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Abstract. Two studies were conducted to determine whether hepatic iron overload in
rats fed fructose plays a role in the exacerbation of the signs associated with copper
deficiency. When fed the adequate iron diet (50 ug Fe/g), copper-deficient rats fed
either fructose or starch exhibited hepatic iron overload of similar magnitude. However,
only livers of copper-deficient rats fed fructose exhibited the presence of high peaks
associated with an iron compound detected by electron spin resonance. In addition,
only copper-deficient rats fed fructose developed anemia, pancreatic atrophy, and heart
hypertrophy with histopathologic changes, and they died prematurely of heart-related
abnormalities. Lowering dietary iron from 50 .g/g to 30 »g/g was not sufficient to protect
the animals against the pathologic consequences of copper deficiency. In contrast, the
consumption of a fructose diet inadequate in both copper (0.6 »g/g) and iron (17 xg/g)
resulted in the reduction of hepatic iron, which in turn caused the amelioration of the
deficiency, compared with rats fed the adequate iron (50 ug/g) diet. None of these rats
developed pancreatic atrophy, none exhibited myocardial lesions, and none died of the
deficiency. Electron spin resonance spectra of their livers did not show the presence of
free radicals. The data suggest that hepatic iron overload plays a role in the exacerbation

of copper deficiency only when fructose diets are consumed.

[P.S.E.B.M. 1993, Vol 202]

the sex of the rat, copper-deficient rats exhibit

hepatic iron overload (1-7). Iron under certain
conditions has been shown to play a major role in the
pathogenesis of numerous diseases (8—11). It generates
free radicals and accelerates lipid peroxidation (8-11).
We have shown repeatedly that copper-deficient
rats fed either fructose or starch-based diets exhibit
hepatic iron accumulation compared with their copper-
adequate controls (12, 13). However, only copper-de-
ficient rats fed fructose exhibit anemia and, heart hy-
pertrophy with histopathologic changes, and they die
prematurely of heart-related abnormalities. In contrast,

Regardless of the type of dietary carbohydrate or
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copper-deficient rats fed starch are protected against
these abnormalities and they survive (14, 15). In a
recent study, we demonstrated that it is not the absolute
concentration of hepatic iron, but rather it is the redox
state of iron, that plays a role in the exacerbation of
copper deficiency when fructose is fed. This conclusion
was derived from the spectra of electron spin resonance
(ESR) of livers of copper-deficient rats fed fructose (13).
Although similar levels of hepatic iron were observed
in copper-deficient rats fed either fructose or starch,
only those fed fructose demonstrated the ESR spectra
of a very high peak of an iron compound, which con-
firmed the presence of free radicals. Such a peak was
absent in the livers of the starch-fed, copper-deficient
rats (13). These results confirmed our hypothesis that
iron played a role in the severity of copper deficiency
in rats fed fructose. The purpose of a subsequent study
was to reduce hepatic iron accumulation in rats fed
fructose. This was achieved by the daily injection of
deferoxamine. Deferoxamine is an iron-chelating drug
that has been proved to be successful in reducing iron
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overload both in experimental animals and human
beings (16, 17). Indeed, deferoxamine reduced hepatic
iron concentration, which in turn ameliorated the pa-
thology of copper deficiency when fructose-based diets
were consumed (13). No pathologic changes could be
found in the hearts of copper-deficient rats fed fructose,
and the animals survived.

However, a reduction of hepatic iron could also be
achieved by simply lowering the intake of dietary iron.
This noninvasive approach should result in a reduction
of hepatic iron, which in turn should ameliorate the
deficiency. This study reports data from two studies. In
the first, lowering dietary iron from 50 ug Fe/g diet to
30 ug Fe/g diet resulted in a moderate amelioration of
the signs associated with the deficiency in rats fed
fructose. In these animals, the levels of dietary iron (30
ug/g) were not sufficient to reduce hepatic iron to the
corresponding levels of copper-adequate rats. We con-
cluded that lower concentrations of dietary iron were
necessary to further reduce hepatic iron overload in
copper-deficient rats fed fructose to prevent the pathol-
ogies associated with the deficiency.

Recently, Johnson and Gratzek (4) fed rats copper-
deficient and -adequate diets that were also either defi-
cient (8 ug Fe/g) or adequate in iron. The consumption
of the low iron diet by the copper-deficient rats resulted
in a lower hepatic iron concentration than that in their
copper-adequate controls. In addition, copper-adequate
rats that were fed the low iron diet were anemic (4).
This low dietary iron regimen is too severe for the
purpose of our study. Our goals were to prevent hepatic
iron overload and to lower hepatic iron concentration
in copper-deficient rats fed fructose to the same
concentration of hepatic iron that is present in copper-
adequate controls. Therefore, a second study was
conducted in which 17 ug Fe/g diet was fed to copper-
deficient rats fed fructose.

Materials and Methods

Study |. Weanling male Sprague-Dawley rats
weighing 40-45 g each were fed copper-deficient (0.6
ug Cu/g diet) or -adequate (6.0 ug Cu/g) diets contain-
ing fructose or starch for 5 weeks. The diet consisted of
the following ingredients (g/kg): 627 carbohydrate as
fructose or corn starch, 200 egg white, 95 corn oil, 30
nonnutritive fiber (cellulose), 35 AIN salt mix (18),
prepared in our laboratory and formulated to omit
cupric carbonate from the mineral mix, 2.7 choline
bitartrate, and 10 vitamin mix AIN 76A (19) supple-
mented with 2 mg biotin/kg diet. The copper-adequate
diets were prepared by adding copper carbonate to the
copper-deficient mineral mixture to produce a final
concentration of 6.0 ug Cu/g diet. The iron content of
the diets was either 50 ug Fe/g or 30 ug Fe/g (low Fe).
The study was terminated after the rats had been fed
their respective (adequate Fe) diets for 5 weeks due to

the mortality of the first rat that consumed the fructose
diet deficient in copper.

Statistical analyses. All data were subjected to a 2
X 2 X 2 analysis of variance (20), two levels of Cu, two
levels of Fe, and two types of dietary carbohydrate.
Main effects and interactions of significance level of P
< 0.05 were considered statistically significant.

Study Il. Fifty weanling male Sprague-Dawley rats
weighing approximately 40-45 g each were randomly
divided into five dietary groups according to levels of
copper and iron and type of carbohydrates. The diets
contained 62% carbohydrate as fructose or starch. The
composition of the diets was described above (Study I).
All diets were either inadequate (0.6 ug Cu/g diet) or
adequate in copper (6.0 ug Cu/g).

All rats in Groups 1-4 consumed a diet that was
adequate in iron (50 ug Fe/g diet). Rats belonging to
the fifth group consumed a diet that was low in iron
(17 ug Fe/g) (Group 1: fructose — copper (—Cu) and
adequate in iron, 50 ug Fe/g; Group 2: starch — copper
(—Cu) and adequate iron; Group 3: fructose + copper
(+Cu) and adequate iron; Group 4: starch + copper
(+Cu) and adequate iron; and Group 5: fructose —
copper (—Cu) and low in iron, 17 ug Fe/g).

There was no justification for feeding the copper-
adequate or copper-deficient rats that consumed starch
the low iron diet because these animals did not exhibit
pathologic changes. When fed a low iron diet, these
animals developed anemia (4), but feeding a low iron
diet to copper-deficient rats that consume fructose
should have ameliorated the anemia and protected the
rats against the severity of copper deficiency.

During the fifth week, three rats fed the fructose
diet deficient in copper but adequate in iron died. The
remaining rats from this dietary group were sick and
emaciated. This forced us to terminate the study pre-
maturely. Since none of the copper-deficient rats con-
suming the low iron diet that contained fructose died
during the fifth week of the study, we decided to extend
the duration of the study and keep five rats alive for an
additional 3 weeks. However, this meant that no fruc-
tose-fed, copper-deficient rats consuming the adequate
iron diet could be used as a comparison. The copper-
deficient group that consumed starch was chosen to
serve as a control. This was justified by the consistent
results obtained from our numerous studies (12-15).
Namely, except for having a reduced copper status, the
rats of the starch — copper (—Cu) dietary group behaved
like copper-adequate rats. They did not exhibit abnor-
malities in either biochemical, physiologic, or metabolic
functions. They never developed anemia, their hearts
did not develop severe pathologic changes, and they
survived (12-15).

In both Studies I and II, blood was collected for
hematocrit. Livers were removed and weighed, and
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portions were taken for the analysis of copper and iron
(21).

Histologic studies. Hearts and pancreata were re-
moved, weighed, and fixed in Carson’s modified Mil-
lonig’s phosphate-buffered fomalin. After fixation, a
hemisection of the heart and half of the pancreas were
processed and embedded in paraffin in the usual man-
ner and stained with hematoxylin and eosin, periodic
acid-Schiff, and Gomori’s trichrome for light micros-
copy.

ESR study. Livers and hearts were frozen in dry ice
and stored at —70°C. The 9.1-GH,, 77-K liver and heart
samples were prepared by pressing the tissue into pre-
cision pore Pyrex molds (i.d., 4 mm; length, 3 cm)
freezing the tissue, and warming the mold until the
frozen tissue cylinder could be extracted. These speci-
mens were analyzed in a fingertip Dewar. The ESR
spectra were obtained on a varian E-9 spectrometer at
the National Biomedical ESR Center in Milwaukee,
WI.

Statistical analyses. Data from 5 weeks and 8 weeks
were separately analyzed. Data for 5 weeks were sub-
jected to (i) a 2 X 2 analysis of variance (20) with two
levels of copper (—Cu and +Cu) and two types of dietary
carbohydrate (fructose and starch). Data from the 8-
week study, were analyzed by one-way analysis of var-
iance with Duncan’s use for mean separations compar-
ing starch minus Cu and adequate iron with fructose
minus Cu low iron diet.

Results

Study I. All animals belonging to the fructose mi-
nus copper dietary group were thin, with roughened,
dry, dull coats. The copper-deficieat rat fed fructose
that died prematurely exhibited clotted blood in the
chest cavity. The hemorrhage originated from a rupture
at the left ventricular apex, with blood leaking from a
torn pericardium into the right thorax.

Body weight, relative tissue sizes, and hematocrit
of rats fed the copper-deficient and -adequate diets
containing 50 ug Fe/g and 30 ug Fe/g are summarized
in Table 1. Copper deficiency resulted in a reduced
body weight only in rats fed fructose. The consumption
of the copper-deficient diet containing fructose and low
in iron resulted in a greater body weight compared with
rats fed the adequate iron diet. Heart size was increased
only in copper-deficient rats fed fructose. Liver size was
larger in fructose-fed rats than in starch-fed rats, and it
was further increased by copper deficiency. Copper
deficiency reduced epididymal fat pad size. The lowest
epididymal fat pad size was found in copper-deficient
rats fed fructose. Low dietary iron resulted in an in-
creased epididymal fat pad in rats fed fructose.

Pancreatic atrophy occurred only in copper-defi-
cient rats fed fructose. The consumption of the low iron
diet inadequate in copper increased the size of the

pancreas compared with copper-deficient rats that con-
sumed the adequate iron diet.

Hepatic copper and iron concentrations and hem-
atocrits are presented in Table II. All copper-deficient
rats had a reduced concentration of hepatic copper
compared with copper-adequate controls. Except for
copper-deficient rats fed fructose, the consumption of
a low iron diet resulted in an increased concentration
of hepatic copper. All copper-deficient rats exhibited a
significant increase in hepatic iron concentration when
compared with copper-adequate rats. Copper-deficient
rats fed starch had the highest concentration of hepatic
iron. Copper deficiency in combination with low iron
intake resulted in a reduced hepatic iron concentration.
Only copper-deficient rats fed fructose were anemic.
The anemia was ameliorated by the consumption of
the low iron diet. All other rats, when fed the low iron
diet, exhibited low hematocrits.

Study Il. Three rats fed the fructose diet deficient
in copper and adequate in iron died during the fifth
week of the study. In contrast, none of the copper-
deficient rats that had been fed fructose with low iron
content died during the study. Likewise, no mortality
occurred in the starch minus copper (—Cu) group.

Body weights, relative organ sizes, hematocrit, and
mortality of rats fed their respective diets for 5 weeks
are presented in Table III. In iron-adequate rats, fruc-
tose feeding in combination with low copper intake
resulted in lower body weights as compared with all
other rats. Hematocrit was reduced by copper defi-
ciency in rats fed fructose. Liver and heart sizes were
larger, but the pancreas was smaller compared with all
other copper-deficient and -adequate rats.

The reduced intake of dietary iron (17 ug Fe/g) in
copper deficiency resulted in higher body weights and
smaller livers and hearts, but larger pancreata compared
with copper-deficient rats fed fructose and adequate in
iron. The anemia was ameliorated by the low dietary
iron.

Hepatic copper and iron concentrations are sum-
marized in Table IV. Copper deficiency was verified by
the reduced hepatic copper concentration compared
with copper-adequate controls. Fructose-fed, copper-
deficient rats had a reduced hepatic copper concentra-
tion compared with copper-deficient, starch-fed rats.
All copper-deficient rats exhibited hepatic iron over-
load, compared with copper-adequate rats. The reduc-
tion in the consumption of dietary iron resulted in an
increase of hepatic copper but a decrease in hepatic
iron when compared with copper-deficient rats fed an
iron-adequate diet containing fructose.

Data from the 8-week study are presented in Table
V. Rats fed starch weighed more than rats fed fructose.
No difference in liver, heart, or pancreas size could be
found between the two groups of rats. Hematocrit was
lower in rats fed fructose than in rats fed starch. None
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Table I. Body Weight and Relative Tissue Sizes of Male Rats Fed Adequate (50 ug Fe/g) and Low (30 ug Fe/g)

Iron Diets®
Relative organ sizes®
Body wt idi
(g) Heart Liver E;;;ciliirgal Pancreas
1 1 100
(/100 g) (/100 g) (/100 Q) (©/1009)

FR—Cu 206 + 8 0.52 £ 0.02 4.07 £ 0.26 0.60 + 0.05 0.35 + 0.06
FR—Cu low Fe 244 + 8 0.45 + 0.05 3.92+0.19 0.66 + 0.08 0.41 + 0.04
FR+Cu 2635 0.35 £ 0.01 3.16 £ 0.06 - 1.16 + 0.15 0.68 + 0.02
FR+Cu low Fe 260 + 8 0.35 £ 0.01 3.06 + 0.06 1.04 £ 0.11 0.65 + 0.03
ST—Cu 275+ 3 0.35+0.05 272 £0.39 0.96 + 0.08 0.54 + 0.02
ST—Cu low Fe 268+ 4 0.42 + 0.01 2.86 + 0.08 0.90 + 0.06 0.57 £ 0.02
ST+Cu 289 £ 10 0.36 + 0.01 2.98 + 0.03 1.22 +£0.12 0.56 + 0.03
ST+Cu low Fe 269+ 5 0.37 £ 0.01 2.68 + 0.08 0.91 + 0.04 0.55 + 0.03
Analysis of variance

Fe S NS NS NS NS

Cu S. S S S S

CHO S S S NS S

Cu X CHO S S ] S S

Cu x Fe S NS NS S S

Cu X Fe x CHO NS NS NS NS S

2 Abbreviation used in table: FR, fructose; ST, starch; S, significant; NS, not significant; CHO, carbohydrate.
2 Mean + SE of eight observations/group except for fructose minus Cu, which had seven.

Table ll. Hepatic Copper and Iron Concentrations
and Hematocrit in Rats Fed Adequate (50 ng Fe/g) or
Low (30 ug Fe/g) Iron Diets®

Copper Iron Hematocrit
(ng/g wet wt) (ug/g wet wt) (%)
FR—-Cu 110+ 0.14 134 +6.7 28+2
FR—Cu low Fe 0.79+0.10 119+9.6 34+2
FR+Cu 417 +£015 79+48 46 + 1
FR+Cu low Fe 483+019 50+26 42 +1
ST-Cu 147_010 171 £11.2 44 +1
ST—Cu low Fe 71+015 89+26 42 + 1
ST+Cu 454:014 94 +44 44 +1
ST+Cu low Fe 82+0.8 44 + 3.2 42 £1
Analysis of variance
Fe S S NS
Cu S S S
CHO S NS S
Cu x CHO NS NS S
Cu x Fe S NS S
CHO x Fe NS NS S
Cu X Fe X CHO NS S S

¢ Data are mean + SE of eight observations/group except for fructose
minus Cu, which had seven. Abbrevation used in table: FR, fructose;
ST, starch; S, significant; NS, not significant; CHO, carbohydrate.

of the animals died during this period. Hepatic copper
concentration was not affected by the type of dietary
carbohydrate. Hepatic iron was lower in rats fed the
low iron diet compared with those fed the copper-
deficient diet that was adequate in iron.

The pancreas of the copper-deficient rats fed fruc-
tose was atrophied, with destruction of acini accom-
panied by a mild inflammatory response and early
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fibrosis (Fig. 1). Acinar cells were depleted and the
number of zymogen granules was reduced. Ducts were
not obstructed and the islets of Langerhans were not
affected. Copper-adequate animals showed no pan-
creatic pathology. Likewise, the consumption of a fruc-
tose diet that was low in both copper and iron prevented
pancreatic atrophy and pancreatic pathology (Fig. 2).

Heart hypertrophy was evident in all copper-defi-
cient rats. However, the greatest heart size was found
in copper-deficient rats fed fructose. Autopsy of the
dead rats revealed clotted blood in the chest cavity due
to ruptured hearts in the area of the apex. All other rats
belonging to this dietary group exhibited heart hyper-
trophy with gross pathologic changes. The hearts
showed mild to severe myocardial inflammation, de-
generation, and fibrosis (Fig. 3). Aneurysms of the left
ventricle and pericarditis were also common. Myocar-
dial vessels did not demonstrate any atherosclerotic
changes or vasculitis. Although hearts from copper-
deficient rats fed starch and from copper-deficient rats
fed the fructose diet low in iron exhibited heart hyper-
trophy of moderate magnitude compared with copper-
adequate rats, no myocardial lesions could be demon-
strated (Fig. 4).

Only in those rats that consumed the fructose diet
deficient in copper but adequate in iron did the ESR
spectra of the liver show the presence of high peaks in
the area of g = 2.03 (Fig. 5a). This signal has an iron
center (22). None of the other rats exhibited high peaks
in this region. The reduced intake of iron in copper-
deficient rats fed fructose prevented the presence of this
high peak (Fig. 5¢). ESR of heart tissue revealed similar
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Table lll. Body Weight, Relative Organ Sizes, Hematocrit, and Mortality in Rats Fed Copper-Deficient
or -Adequate Diets Containing Fructose or Starch for 5 Weeks®

Relative organ sizes

Body wt Hematocrit - Mortality
© (%) Liver Heart Pancreas (%)
(9/100 g) (9/100 g) (9/100 g)
FR—Cu 191 £ 2 24+25 47+02 0.63 = 0.04 0.24 + 0.02 30
ST—Cu 277+ 5 44+14 3.0+0.2 0.46 = 0.03 0.51 = 0.02 0
FR+Cu 267+ 5 4 +15 3.8+ 0.1 0.31 £ 0.01 0.53 + 0.02 0
ST+Cu 285+ 3 45+1.2 2.8+0.02 0.35 £ 0.01 0.53 + 0.01 0
FR—Cu Fe inadequate 218 £ 4° 30+ 1.5° 3.7+01° 051002 033+0.05° 0
(17 g Fe/q)
Analysis of variance
Cu S S S S S
CHO S S S S S
Cu x CHO S S S S S

® Data are expressed as mean + SE. Abbreviations used in table: FR, fructose; ST, starch; S, significant; CHO, carbohydrate. All rats belonging
to the FR—Cu, ST—Cu, FR+Cu, and ST+Cu dietary groups consumed an adequate iron diet (50 ug Fe/g). Rats belonging to the FR—Cu low

Fe group consumed a diet containing 17 wg Fe/g.
® FR—Cu versus FR—Cu low Fe.

Table IV. Hepatic Copper and Iron Concentrations in
Rats Fed the Copper-Deficient or -Adequate Diets
Containing Fructose or Starch for 5 Weeks?

Copper Iron
(ng/g wet wt)  (ug/g wet wt)
FR—Cu 0.75 £ 0.09 150 + 14
ST-Cu 0.98 +£0.13 155 + 16
FR+Cu 472 +£0.23 80+3
ST+Cu 462 +0.25 85+4
FR—Cu Fe inadequate 0.94 = 0.10° 75+ 8°
(17 ng/g)

Analysis of variance

Cu S S

CHO S NS

Cu x CHO S NS

@ For details, see footnotes to Table Ill.
® FR—Cu versus FR—Cu low Fe.

spectra of the same magnitude for all animals (data not
shown). ESR of heart tissue from copper-deficient rats
fed fructose was not different from any of the other
dietary groups.

Discussion

As reported previously (14, 15), data from the two
studies reported here show that the type of dietary
carbohydrate greatly affected the severity of copper
deficiency. Starch feeding ameliorated the signs associ-
ated with the deficiency, but fructose aggravated them.
Only copper-deficient rats fed fructose were severely
anemic. Their pancreata were atrophied, and their
hearts exhibited gross pathologic changes. In addition,
only rats fed the fructose diet deficient in copper died
prematurely during both studies.

The reduced intake of dietary iron from 50 ug Fe/

Table V. Body Weight, Relative Organ Sizes,
Hematocrit, and Hepatic Copper and Iron
Concentrations in Rats Fed Copper-Deficient Diets for

8 Weeks*®
Starch—Cu Fructose—Cu
Fe adequate  Fe inadequate
(50 ng/9) (17 ug/9)
Body wt (9) 327 +10° 251 +4
Relative organ sizes
(9/100)
Liver 2.99 + 0.11 342 +£0.2
Heart 0.43 £ 0.01 0.47 £ 0.04
Pancreas 0.49 + 0.01 0.52 +0.03
Hematocrit (%) 45 + 1.1° 36+ 0.3
Hepatic copper 1.71 £0.29 1.48 = 0.11
(1g/g wet wt)
Hepatic iron 149 + 19° 91+5
(ug/g wet wt)
Mortality 0 0

? Data are expressed as mean + SE.
b Significantly different starch minus Cu versus fructose minus Cu
low Fe.

g diet to 30 ug Fe had only a moderate effect. Unfor-
tunately, in that study, hepatic iron concentrations were
not sufficiently reduced to the levels of hepatic iron of
copper-adequate controls. However, once dietary iron
was further reduced, by feeding the copper-deficient
rats a fructose diet that contained 17 ug Fe/g, the signs
associated with the deficiency were significantly amelio-
rated. The most dramatic effect was on rat survival.
None of the rats died during the study. This allowed us
to continue the experiment for an additional period of
3 weeks. By the eight week of the study, the anemia
was ameliorated, the pancreas was not atrophied, and
both the pancreas and the heart were devoid of pathol-
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Figure 2. Normal pancreas in fructose-fed, copper-deficient rat that
consumed the low iron (17 ng/g) diet.

ogy. These findings prove that iron plays a role in the
exacerbation of copper deficiency when fructose is fed.
However, it 1s not simply the absolute concentration of
iron that induces pathologic changes. Copper-deficient
female rats exhibit a higher concentration of hepatic
iron than males. Their livers do not generate free radi-
cals and they are protected from the lethal consequences
of copper deficiency (23). As in our previous publica-
tion (13), a high peak at g = 2.03 was present only in
the livers of rats fed the copper-deficient diet containing
fructose. The redox state of the g = 2.03 signal, which
has an iron center (22), is the signal that is changing
due to the presence of a high concentration of hepatic
iron in copper-deficient rats fed fructose. The magni-
tude of the peaks at g = 2.03 in copper-deficient male
rats consuming fructose were between 6- and 9-fold the
magnitude of all other peaks at g = 2.03 obtained from
rats belonging to other dietary groups, including the
low-iron-fed rats. A change in the redox state of iron
may result in the generation of free radicals. By either
consuming a starch-based diet or by lowering dietary

T 3
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Figure 3. Focal lesions in the myocardium of fructose-fed, copper-
deficient rat.

Figure 4. Normal-appearing myocardium in fructose-fed, copper-
deficient rat that consumed the low iron (17 ng/g) diet.

intake of iron, this high peak was absent (Fig. 5, b and
e). Once hepatic iron overload was prevented, and free
radicals were absent, iron became more available for
utilization. Indeed, the anemia was ameliorated, which
in turn prevented heart hypertrophy. Once the anemia
was prevented, no heart pathology could be demon-
strated in copper-deficient rats fed fructose (12). In
addition, histologic examinations of the hearts could
not reveal any lesions once the levels of dietary iron
were reduced. Likewise, by reducing hepatic iron with
deferoxamine in copper-deficient rats fed fructose, the
severity of the deficiency was ameliorated, the anemia
was prevented, no heart pathology could be demon-
strated, and the animals survived (13).

The intake of low dietary iron in combination with
copper deficiency in rats fed fructose resulted in the
prevention of hepatic iron overload. Hepatic iron over-
load is a constant feature of copper deficiency (1-7).
Indeed, copper-deficient rats fed starch also exhibited
hepatic iron overload. However, iron by itself is harm-
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Figure 5. (a) Typical ESR spectra of liver from a copper-deficient rat fed fructose diet deficient in copper. (b) Typical ESR spectra of liver from
a copper-deficient rat fed the starch diet deficient in copper. (c) Typical ESR spectra of liver from a copper-deficient rat fed the fructose diet
adequate in copper. (d) Typical ESR spectra of liver from a copper-deficient rat fed the starch diet adequate in copper. (e) Typical ESR spectra
of liver from a copper-deficient rat fed the fructose diet deficient in copper and low in iron.

less, but it becomes toxic under certain redox environ-
ments (8-11). When copper-deficient rats are fed starch,
the concentration of hepatic iron is also elevated com-
pared with copper-adequate rats. However, the redox
state of iron that is stored in the livers of copper-
deficient rats fed starch does not generate a high ESR
signal, and their iron can be utilized. Indeed the starch-
fed, copper-deficient animals do not develop anemia.
However, if fructose metabolism, which occurs primar-
ily in the liver, creates a different redox state than starch,
iron overload will generate free radicals that are capable
of causing tissue injury (9-11). In support of this con-
tention is the finding that fructose-fed copper-deficient
rats exhibited a greater degree of lipid peroxidation
than copper-deficient rats fed starch (24). Once hepatic
iron concentrations in copper deficiency can be reduced
to the same concentration of hepatic iron as in copper-
adequate controls, the copper-deficient rats fed fructose
should be protected against the toxicity of copper defi-
ciency.

Pancreatic atrophy is a constant feature of copper
deficiency in rats fed fructose-based diets (25-28). The
reduction of dietary iron prevented iron accumulation
in the pancreas, which in turn prevented pancreatic
pathology.

It is interesting to note that although heart pathol-
ogy is a constant feature of copper deficiency in rats
fed fructose, this pathology is not caused by free radi-
cals. Free radicals were absent from the hearts of rats
fed the copper-deficient diet containing fructose. In
addition, ESR of the myocardium was similar in the
hearts of copper-deficient rats fed fructose with ade-
quate iron (50 ug/g) and in those fed the low iron diet
(17u), although heart pathology was prevented in the
latter group. In contrast, once dietary iron was lowered,
hepatic free radicals were prevented, heart tissue was
devoid of pathology, and the animals survived. Since
the metabolism of fructose occurs mainly in the liver,
the liver and not the heart should be sensitive to changes
in the redox state of iron. Although an increasing
number of reports describe the role of active oxygen
species in the development or exacerbation of various
types of diseases (10, 11), free radicals do not seem to
play a role in heart pathology in copper deficiency. It
is suggested that the reduction of cardiac hypertrophy
in copper-deficient rats fed fructose-containing diets by
the antioxidant compound ¢-butylhydroquinone (29)
was due to the ameliorating effect of the anemia rather
than to its effect as an antioxidant. The administration
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of the spin trap agent N-tert-butyl-a-phenylnitrone to
copper-deficient rats fed fructose did not have any effect
(data not shown).

sen

In contrast to most researchers, the study by Wei-
berg et al. (30) showed that copper-deficient rats

exhibited lower liver iron than their copper-adequate
controls. The administration of iron prevented the ane-
mia in these animals (30). However, some researchers
claim that high dietary iron does not reverse the anemia
in rats (31, 32), cattle (33), and humans (34-37). This
controversial subject requires additional consideration
and research.
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