37 £ 0.01
+Cu 100 F 314 £ 6.5 205+0.9 3.47 £ 0.08 0.37 = 0.01
+Cu 50 G 303 = 15.0 17.7 £ 0.9 3.04 £0.14 0.37 = 0.02
+Cu 50 S 294 £ 72 16.6 £ 1.3 3.12 = 0.02 0.36 = 0.01
+Cu75G 307 £ 6.9 202+03 2.98 = 0.07 0.37 = 0.01
+Cu758S 294+ 48 196 = 0.6 3.08 = 0.08 0.35 = 0.01
Sources ANOVA

Carbohydrate NS 0.0033 0.0001 0.0001

Copper 0.0160 0.0001 0.0001 0.0001

Carbohydrate ratio NS NS 0.0001 NS

“Mean + SE.

Table Ill. Effects of Carbohydrate Sources with or without Copper on Blood Parameters

Erythrocyte Plasma
copper-
Experimental zinc-
groups superoxide Copper Ceruloplasmin Cholesterol Triglycerides

dismutase (ugy/dl) (units/liter) (mg/dI) (mg/dl)

(units/ml)
—~Cu 100 F 75+ 9 5+09 ND® 216 =13 146 + 26
—Cub50G 79+ 9 5+05 ND 192 + 14 879
—Cub08S 137+ 6 8+07 ND 1024 52+ 6
—Cu75G 102 + 16 10+ 04 ND 155 + 11 68+6
—-Cu758 166 = 15 11+15 ND 92+5 47 + 4
+Cu 100 F 399 + 48 83+24 204 £ 4.0 128 + 6 99 +8
+Cu 50 G 349 = 17 98 £ 29 187 =13 121 £ 3 64 +12
+Cu 50 S 522 + 54 109 =13 312+ 17 108 £ 5 47 £ 4
+Cu75G 375 £ 27 51 +6.5 149 + 30 101 £ 11 614
+Cu 758 397 = 15 139+ 7.6 300 £ 15 101 £5 48 +5

ANOVA
Carbohydrate 0.0003 0.0206 0.0001 0.0001 0.0010
Copper 0.0001 0.0001 0.0001 0.0001 NS
Carbohydrate ratio NS 0.0282 NS 0.0001 0.0310
“Mean =+ SE.

® Nondetectable.

copper-adequate groups. The ranges of plasma copper
in the copper-deficient groups are 5 through 11 pg/dl,
whereas they are 51 through 139 ug/dl in the copper-
adequate groups. The animals fed 50% glucose-copper
had as low plasma copper as those fed 100% fructose-
copper. Ceruloplasmin activity was not detected in all
copper-deficient groups. Among the copper-adequate
groups, both starch groups had the highest plasma
copper level and ceruloplasmin activity, which such
activity was lowest in the glucose groups.

All copper-adequate rats had similar concentra-
tions of plasma cholesterol. Copper deficiency signifi-
cantly increased plasma cholesterol in the animals fed
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fructose as well as glucose, although it did not affect
plasma cholesterol in the animals fed starch (Table III).
As fructose content increases in the glucose-copper,
plasma cholesterol was also increased, i.e., 192 mg/dl
in 50% glucose-copper vs 155 mg/dl in 75% glucose-
copper. This difference did not exist in the starch
groups. Plasma triglycerides were also lower in all four
starch groups, while 1t was greatest in the fructose
groups. Plasma triglyceride levels were 1.5 times as high
in 100% fructose-copper than in 100% fructose plus
copper.

The effects of carbohydrate sources with or without
copper on hepatic and cardiac copper and copper-zinc-



superoxide dismutase activity are shown in Table IV.
As expected, copper deficiency significantly reduced
hepatic copper in all copper-deficient groups. However,
there was a significant carbohydrate effect on hepatic
copper among the copper-deficient groups. Hepatic
copper of the animals fed starch-copper was twice as
great as that of those fed either 100% fructose-copper
or 50% glucose-copper. Furthermore, hepatic copper
was lower in 50% glucose-copper than in 75% glucose-
copper rats. Hepatic copper-zinc-superoxide dismutase
activity showed a similar pattern. Copper deficiency
decreased copper-zinc-superoxide dismutase activity
sharply in all copper-deficient groups. However, the
degree of reduction was dependent on the carbohydrate
source. The enzyme activity was 2- to 3-fold greater in
starch-copper than either in glucose-copper or fructose-
copper. In the copper-adequate groups, cardiac copper
was greatest in the starch groups, while it was lowest in
the fructose groups. Cardiac copper in the copper-
deficient groups was reduced by approximately 50%
compared with copper-adequate groups. Regardless of
different cardiac copper levels in the copper-deficient
groups, copper-zinc-superoxide dismutase activity was
almost equally reduced by copper deficiencies in all of
those groups.

Discussion

The rats fed fructose diets deficient in copper ex-
hibited depressed food intake, increased liver and heart
weights, plasma cholesterol and triglycerides, decreased
erythrocyte copper-zinc-superoxide dismutase activity
and plasma copper, undetectable activity of ceruloplas-
min, decreased hepatic and cardiac copper and copper-
zinc-superoxide dismutase activity. These results are
well in agreement with the previous studies (1-6). How-

ever, when dietary fructose was partially replaced by
starch, these undesirable interactions improved signifi-
cantly. The striking finding of the present study was
that copper levels of tissue and plasma copper and the
activity of copper-zinc-superoxide dismutase increased,
and plasma lipids decreased to a much greater extent
when fructose was replaced by starch rather than glu-
cose. Moreover, the 50% starch-replaced diet was more
effective in minimizing copper deficiency than the 75%
glucose-replaced diet. The improvement of undesirable
interaction between fructose and copper deficiency
shows a dose response of glucose or starch replacement.

It has been generally assumed that glucose and
starch, a polymer of glucose, behave similarly in the
metabolism. However, the statement is not true in the
copper-deficient rats fed a mixture of fructose and
glucose or a mixture of fructose and starch as the
carbohydrate source. Starch feeding improved copper
deficiency a greater extent than did glucose feeding.
The mechanism of this difference is not clear at this
time. However, one possible explanation may be the
difference in daily food consumption among the
groups. The severest reduction in food intake was ob-
tained in the animals fed 100% fructose-copper who
had the severest copper deficiency; followed by the
animals fed 50% glucose-copper who had the second
severest copper deficiency; and, again, followed by those
fed 75% glucose-copper who had the third severest
symptoms. This mechanism can be supported by an
acute reduction of food intake in the rat who died
during the experiment. The mechanism is also sup-
ported by the conflict results in hepatic copper content
of rats fed copper-adequate diet containing glucose or
starch diet between the present study and other studies
(2, 3, 19). In the present study, the hepatic copper

Table IV. Effects of Carbohydrate Sources with or without Copper on Hepatic and Cardiac Parameters

Liver Heart
Experimental
groups Copper Copper-zinc-superoxide Copper Copper-zinc-superoxide
(ng/9) dismutase (units/g) (#9/9) dismutase (units/g)
—Cu 100 F 1.67 + 0.07° 116 = 12 238+ 0.18 36 + 8.5
—-Cu50G 1.59 + 0.10 101 £ 18 3.14 +£0.22 38 +10
—Cub0S 3.13+0.18 292 + 48 3.40 = 0.14 35+6
-Cu75G 2.35+0.30 158 = 34 3.23+0.23 43+ 10
—Cu758 3.58 £ 0.22 390 = 98 436 + 0.24 59 + 11
+Cu 100 F 5.47 £0.40 827 £ 109 4.87 + 0.45 141 £ 20
+Cu 50 G 5.93 +0.08 1036 + 29 6.77 = 0.31 157 + 8.3
+Cu 508 5.80 = 0.14 1007 £ 29 7.19 £ 0.53 162 = 10
+Cu75G 6.47 = 0.24 876 + 98 6.60 = 0.45 119+ 11.7
+Cu 758 5.94 + 0.30 991 + 33 8.21 £0.35 107 = 14
Sources ANOVA
Carbohydrate 0.0001 0.0003 0.0001 NS
Copper 0.0001 0.0001 0.0001 0.0001
Carbohydrate ratio 0.0065 0.0492 0.0051 NS
“Mean + SE.
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content was greater in the glucose group who consumed
more food as compared with those fed starch. However,
this was reversed along with food intake in those studies
(2, 3, 19). Therefore, the reduction in food intake may
be the critical factor in the interaction between fructose
and copper deficiency. The reason for reduction of food
intake in the copper-deficient rats fed fructose or glu-
cose is not clear at this time.

In a recent study (20), the greater ratio of sorbitol
to copper was reported in the liver and kidney of male
rats consuming the copper-deficient fructose diet as
compared with the copper-deficient starch diet. If sor-
bitol binds with copper (21) and forms a stable complex,
then the complex copper will be unavailable for utili-
zation. The diluting of fructose by starch combined
with the positive metabolic changes associated with
dietary starch may reduce sorbitol production and its
accumulation in vital tissues. If sorbitol does chelate
Cu+, its reduction would make more copper available
for utilization. However, glucose replacement showed
less efficiency when compared with starch replacement.
This finding may be supported by the abnormal stim-
ulation of the polyol pathway. The polyol pathway is
normally a minor pathway of glucose metabolism (22.
23) which assumes a major role under certain patho-
logic conditions. The polyol pathway has been reported
to be elevated in normal rats consuming fructose (24)
and in diabetes (25, 26) where due to hyperglycemia,
the flux of glucose through the polyol pathway is greatly
augmented, leading to intracellular accumulation of
sorbitol (23, 25, 26).

Until recently, free fructose was found in small
amounts in the American diet. Due to the introduction
of high fructose corn syrup in 1970 (28), fructose is
becoming a major dietary ingredient (29, 27), account-
ing 10-12% of total calories. A recent U.S. diet study
also indicated that dietary copper intake was approxi-
mately 50% of the Recommended Dietary Allowance
(RDA), ranging from 38% through 70% (29).

Due to these dietary patterns, the fructose-copper
interaction observed in rats could have a great relevance
in human nutrition. The dietary regime in the present
study approximates human dietary carbohydrate con-
sumption. In the diet 50% starch with 50% fructose,
each carbohydrate provides 30.0% of the total calories.
In the 75% starch with 25% fructose, starch accounts
45.0%, and fructose, 15.0%, respectively. The result of
this study shows that starch consumption at these levels
would ameliorate the fructose-copper interaction in
humans.
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