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Male and female rats were used to investigate the effects of type of dietary carbohydrate (CHO), copper, and ethanol
consumption on lung antioxidant enzyme activities and levels of phosphorylated compounds in whole blood. Copper-deficient
female rats exhibited a greater degree of copper deficiency than males, as assessed by hepatic copper concentration and
hepatic copper superoxide dismutase (CuSOD) activity. However, copper-deficient male rats fed fructose-containing diets
exhibited greater growth retardation, anemia, and heart hypertrophy than females consuming the same diets and males fed
starch. In addition, one of 10 copper-deficient male rats that ate a fructose-based diet and drank water and one of 10
copper-deficient male rats that ate a starch-based diet and drank ethanol died. Copper-deficient, starch-fed males exhibited the
highest activities of glutathione peroxidase (GSH-Px) and catalase as compared with fructose-fed rats. Ethanol consumption
elevated the activities of GSH-Px and catalase. Copper-deficient female rats exhibited higher catalase but lower GSH-Px
activities than males. It is suggested that in copper deficiency, the ability to increase antioxidant enzyme activities in rats
consuming starch is greater than in rats consuming fructose. Rats fed starch are provided with a greater degree of protection
against oxidative damage than rats fed fructose. In addition, polyphosphorylated compounds in blood were reduced in

copper-deficient male rats that consumed fructose-based diets. This may impair supply of oxygen to tissues.
This is a US government work. There are no restrictions on its use.

OPPER IS A COMPONENT of the enzyme superox-
ide dismutase (CuSOD), which plays a major role in
the defense against oxygen radicals derived from superox-
ide, hydroperoxyl, hydroxyl, and singlet oxygen by dismutat-
ing the superoxide.! In dietary copper deficiency, activity of
this enzyme is decreased, leading to generation of oxygen
radicals that are responsible for peroxidative damage to
tissues.¢ Other factors such as the type of dietary carbohy-
drate (CHO) and the sex of the animal studied play a role in
the expression of pathological changes in copper deficiency.
When the diet contains sucrose or fructose, copper-
deficient rats develop severe pathological changes and die
of the deficiency.” In contrast, when the diet contains
complex CHOs such as starch, pathologies are either
prevented or ameliorated and rats survive.” In addition,
when female and male rats consume the same copper-
deficient diet containing fructose, males are more suscep-
tible to the lethal consequences of copper deficiency than
females. 1011

We have recently reported that only in male rats fed a
fructose diet deficient in copper were free radicals detected
in the liver by electron-spin resonance.!>!® No free radicals
were detected in livers of females fed the same copper-
deficient diet.l> We have also reported that livers of males
fed a copper-deficient diet containing starch did not gener-
ate free radicals.’? These results may indicate different
responses of the antioxidant defense system to free radical
challenge imposed by the type of dietary CHO and the
gender.

Other dictary agents or deficiencies in addition to copper
deficiency can be responsible for generating free radicals
and tissue damage. The addition of ethanol in vitro de-
creases CuSOD activity.!4 It has been suggested that
production of oxygen radicals during oxidation of acetalde-
hyde is the factor responsible for ethanol-induced liver
pathology.!>16

We have recently reported that ethanol consumption
mimicked the effects of fructose in copper deficiency.'?!®
The effects of ethanol consumption and of copper-deficient
diets containing fructose on metabolic and physiological
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indices are remarkably similar.'? When copper-deficient
rats ate starch, they usually did not exhibit pathological
changes. However, when they drank ethanol, they devel-
oped pathologies similar to those exerted by the combina-
tion of fructose feeding and copper deficiency. These
changes included growth retardation, anemia, pancreatic
atrophy, heart hypertrophy, and mortality.!71#

Copper deficiency is accompanied by changes in metabo-
lism and properties of connective-tissue proteins such as
elastin and collagen.!® This effect is due to the role that
copper plays in lysyl oxidase.02! Lysyl oxidase is involved in
cross-linking of collagen and elastin. It is responsible for
initiation of the cross-linking process in collagen and elastin
by oxidizing certain lysyl residues to aldehydes.?®?! It is
expected that nutritional copper deficiency is accompanied
by degenerative changes in the tensile and elastic proper-
ties of connective tissues.?224

We chose to characterize antioxidant properties of lung
tissue for two reasons. First, the lung is extremely suscep-
tible to copper deficiency. Activities of antioxidant enzymes
in lung tissue are lower than in liver even in copper-
adequate rats.>® The alveolar epithelial surface is under
constant exposure to high oxygen pressure, as well as other
oxidizing substances in ambient air.6 These agents induce
oxidative stress, making the lung highly susceptible to free
radical generation. For that reason, lung epithelial-lining
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fluid possesses an antioxidant activity that may be impor-
tant in protecting the lung against oxidant injury. In
copper deficiency, this protection may be impaired.?’-3!

Second, the lung provides a good model of connective
tissue. The microscopic structure of the alveolar walls
consists of an extremely rich intertwining network of
anastomotic capillaries that are supported by a delicate
fibrous stroma enriched by elastic fibers. For these reasons,
the lung of the copper-deficient rat has been proposed as a
model for developmental pulmonary emphysema.?” Morpho-
logical and physiological responses of the lung to copper
deficiency and to hyperoxia have been well documented.?’-3!

However, changes in collagen and elastin are not the only
contributing factors that could affect lung integrity and
performance in copper deficiency. The metabolism and
function of the red blood cell have shown the importance of
its metabolism in contributing to the maintenance of
adequate oxygen delivery. In a variety of diseases, such as
lung disease and various types of anemias, an adaptive
mechanism has to act to increase oxygen delivery to the
tissues when less oxygen is available. In the case of certain
anemias, the increased reticulocytosis will lead to a red
blood cell population enriched in 2,3-diphosphoglyceric
acid (2,3-DPG).3>3* Abnormal concentrations of polyphos-
phate compounds such as adenosine triphosphate (ATP)
and 2,3-DPG could modulate oxygen transport, which in
turn could affect respiratory pulmonary physiology.3>3*

In general, most researchers use only one type of dietary
CHO and only one sex of animals. In the case of copper
research, the type of dietary CHO,%* ethanol,'”-'8 and sex of
the rat!®!l play important roles in the expression of signs
associated with copper deficiency such as anemia, heart
hypertrophy, heart pathology, and mortality. The purpose
of this study was to determine whether type of dietary
CHO, ethanol consumption, and copper deficiency affect
activities of antioxidant defense enzymes in lung tissue and
levels of polyphosphate compounds in whole blood of male
and female rats.

MATERIALS AND METHODS

One hundred sixty weanling Sprague-Dawley male and female
rats weighing approximately 40 to 45 g each were purchased from
Harlan-Sprague-Dawley (Indianapolis, IN). All rats were housed
individually in suspended stainless steel cages in quarters main-
tained at 20°C and 55% relative humidity with a 12-hour light/dark
cycle. They were fed a copper-deficient (0.6 pg Cu/g diet) or
copper-adequate (6.0 ng Cu/g) diet containing 627 g/kg CHO as
either starch or fructose, with 200 g/kg egg white solids, 95 g/kg
corn oil, 30 g/kg nonnutritive fiber (cellulose), 35 g/kg AIN-76 salt
mix formulated in our laboratory to omit cupric carbonate,? and 10
g/kg AIN-76A vitamin mix* supplemented with 2 mg biotin and
2.7 g choline bitartrate. Copper-deficient diets contained 0.6 pg
Cu/g diet as determined by atomic absorption spectrophotometry.
Copper-adequate diets were prepared by adding copper carbonate
to the copper-deficient mineral mixture to produce a final concen-
tration of 6.0 pg Cu/g diet. All rats had free access either to
distilled deionized drinking water or to ethanol solution. All groups
had 40 rats. Half of the rats from each dietary group were trained
to drink an ethanol solution beginning on the day after arrival by
slowly increasing the ethanol concentration from 7% to 20% over a
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period of 8 days. Rats were weighed and diet and liquid intake were
measured weekly. The study was terminated after 5 weeks.

Fasted rats (16 to 18 hours) were anesthetized by placing them in
precharged CO, chambers, and blood was withdrawn from the
abdominal aorta into heparinized test tubes. Aliquots of heparin-
ized blood (1.0 mL) were added to 3.0 mL 12% trichloroacetic acid.
After allowing them to stand approximately 5 minutes in an ice
bath, blood samples were centrifuged at 3,000 rpm to obtain clear
supernatant. Clear supernatants were used to measure both ATP
and 2,3-DPG levels. The quantitative enzymatic determination of
2,3-DPG in whole blood was performed according to the method of
Rose and Leibowitz.3” Measurements of the decrease in absor-
bance of NADH at 340 nm served to quantify 2,3-DPG levels.?’
ATP levels were measured enzymatically in supernatants obtained
from whole blood.3® By determining the decrease in absorbance
that results when NADH is oxidized to NAD, a measure of the
amount of ATP originally present was obtained.’® Blood was also
collected in capillary tubes for hematocrit determination.

Approximately 1 g liver or diet was used for copper measure-
ments. Copper levels were measured in samples by a method
combining dry heat and acid digestion.® Duplicate samples were
analyzed by flame atomic absorption spectrophotometry (Perkin-
Elmer Model 5000, Norwalk, CT). National Institute of Standards
and Technology (formerly National Bureau of Standards) refer-
ence material, bovine liver 1577a, was digested and analyzed along
with samples to ensure accuracy. Lungs were removed, rinsed in
ice-cold saline, and immediately placed in three times their volume
of cold 1.15% KCl containing 0.2% Triton X-100 and homog-
enized. One half of the homogenate was removed for determina-
tion of glutathione peroxidase (GSH-Px) activity, and the remain-
der was used for determination of catalase and CuSOD. CuSOD
activity in liver and lung tissues was determined following centrifu-
gation at 700 X g for 10 minutes. An aliquot of the supernatant was
mixed with 0.25 times the volume of ethanol and 0.15 times the
volume of chloroform to remove MnSOD.* After centrifugation,
the supernatant was assayed according to the method of Misra and
Fridovich*! using the photochemical O-dianisidine-riboflavin as-
say. GSH-Px was assayed following centrifugation of the superna-
tant at 105,000 x g by the method of Levander et al*? as modified by
Paglia and Valentine.** Catalase activity was measured by the
method of Aebi* as modified by Sigma (St Louis, MO) in which the
disproportionation of H,O, was monitored at 240 nm.

This study was designed to examine the effect of type of dietary
CHO (starch v fructose), level of dietary copper (deficient v
adequate), ethanol consumption, and gender. Therefore, statistical
analysis was performed usinga 2 X 2 X 2 X 2 analysis of variance
(ANOVA). Main effects of CHO, copper, ethanol, and gender and
interactive effects were considered statistically significant at P less
than .05. Pairwise comparisons of the least-square means were
performed to assess significant interactions and to interpret biologi-
cal importance. P less than .05 was considered statistically signifi-
cant.

RESULTS

R

The ethanol solution was tolerated well by all rats. The
ethanol group consumed as much liquid as the non-ethanol
group. After 5 weeks of treatment, all copper-deficient
male rats fed fructose appeared frail, growth was retarded,
there was hair loss, priapism was common, and anemia was
evident by the pale eyes, ears, and feet. Growth retardation
and anemia were also evidenced in copper-deficient rats
fed starch and given ethanol. One male copper-deficient rat
that ate fructose and drank water and one male copper-
deficient rat that ate starch and drank ethanol died during
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the fourth week of study. There were no deaths in the other
dietary groups. Rats that died had ruptured hearts in the
area of the apex.

Mean body mass, relative heart and lung mass, hepatic
copper concentration, and hepatic CuSOD activity are
presented in Table 1. Some of these results were presented
elsewhere.® Sex of the rat, copper, ethanol, and type of
dietary CHO contributed to changes in body weight. The
largest effect on body weight was exerted by gender.
Females weighed less than males. Copper deficiency was
the second largest contributor to depressed body weight.
Ethanol and fructose followed. They both were responsible
for depressed body weight. However, the effect of ethanol
was of greater magnitude (F = 83.8 v 39.7 for ethanol
and fructose, respectively). Fructose-fed copper-defi-
cient rats weighed less than all other rats. Male rats fed
copper-adequate diets weighed more than all other rats.
Although there was a significant three-way interaction
(sex X CHO x Cu), Pairwise comparison showed that the
magnitude of the interaction was primarily due to sex and
copper.

Relative heart mass was larger for males than for
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females. Copper played a major role in heart hypertrophy
(F = 205). Copper deficiency increased relative heart mass.
Fructose feeding increased relative heart size as compared
with starch feeding. The combination of fructose feeding
with copper deficiency resulted in a large increase of heart
mass. Greater heart mass was also noted in copper-
deficient males as compared with females. Relative lung
size was greater in females as compared with males.
Relative lung mass was further increased by starch feeding
in female rats. Copper deficiency resulted in a decreased
relative lung mass as compared with that of copper-
adequate rats. The largest relative lung mass was found in
female rats that did not consume ethanol.

Copper status was assessed by measuring hepatic copper
concentration and CuSOD activity. As expected, consump-
tion of a copper-deficient diet resulted in a reduced hepatic
copper concentration as compared with levels in copper-
adequate controls in both male and female rats (F = 1146).
Females exhibited a lower concentration of hepatic copper
than males (F = 10.69). Ethanol consumption reduced
hepatic copper (F = 18.73). The combination of copper
deficiency and ethanol consumption resulted in the lowest

Table 1. Body Mass, Relative Heart and Lung Mass, Hepatic Copper Concentration, and CuSOD Activity

Relative Relative
Body Mass Heart Mass Lung Mass Hepatic Copper Hepatic CuSOD
Parameter (g (g/100 g BW) (g/100 g BW) (ng/g WW) (U/mg protein}
Males
FR — Cu 156 = 6 0.81 = 0.06 0.65 + 0.03 1.20 + 0.23 4.11 = 0.99
FR—Cu+E 147 £ 6 0.79 = 0.04 0.72 £ 0.02 0.87 = 0.08 3.22 0.3
ST — Cu 217 =8 0.54 = 0.06 0.57 = 0.02 1.56 + 0.33 4.12 = 0.60
ST~Cu+E 1725 0.66 + 0.04 0.63 = 0.03 111 = 0.1 4.68 = 0.36
FR + Cu 225+ 3 0.40 = 0.02 0.69 + 0.04 4.27 = 0.1 10.43 + 0.38
FR+Cu+E 201+ 2 0.43 = 0.01 0.70 £ 0.03 3.62 +0.17 10.32 + 0.41
ST + Cu 238+5 0.40 + 0.01 0.66 = 0.02 4.28 + 0.29 11.15 = 1.53
ST+Cu+E 190 + 6 0.44 = 0.01 0.68 = 0.02 3.88 = 0.21 8.34 + 0.82
Females
FR — Cu 136+ 4 0.62 + 0.02 0.73 £ 0.01 0.72 + 0.09 3.02 £ 0.38
FR-Cu+E 124 + 3 0.62 = 0.03 0.68 = 0.01 0.59 + 0.03 2.85 + 0.47
ST - Cu 160 = 3 0.53 + 0.01 0.77 = 0.05 1.00 £ 0.13 3.21 = 0.61
ST-Cu+E 136 = 4 0.49 = 0.01 0.71 = 0.02 1.02 £ 0.12 3.91+0.79
FR + Cu 149 + 3 0.43 = 0.01 0.79 + 0.04 4.23 = 0.15 14.00 = 1.24
FR+Cu+E 149 + 3 0.44 =+ 0.02 0.76 = 0.02 355=+0.12 13.17 = 2.27
ST + Cu 155 + 3 0.41 = 0.01 0.86 =+ 0.06 392011 1473 = 1.84
ST+ Cu+E 142 + 3 0.44 = 0.01 0.81 = 0.06 348 =0.14 13.41 = 1.64
ANOVA (P)
Sex .0001 .0001 .0001 .0014 .0047
CHO .0001 - .0001 NS NS NS
Sex x CHO .0039 NS .0030 NS NS
Cu .0001 .0001 .0004 .0001 .0001
Sex x Cu 0001~ .0001 NS NS .0001
CHO x Cu .0001 .0001 NS .0473 NS
Sex x CHO x Cu 2 .0141 NS NS NS NS
E .0001 NS NS .0001 NS
Sex x E .0001 NS .0126 NS NS
CHO x E .0001 NS NS NS NS
Sex x CHO x E NS NS NS NS NS
CuxE .0354 NS NS .0368 NS
CHO X Cu x E NS > /NS NS NS NS
Sex X CHO x Cu x E NS B NS NS NS NS

NOTE. Results are the mean = SEM of 10 observations per group, except for 9 FR — Cu males and 9 ST — Cu + E males.
Abbreviations: FR, fructose; ST, starch; E, ethanol; NS, not significant; BW, body weight; WW, wet weight.
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concentration of hepatic copper. Fructose feeding further
reduced hepatic copper in comparison to starch feeding.
Males had higher CuSOD activity than females when they
consumed a copper-deficient diet, but females had higher
activity when they consumed a copper-adequate diet. Cop-
per played a major role in inducing the activity of CuSOD.
Copper deficiency reduced hepatic CuSOD activity in all
rats regardless of gender, dietary CHO, or ethdnol as
compared with copper-adequate rats.

ATP concentration was higher in females than in males
and in starch feeding than in fructose feeding (Table 2).
Copper deficiency also reduced whole-blood ATP. The
lowest concentration of ATP was found in copper-deficient
males. A similarly low concentration of ATP was found
in copper-deficient rats fed fructose. Ethanol increased
ATP concentration. Although there was a significant sex x
CHO x Cu interaction, the contribution of gender was of
minor magnitude as compared with CHO and copper.

The whole-blood concentration of 2,3-DPG was higher in
females than in males (Table 2). It was lower in fructose-fed
than in starch-fed rats. Whole-blood 2,3-DPG was also
reduced by copper deficiency. The concentration of 2,3-
DPG was lower in copper-deficient males fed fructose in

Table 2. ATP and 2,3-DPG in Whole Blood and Hematocrit

ATP 2,3-DPG Hematocrit
Parameter {pmol/dL) (pmol/mL) (%)
Males
FR - Cu 27035 141+015 256+48
FR—Cu+E 306+23 1.26+016 19.1+24
ST-Cu 547 £25 257013 36.1+22
ST-Cu+E 535+ 1.6 226009 293x45
FR + Cu 63.0+69 321+010 446=19
FR+ Cu +E 62517 286+008 44116
ST+ Cu 64109 293+006 467=x19
ST+Cu+E 666 £27 288+008 437=14
Females
FR - Cu 41126 254+020 274=11
FR~Cu+E 413+12 252+042 293=x14
ST - Cu 581+24 265+0.11 43.8=09
ST-Cu+E 675+7.1 266017 40415
FR + Cu 48846 282+x015 442x06
FR+Cu+E 61529 297+0.09 44.7+06
ST+ Cu 702+26 3.06+0.13 47.6+07
ST+Cu+E 721+39 279x022 46.7+07
ANOVA (P)
Sex .0086 .0004 .0001
CHO .0001 .0025 .0001
Sex x CHO NS .0276 NS
Cu .0001 .0001 .0001
Sex x Cu .0020 .0004 .0013
CHO x Cu .0001 .0023 .0001
Sex x CHO x Cu .0189 .0041 NS
E 0477 NS NS
Sex x E NS NS NS
CHO x E NS NS NS
Sex X CHO X E NS NS .0322
CuxE NS NS NS
Sex X Cu x E NS NS NS
CHO x Cu x E NS NS NS
Sex X CHO x Cu x E NS NS 0158

NOTE. Abbreviations as in Table 1.
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comparison to females and to rats fed starch. The signifi-
cant interactions affecting 2,3-DPG were mainly due to
copper (F = 53); sex and type of dietary CHO had smaller
effects (F = 9.46 and 7.72, respectively). Ethanol had no
effect on 2,3-DPG.

Females exhibited higher hematocrits than males
(F = 13.82). Fructose feeding reduced hematocrits as com-
pared with starch feeding (F = 36.72). Copper deficiency
reduced hematocrits (F = 165.13). The combination of
fructose feeding and copper deficiency resulted in the
lowest hematocrits. Similarly, copper-deficient male rats
exhibited the lowest hematocrits. Ethanol consumption by
itself had no effect on hematocrit (F = 0.42). However, the
combination of ethanol and fructose in the male
(sex x CHO x Cu) became significant (F = 4.93). Simi-
larly, the combination of sex x CHO x Cu was significant
(F = 3.94), with ethanol having the least significant effect.

The activity of CuSOD in lung tissue was greatly affected
by gender. Females exhibited lower activity than males.
Starch-fed rats had higher activity than fructose-fed rats.
Males that consumed starch had higher activity than males
fed fructose or females fed starch and fructose. Copper
deficiency reduced CuSOD activity as compared with levels
in copper-adequate controls in females but not in males.
GSH-Px activity of lung was lower in females than in males
(Table 3). It was higher in starch-fed rats than in fructose-
fed rats. Copper-deficient male rats had elevated GSH-Px
activity as compared with copper-adequate rats and fe-
males. The activity of GSH-Px was also increased in
copper-deficient rats by starch feeding. Ethanol consump-
tion elevated GSH-Px in all rats; however, starch feeding
further increased its activity. The highest GSH-Px activity
was found in starch-fed, copper-deficient male rats.

Rats fed starch had elevated catalase activity as com-
pared with rats fed fructose. Copper-deficient animals had
reduced catalase activity as compared with copper-
adequate animals. Copper deficiency combined with fruc-
tose feeding caused a reduction in catalase activity. Ethanol
elevated catalase activity in all animals. Female rats that
consumed a copper-adequate diet and drank ethanol had
the highest catalase activity.

DISCUSSION

- As previously reported, type of dietary CHO,5 sex of the
rat,!011 ethanol consumption,'”-1# and copper intake played
a role in the signs associated with copper deficiency.
Fructose feeding in males aggravated the signs associated
with copper deficiency, and one rat died prematurely. In
agreement with previous studies,'”1® ethanol consumption
~mimicked fructose-feeding effects in copper-deficient male
rats fed starch. Ethanol consumption by males fed a
copper-deficient diet containing starch caused a reduction
in body weight, increased heart size, and anemia as com-
pared with copper-deficient rats that ate starch and drank
water. In addition, one rat died of heart-related abnormali-
ties. v
As previously reported,'®!! signs associated with copper
-deficiency in females fed fructose were less severe than
thgs'e found in males fed the same diet. However, hepatic
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Table 3. Cu-SOD, GSH-Px, and Catalase Activities in Lung Tissue

Parameter CuS0D* GSH-Pxt Catalaset
Males
FR — Cu 3.28+0.29 352+0.12 948+ 146
FR—Cu+E 3.39+040 3.86+0.05 1259+ 1.55
ST — Cu 3.96 +0.28 4.09 +0.10 18.00 = 1.19
ST ~Cu+E 416 = 0.171 4.18 = 0.07 18.39 = 0.83
FR + Cu 3.17 £ 0.25 344 009 17.24 £ 0.87
FR+Cu+E 3.08+0.29 353006 21.83=201
ST + Cu 3.51+0.29 3.45 +£0.10 17.42 +1.13
ST+ Cu+E 3.21 £0.37 3.45 £ 0.08 21.01 + 2.02
Females
FR - Cu 223+034 344 +0.11 1348 +0.70
FR-Cu+E 0.98 + 0.41 3.78 + 0.09 14.88 + 1.20
ST — Cu 2.16 + 0.63 3.67 £+ 0.13 19.60 = 1.75
ST-Cu+E 1.82+0.18 3.68=0.10 20.57 + 1.64
FR + Cu 3.29 + 0.29 3.14 +0.08 16.58 + 2.63
FR+Cu+E 261+018 3.28+0.06 19.94 + 1.07
ST + Cu 332+0.18 3.12x0.12 1950 + 1.49
ST+Cu+E 336x0.07 335x005 2511524
ANOVA (P)
Sex .0001 0001 NS
CHO .0151 .0135 .0001
Sex x CHO .0001 NS NS
Cu .0124° .0001 0001
Sex x Cu .0001 .0001 NS
CHO x Cu NS .0066 .0204
Sex x CHO x Cu NS .0210 NS
E NS .0021 .0093
Sex X E NS .034 NS
CHO X E NS NS NS
Sex X CHO x E NS NS NS
CuxE NS NS NS
Sex x Cu x E NS NS .0438
CHO x Cu X E NS NS NS
Sex x CHO x Cu x E NS NS NS

NOTE. Abbreviations as in Table 1.

*U/mg protein.

Tumol NADPH oxidized/min/mg protein.

Fumol H,0, decomposed by disproportionation/min/mg protein.

copper concentration was lower in females than in males.
This low copper concentration in livers of females was
correlated with low activity of CuSOD. Since CuSOD is the
enzyme that forms the first line of defense against oxygen
radicals! derived from superoxide, it was expected that
copper-deficient female rats should be more susceptible to
peroxidative damage due to lack of defense against free
radical generation. In addition, GSH-Px activity was lower
in females than in males. However, we reported previously
that free radicals were generated only in copper-deficient
males that consumed fructose, not in females fed fructose.!?
This finding may indicate that compensatory mechanisms
such as MnSOD play a role in protecting cellular compo-
nents against free radical-induced pathways in the fe-
male.*s On the other hand, differences in metabolic path-
ways of fructose between male and female rats could play a
role.*

The lung is an organ sensitive to changes in copper
nutriment, since its structural integrity is dependent on
cross-linking of elastin brought about by the copper-
containing enzyme, lysyl oxidase. Lung function can be
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affected by different types of collagen and elastin. Steroid
hormones, particularly estrogens, affect connective-tissue
metabolism,*4 and the maturation process of elastin is
increased after estrogen administration.® Activity of lysyl
oxidase is higher in females than in males. Insoluble
collagen is also increased in females as compared with
males. Reduced activity of lysyl oxidase in the male rat is
correlated with an increase of soluble collagen in heart
tissue.’%>! However, consumption of fructose-based diets in
copper-deficient rats caused a greater reduction of lysyl
oxidase activity than consumption of starch-based diets.
This fructose effect resulted in a greater amount of soluble
collagen as compared with starch feeding (M. Werman and
S. Bhathena, personal communication, April 1994).

It is not clear why ethanol consumption increased lung
mass in males only. Ethanol had no effect on collagen levels
in the rat when it was administered in drinking water.”2
However, it did have an effect on collagen synthesis and
maturation when it was given as an integral part of a liquid
diet and for a long period.>? Unidentified metabolites of
ethanol may affect connective-tissue integrity.>+5

Because of its role as a portal route for inhaled com-
pounds and its high blood flow in relation to other organs,
the lung is an important organ in terms of exposure to toxic
substances. Indeed, the lung is also under constant oxida-
tive stress, since it has immediate susceptibility to activated-
oxygen insult. Copper-deficient animals are more suscep-
tible to lung damage than controls when they are exposed to
a hyperoxic environment.??° This damage is structural?’
and functional®? in nature.

The objectives of this study were to measure lung tissue
activities of three enzymes participating in the free radical
defense system in rats consuming different levels of dietary
copper, different types of dietary CHO, and ethanol. In
general, in the present study CuSOD activity in lung tissue
was not greatly affected by dietary copper deprivation. It
was higher in copper-deficient than in copper-adequate
males. This finding is intriguing, since CuSOD activity in
the liver of all rats was highly sensitive to copper deficiency
regardless of dietary CHO or sex (Table 1). CuSOD activity
is sensitive to exposure to hyperoxia.8 The depressed
CuSOD activity in the lung of copper-adequate rats could
be due to exposure of the rats to a precharged CO,
chamber. We do not have data to support this hypothesis.
However, carbon dioxide has been shown to affect secretion
of enzymes and/or hormones from tissues.’” The data
pertaining to lung SOD may not reflect normal physiologi-
cal conditions.

In the present study, GSH-Px was significantly higher in
males than in females when the diet was inadequate in
copper and ethanol was consumed. The highest activity was
noted in copper-deficient male rats fed starch. However,
the magnitude of these differences between dietary groups
was small. The effect of copper deficiency on GSH-Px was
tissue-specific. GSH-Px activity of lung tissue is lower than
that of liver>” and is not as sensitive to dietary copper
deprivation as GSH-Px of liver.%272%58 We have previously
shown that fructose feeding per se decreased GSH-Px
activity in the liver as compared with starch feeding.
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Copper deficiency further teduced the activity of GSH-Px,
although all animals in that study ate a selenium-adequate
diet.® Dietary copper intake may affect selenoenzyme
metabolism by influencing mRNA stability or processing of
the primary transcript to the mature mRNA.>® However,
these effects of copper on selenium enzymes were mani-
fested when the copper-deficient diet contained su-
crose.®® There are no reports of the effect of copper
deficiency on mRNA of GSH-Px in starch-fed rats.

Catalase activity was depressed by copper deficiency. It
was further decreased by fructose feeding. Since catalase is
a heme protein, impaired heme synthesis could result in
decreased catalase activity. Impaired heme synthesis re-
flected by decreased hematocrits was noted in copper-
deficient rats fed fructose. However, etharol consumption
increased catalase activity. An ethanol-induced increase in
catalase activity is not surprising, since one of the pathways
of ethanol metabolism is associated with peroxisomal cata-
lase.5

In recent years, several biphosphorylated compounds,
including 2,3-DPG, have been recognized as regulatory
molecules implicated in the control of metabolism and
other cellular functions.?® The major role of 2,3-DPG in
erythrocytes is to act as an allosteric modulator of the
affinity of hemoglobin for oxygen.’?3* 2,3-DPG bonds
preferentially with deoxyhemoglobin and displaces the
HbO, = Hb equilibrium to the deoxygenated form. This
facilitates the supply of oxygen to tissues. In the present
study, 2,3-DPG was significantly reduced by copper defi-
ciency and fructose feeding in the male rat. Low levels of
2,3-DPG should cause a lower oxygen affinity in erythro-
cytes, which in turn may increase CO, bonding. Alterations
in oxygen affinity in red blood cells should affect other cell
functions. This is the first demonstration that copper
deficiency, fructose feeding, and gender affect 2,3-DPG
concentration in whole blood. Reasons for these effects in
copper-deficient male rats fed fructose are not fully under-
stood. Changes in 2,3-DPG concentration in whole blood
have been reported due to alterations in metabolic or
physiological conditions.*>** Fructose and copper defi-
ciency®5! induce perturbations in hepatic phosphorylated
metabolites.??65 Decreases in hepatic P; and ATP occur
after a load of fructose$?%5 and in copper deficiency.5®
Enzymatic reactions implicated in the synthesis or break-
down of 2,3-DPG could also be responsible for the results
reported here. Lactic acidosis is a common feature in rats
fed fructose,5 and it could also play a role.%? The presence
of severe anemia in copper-deficient male rats fed fructose
will magnify the impaired supply of oxygen to tissues. The
anemia of copper deficiency was of similar magnitude in
females and males when the diet contained fructose.
However, 2,3-DPG and ATP were depressed only in males.
It is generally accepted that red blood cell 2,3-DPG levels

FIELDS, LEWIS, AND LURE

are inversely related to anemia.’?34 This is an adaptive
mechanism that acts to increase oxygen delivery to tissues
when less oxygen is available.3?3* This mechanism does not
seem to operate in the copper-deficient male rat that
consumes a fructose-based diet.

Depletion of ATP following administration of fructose
has been documented in male rats.®? Similarly, a reduction
of ATP has been reported to occur in copper-deficient male
rats.5861 In the present study, feeding of a fructose diet
deficient in copper to male but not to female rats resulted in
an approximate 50% reduction of ATP. Reasons for the
gender effect on ATP synthesis are not fully understood.
However, differences in metabolic pathways of fructose in
male and female rats*’ can be responsible for the depletion
of adenine nucleotides in the male. In erythrocytes, ATP,
like 2,3-DPG, profoundly decreases the oxygen affinity of
hemoglobin.3? As with 2,3-DPG, a decrease of ATP in
copper-deficient male rats fed fructose could have severe
consequences due to the impaired supply of oxygen to
tissues. The combination of reductions of both polyphos-
phate compounds (2,3-DPG and ATP) that regulate oxygen
affinity of red blood cells could result in ani oxygen deficit,
which in turn could affect respiratory physiology.

Diets consumed by subjects living in industrialized societ-
ies, including the United States, contain relatively high
levels of sugars such as sucrose and fructose®¢? and
marginal amounts of copper.®® With the introduction of
high-fructose corn sweeteners in 1970, the amount of
fructose in the US food supply has increased.565” The use of
high-fructose corn sweeteners has doubled from 13 Ib per
capita per year in 1977 to 26 1b per capita per year in 1980.%
In 1984, the annual per capita intake in terms of absolute
alcohol was 2.65 gal per person 14 years of age or older.5%7
In addition, the prevalence of alcoholism in general hospi-
tals was 18% for men and 5.5% for women.” Since one
third of the US adult population abstains from alcohol,
those who drink consiume an average of 1.3 oz absolute
alcohol per day. If the same type of interaction between
dietary CHO, ethanol, and copper status found in rats also
occitrs in humans, then the high intake of fructose and/or
ethanol may affect already marginal copper levels due to
inadequate copper intake.

In conclusion, results from this experiment indicate that
variations in dietary CHO, copper level, gender, and
ethanol consumption affect the signs associated with cop-
per deficiency, the antioxidant enzyme system of lung
tissue, and the supply of oxygen to tissues. However, the
magnitude of the effects was exerted mainly by copper,
gender, and type of dietary CHO. Ethanol played a minor
role either by itself or as part of an interaction. The
combination of inadequate dietary copper intake with
fructose consumption resulted in a depressed ability of the
lung to protect itself against free radical insult.
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