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Effects of dietary carbohydrate intake
on antioxidant enzyme activity and
copper status in the copper-deficient
streptozotocin (STZ) diabetic rat

B.M. McDermott,* J.J. Strain, and P.R. Flatt

Human Nutrition and Diabetes Research Groups, University of Ulster,
Coleraine, Northern Ireland, UK

The aim of this study was to investigate how dietary lactose, compared with sucrose, in association with copper
deficiency influences the antioxidant and copper status in the diabetic rat. Two groups of male rats (n = 12) were
fed copper-deficient diets containing either 300 g/kg of sucrose or 300 gikg of lactose in a pair-feeding regime
for 35 days. Six rats from each group were injected with streptozotocin to induce diabetes. After a further 16 days
the animals were killed and the liver, heart, and kidney removed for the measurement of copper levels and the
activities of antioxidant and related enzymes. Diabetes resulted in higher hepatic and renal copper levels
compared with controls. The copper content of the heart and kidney in diabetic rats consuming sucrose was also
significantly higher than in those consuming lactose. Catalase activity in the liver, heart, and kidney was
significantly increased in diabetic rats compared with controls. Hepatic glutathione S-transferase and glucose-
6-phosphate dehydrogenase and cardiac copper zinc superoxide dismutase activities were also higher in dia-
betes. Sucrose, compared with lactose feeding, resulted in higher cytochrome c oxidase and glutathione per-
oxidase activities in the kidney while glucose-6-phosphate dehydrogenase activity was lower. The combination
of lactose feeding and diabetes resulted in significantly higher activities of cardiac managanese superoxide
dismutase and catalase and renal manganese superoxide dismutase and glucose-6-phosphate dehydrogenase.
These results suggest that sucrose consumption compared with lactose appears to be associated with increased
organ copper content and in general decreased antioxidant enzyme activities in copper-deficient diabetic rats.
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Introduction

Copper deficiency is associated with a number of known
risk factors for coronary heart disease such as glucose in-
tolerance!*? hypercholesterolemia,® hypertension,* and
hyperuricemia.”> In addition, copper deficiency can also
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result in increased lipid peroxidation®® and impaired an-
tioxidant enzyme activity,” phenomena which have also
been reported in diabetes.'” Lower copper status, altered
copper metabolism, and accompanying changes in activities
of copper-dependent enzymes in diabetes have been re-
viewed.'? The severity of copper deficiency at least in rats
is influenced by the type of carbohydrate consumed with the
fructose moiety of sucrose having the most detrimental ef-
fect.!!

Lactose-based diets are poor sources of copper,'? and
consumption of dietary lactose increases the severity of ath-
erosclerosis'® and results in hypercholesterolemia in ani-
mals'*?7 and man.'® The objective of this study was to
investigate how dietary lactose, compared with sucrose, in
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association with copper deficiency influences antioxidant
and copper status in the diabetic state.

Methods and materials

Two groups (n = 12) of male weanling Sprague—Dawley rats were
randomly divided and individually housed. The rats were fed mod-
ifications of the AIN recommended diet for rats and mice'® con-
taining either 300 g/kg of sucrose with 1.02 mg/kg of copper or
300 g/kg of lactose with 0.82 mg/kg of copper as determined by
atomic absorption spectrophotometry (AAS).?° Sucrose-fed rats
were pair fed against those rats consuming the lactose-based diet,
and deionized water was provided ad libitum.

After 35 days, six rats from each group were injected intraper-
itoneally with a 50 mg/kg body weight dose of streptozotocin
(STZ) dissolved in 0.5 M citrate buffer, pH 4.5, to induce diabe-
tes. Control rats were injected with the vehicle alone. The diabetic
rats were pair-fed against control rats in the same dietary group.
After a further 16 days, the rats were anesthetised using diethy!
ether and blood was removed by cardiac puncture. The animals
were killed and the liver, heart, and kidneys were removed im-
mediately and placed in ice-cold 0.25 M sucrose buffer, pH 7.4.
The organs were weighted and portions stored at —20°C. Samples
were removed for the preparation of 10% (wt/vol) liver and kidney
homogenates and 0.5% (wt/vol) heart homogenate in 0.25 M su-
crose buffer, pH 7.4.% Homogenates were stored in 4 to 5 mL
aliquots at —20°C.

Organ and plasma protein levels were measured according to
the method of Lowry et al.>! while organ copper levels were
determined by AAS following nitric acid digestion.?® Glutathione
peroxidase (EC 1.11.1.9, GSH-Px) activity was determined by a
modification of the method of Flohe and Gunzler.?? The method
of Kornberg et al.>®> was employed to determine the activity of
glucose-6-phosphate dehydrogenase (EC 1.1.1.49, G6PDH). A
modified*” method of Jones and Suttle** was employed to measure
the activities of copper zinc superoxide dismutase and manganese
superoxide dismutase (EC 1.15.1.1, CuZnSOD and MnSOD, re-
spectively). Catalase (EC 1.11.1.6, CAT), cytochrome c oxidase
(EC 1.9.3.1, CCO), glutathione S-transferase (EC 2.5.1.18,
GST), and plasma ceruloplasmin (EC 1.16.3.1, CPL) were mea-
sured by standard procedures.?>~2® Plasma glucose and cholesterol
levels were determined by the Cobas Fara automatic analyzer us-

ing enzymatic kits (Roche Diagnostic Systems, Hoffmann-LaRoche
Ltd., Basel, Switzerland).

Results were analyzed for statistical significance by two-way
analysis of variance (ANOVA) to assess the effects of diabetes
and carbohydrate and the interactive effect of the two variables
on antioxidant enzyme activities. Results are given as mean val-
ues = SE.

Results

The diabetic state resulted in significantly (P < 0.001) in-
creased plasma glucose concentrations while plasma cho-
lesterol levels were significantly (P < 0.01) decreased in
diabetic rats compared with controls (Table 1). Two way
ANOVA indicated that this reduction was more significant
in diabetic rats consuming lactose compared with sucrose
resulting in a significant (P < 0.05) carbohydrate-diabetes
interaction.

The use of pair-feeding throughout this study ensured
that there was no significant difference in body weights
between the lactose- and sucrose-fed animals. However,
lactose consumption compared with sucrose resulted in sig-
nificant (P < 0.05 and P < 0.001, respectively) increases
in liver and spleen weight expressed per 100 g of body
weight (BW). Diabetes significantly (P < 0.001) decreased
total body weight while the weight of the kidney, expressed
per 100 g of BW, was significantly (P < 0.001) increased
in diabetic rats compared with controls. In addition, signif-
icant (P < 0.001 and P < 0.01) carbohydrate-diabetes in-
teractions occurred for liver and spleen weights expressed
per 100 g of BW, respectively.

The type of carbohydrate consumed did not significantly
influence the measured indices of copper status aside from
the significant (P < 0.05) increase in renal CCO activity
(Table 2). Diabetes, however, significantly increased the
activity of the copper-dependent enzyme CuZnSOD (P <
0.01) in the heart and hepatic (P < 0.01) and renal (P <
0.001) copper concentration, while significant carbohy-
drate-diabetes interactions were observed for cardiac (P <
0.01) and renal (P < 0.05) copper levels.

Table 1 Total body weight, organ weights expressed per 100 g of body weight, plasma glucose, and cholesterol levels in copper-deficient

control and diabetic rats fed either lactose or sucrose

Lactose Sucrose
Control Diabetic Control Diabetic Statistical analysis (ANOVA)

Measure Mean SE Mean SE Mean SE Mean SE  Carbohydrate Diabetes Interactive effect
Plasma glucose

(mg/dL) 139 154 443 13.9 127 146 405 421 NS b NS
Plasma cholesterol

(mmol/L) 1.61 0.1 1.03 0.14 1.37 007 1.27 0.06 NS 1 *
Body weight (g) 279 86 207 6.3 282 10.8 196 7.2 NS b NS
Liver weight/100 g of

body weight 401 009 374 009 336 014 383 008 * NS 1
Heart weight/100 g of

body weight 0.53 0.03 049 0.02 054 0.02 0.51 0.01 NS NS NS
Kidney weight/100 g of

body weight 0.74 0.02 1.09 0.04 0.76  0.03 1.14 0.02 NS I NS
Spleen weight/100 g of .

body weight 0.25 0.02 0.19 0.01 0.16 0.00 0.18 0.01 % NS +

*P < 0.05; tP < 0.001; tP < 0.0001; NS = not significant; SE = standard error; ANOVA = two-way analysis of variance.
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Table 2 Hepatic, cardiac, renal, and plasma indices of copper status in copper-deficient control and diabetic rats fed either lactose or

sucrose

Lactose

Sucrose

Control Diabetic

Control

Diabetic Statistical analysis (ANOVA)

Mean SE Mean SE Mean

SE Mean SE

Carbohydrate Diabetes Interactive effect

Hepatic
Cu (ng/g) 2.30 0.29 485 0.42 3.44
Cytochrome ¢
oxidase
(U/mg of .
protein) 1.07 0.21 0.88 0.21 0.84
CuZn
superoxide
dismutase
(mU/mg of
protein) 515 197 697 9 512
Cardiac
Cu (ng/g) 8.48 1.64 6.36 0.37 7.51
Cytochrome ¢
oxidase
(U/mg of
protein) 1.52 0.16 152 0.13 1.41
CuZn
superoxide
dismutase
(mU/mg of
protein) 220 15 340 17 190
Renal
Cu (ng/g) 9.11 0.93 106 0.19 8.92
Cytochrome ¢
oxidase
(U/mg of
protein) 1.33 0.14 1.23 0.01 1.47
CuZn
superoxide
dismutase
(mU/mg of
protein) 457 13 466 12 469
Plasma
Ceruloplasmin
(UL) ND — ND — ND

0.1 1.63

072 675 110 NS T NS

0.13 1.05 0.3 NS NS NS

527 56 NS NS NS

0.85 14 1.81 NS NS T

0.25 183 0.23 NS NS NS

262 47 NS T NS

0.58 13.7 1.81 NS ks *

0.06 * NS NS

420 25 NS NS NS

— 135 8.26 NS NS NS

*P < 0.05; 1P < 0.001; £P < 0.0001; ND = not detectable; NS = not significant; SE = standard error; ANOVA = two-way analysis of variance.

The activities of antioxidant and related enzyme activi-
ties that were significantly affected by diabetes and/or car-
bohydrate intake are outlined in Table 3. G6PDH activity in
the liver was significantly (P < 0.01) higher in the sucrose-
fed animals compared with those consuming the lactose-
based diet. Diabetes significantly reduced the activities of
hepatic GST (P < 0.05), G6PDH and CAT (P < 0.01).
While the type of carbohydrate consumed did not signifi-
cantly influence the activities of any of the cardiac antiox-
idant or related enzymes, the diabetic state significantly (P
< 0.001) increased cardiac CAT activity. However, signif-
icant (P < 0.01) carbohydrate-diabetes interactions oc-
curred for both cardiac CAT and MnSOD. Rats consuming
the sucrose-based diet had significantly (P < 0.05) in-
creased activity of renal GSH-Px and significantly (P <
0.001) decreased G6PDH activity compared with those rats
consuming the lactose-based diet. Diabetes significantly (P
< 0.001) decreased CAT activity in this organ while sig-
nificant carbohydrate-diabetes interactions were also noted
for renal G6PDH (P < 0.001) and MnSOD (P < 0.05)
activities.
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Discussion

Hyperglycemia is indicative of the diabetic state and the
presence of this condition was confirmed by the increase in
plasma glucose levels in diabetic animals compared with
controls. The observed growth retardation in diabetic rats
has been documented®*® with markedly reduced liver,
heart, and spleen weight observed in this instance. How-
ever, kidney weight was not affected by the diabetic state,
a feature previously reported in diabetic rats. 33!
Hypercholesterolemia is typically associated with diabe-
tes*2; however, in the current trial plasma cholesterol levels
were significantly decreased in diabetic rats compared with
controls. This may be due to growth retardation because the
lowering of serum cholesterol levels has previously been
documented with the restriction of calorie intake in hu-
mans.> This reduction in the plasma cholesterol levels was
more marked in diabetic rats consuming lactose compared
with sucrose-based diets. While lactose-containing diets
have successfully been used to lower plasma cholesterol
levels in humans,* a number of other studies have shown
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Table 3 Hepatic, cardiac, and renal antioxidant and related enzyme activities in copper-deficient control and diabetic rats fed either lactose

Or sucrose

Lactose

Sucrose

Control Diabetic

Control

Diabetic Statistical analysis (ANOVA)

Mean SE Mean SE Mean

Mean SE Carbohydrate  Diabetes Interactive effect

Hepatic
Catalase
(U/mg of

protein) 0.19 0.02 013  0.02 0.21 0.03

Glutathione
S-transferase
(U/mg of

protein) 0.24 0.02 015  0.02 0.18 002

Glucose-6-phosphate
dehydrogenase
(mU/mg of

protein) 538 0.43 2.4 0.03 824 162

Cardiac
Mn
superoxide
dismutase
(U/mg of

protein) 117 0.05 146  0.07 1.30 0.08

Catalase
(mU/mg of

protein) 337 016 780 060 438 055

Renal
Mn
superoxide
dismutase
{U/mg of

protein) 0.96 0.03 112 0056 1.06 0.08

Catalase
(U/mg of

protein) 020 001 007 013 021 002

Glutathione
peroxidase
(mU/mg of

protein) 9.76 2.47 697 0.61 139 3.63

Glucose-6-phosphate
dehydrogenase
(mU/mg of

protein) 6.80 046 102 0.69 679 029

012 0.02 NS 1 NS

016 003

4.02 058 * T NS

592 090 NS

097 003 NS

017  0.01 NS 1 NS

24.4 6.43 " NS NS

585 0.38 t NS t

*P < 0.05; tP < 0.001; P < 0.0001; NS = not significant; SE = standard error; ANOVA = two-way analysis of variance.

the opposite effect in both animals'*!” and humans.'® This

inconsistency may be due to the differences in dietary com-
position and the use of the pair-feeding regime.

Increases in hepatic®®-*>-*¢ and renal®*~"~*° copper lev-
els have previously been noted in experimentally induced
diabetic rats. Similar results were observed in both the liver
and kidney in this study. While there was a small difference
in the copper content of the two diets employed, this ap-
peared to be without effect because there was no significant
difference in the organ copper content of the control rats
consuming each diet. However, the combination of sucrose
feeding and diabetes resulted in significant carbohydrate-
diabetes interactions for cardiac and renal copper levels,
indicating marked increases in the copper content of these
organs in the sucrose-fed diabetic animals only. Elevated
renal copper levels have previously been linked to diabetic
nephropathy>’~3° and complications of diabetes such as ret-
inopathy and nephropathy can be produced in animals by
feeding dietary sucrose.*’*! These interactive effects sug-

gest that the consumption of a sucrose-based compared with
a lactose-based diet may accelerate the onset of complica-
tions such as nephropathy which are associated with the
diabetic condition.

The heart and pancreas, relative to the liver and kidney,
contain low levels of radical scavenging enzymes in
rats?>>*? and mice.*® However, in general this situation is
reversed in diabetes.?® This observation is consistent with
findings reported here where significant decreases were ob-
served for the activities of hepatic GST, G6PDH, and CAT,
and renal CAT and significant increases were observed for
the activities of cardiac CuZnSOD and CAT in diabetic rats
compared with controls. The changes in antioxidant enzyme
activity in the liver and kidney have Ereviously been attrib-
uted to radical-induced inactivation®® while the observed
decrease in hepatic G6PDH activity has previously been
documented in experimentally induced diabetic mice,**
rats,>*#3%6 and humans.*’ The increase in cardiac CuZn-
SOD activity may be a compensatory response to an in-
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crease in free radical generation. SOD is responsible for the
dismutation of the superoxide radical, a reaction that results
in the production of hydrogen peroxide.*® Higher cardiac
CAT activity in diabetes has been reported previously.?® It
is thought to be in response to increased s)eroxisomal pro-
duction of hydrogen peroxide in diabetes*” but may also be
partly attributed to the production of hydrogen peroxide by
the dismutation of the superoxide radical. Increased produc-
tion of reactive oxidant species such as hydrogen peroxide
and the superoxide radical have been implicated in the long-
term complication of diabetes®® such as angiopathy.>!

The combination of the lactose-based diet and diabetes
resulted in significant carbohydrate-diabetes interactions
occurring for cardiac MnSOD and CAT, and renal MnSOD
and G6PDH with the activity of these enzymes significantly
higher in diabetic rats consuming the lactose compared with
the sucrose-based diet. These interactions may reflect a
compensatory increase in antioxidant enzyme activity in
response to lower GSH-Px activity with lactose feeding
compared with sucrose.
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