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ABSTRACT: Hyperglycemia of diabetes has been
implicated in increased tissue oxidative stress, with
consequent development of secondary complications.
Thus, stabilizing glucose levels near normal lev-
els is of utmost importance. Because diet influences
glycemic control, this study investigated whether a
low-carbohydrate (5.5%) diet confers beneficial effects
on the oxidative status of the heart, kidney, and liver
in diabetes. Male and female normal and diabetic
rats were fed standard chow (63% carbohydrates) or
low-carbohydrate diet for 30 days. Elevated glucose,
HbA1c, and alanine and aspartate aminotransferases
in diabetic animals were reduced or normalized by
the low-carbohydrate diet. While diabetes increased
cardiac activities of glutathione peroxidase and cata-
lase, low-carbohydrate diet normalized cardiac glu-
tathione peroxidase activity in diabetic animals, and
reduced catalase activity in females. Diabetic rats fed
low-carbohydrate diet had altered activities of renal
glutathione reductase and superoxide dismutase, but
increased renal glutathione peroxidase activity in dia-
betic animals was not corrected by the test diet. In the
liver, diabetes was associated with a decrease in cata-
lase activity and glutathione levels and an increase in
glutathione peroxidase and γ -glutamyltranspeptidase
activities. Decreased hepatic glutathione peroxidase ac-
tivity and lipid peroxidation were noted in diet-treated
diabetic rats. Overall, the low-carbohydrate diet helped
stabilize hyperglycemia and did not produce overtly
negative effects in tissues of normal or diabetic rats.
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INTRODUCTION

Diabetes, a disease characterized by the chronic
presence of hyperglycemia, is usually accompanied
by specific long-term complications such as dia-
betic nephropathy, retinopathy, neuropathy, and car-
diovascular complications. Persistent high glucose
concentration in tissues has been convincingly linked
to the overproduction of reactive oxygen species (ROS)
[1] and increased cellular oxidative stress [2] that are
postulated to play a central role as the initiators of
the complications of chronic diabetes [3,4]. A num-
ber of possible mechanisms linking glucose to ROS
include the polyol pathway [5], glucose auto-oxidation
[6], advanced glycation end product formation [7], pro-
tein kinase C, and NADPH oxidase activation [8,9].
The products of these pathways modify the expression
and characteristics of cellular and extracellular compo-
nents, compromising their ability to function normally
and leading to tissue injury. The damage caused by
ROS becomes inevitable when the generation of ROS
overwhelms the capacity of tissues to quench them. The
sensitivity and response of tissues to changes in redox
status appear to be tissue specific, resulting in distinct
pathological effects in each tissue type [10,11]. In a sim-
ilar manner, a wide variety of exogenous compounds
that reverse the diabetes-induced alterations of antiox-
idant markers [12] are tissue and antioxidant-marker
specific.

Diet is one of the parameters that may be manip-
ulated to improve blood glucose control in diabetic
patients. One outcome of diet studies has been the
categorization of types of carbohydrates and fats into
those that are beneficial and those that are detrimen-
tal to glucose control, weight loss, and desirable lipid
profile. A low-carbohydrate, higher fat diet, if incor-
porating beneficial fats (monosaturated fatty acids of
a cis-confuguration), appears to be superior to a high-
carbohydrate diet in achieving good glucose control as
well as better lipid profile independent of weight loss,
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so long as the desired caloric content is maintained,
in diabetic and glucose intolerant subjects [13–18]. In
type 1 diabetics, a diet high in monounsaturated fats
benefits fasting lipoprotein profiles [16]. Furthermore,
when the insulin regimen is strictly tailored to individ-
ual requirements and carbohydrates are restricted to
30 g a day, both HbA1c and lipid profiles dramatically
improve compared to the baseline values when subjects
eat an average carbohydrate diet [19]. A comprehensive
review of the efficacy and safety of low-carbohydrate
diets has cited over 2600 articles for relevance and
comparison [20].

Since chronic hyperglycemia is associated with in-
creased oxidative stress, we hypothesized that a diet,
which leads to a consistently lower level of blood glu-
cose, would also correlate with a reduced generation
of ROS and more normal antioxidant levels. This study
used the streptozotocin-induced diabetic rat as a model
of type 1 diabetes to investigate whether, in addition to
the favorable effects on blood glucose resulting from
a low-carbohydrate diet, diabetes-induced changes in
the oxidative status of the liver, kidney, and heart
would also be reversed.

MATERIALS AND METHODS

Reagents

Bovine serum albumin, Folin-Ciocalteau phenol,
Tris-HCl, reduced glutathione (GSH), oxidized glu-
tathione (GSSG), NADPH, glutathione reductase,
cumene hydroperoxide, cytochrome C, xanthine, xan-
thine oxidase, glycylglycine, l-glutamyl-p-nitroanilide,
N-ethylmaleimide, o-phthalaldehyde, metaphosphoric
acid, and streptozotocin were purchased from Sigma
Chemical Co. (St. Louis, MO). All other reagents were
of the highest reagent grade. Deionized water was used
for all assays.

Diets

Carbohydrates (primarily corn, wheat, molasses,
oats, alfalfa, beet pulp) contributed 62%, and fats

TABLE 2. Approximate Breakdown of Fatty Acid Composi-
tion in Control and Test Diets

Purina Rat Chow Low-Carbohydrate
Fats (% by wt of Total Diet) (Control Diet) Diet (Test Diet)

Linoleic acid (omega-6) 1.8 3.8
Omega-3 fatty acids 0.3 0.8
Total saturated fatty acids 0.7 29.7
Total monounsaturated 1.0 3.2
fatty acids
Cholesterol (ppm) 180 200

(mainly soybean oil) 12% of total calories in the con-
trol diet, Purina rat chow (no. 5012, St. Louis, MO).
The low-carbohydrate diet was prepared by Dyets Inc.
(Bethlehem, PA) to supply about 68% calories from fat
(corn oil, flaxseed oil, sunflower oil, and coconut oil)
and 5.4% calories from carbohydrate (primarily corn
starch; see Table 1). The proportion of protein calories
in the two diets was similar, and both were primarily
soy based. Vitamins and minerals added as premixtures
are included within the calculation of other nutrients.
Distribution of saturated and unsaturated fats in the
two diets is shown in Table 2.

Animals

A total of 92 Sprague-Dawley rats (Harlan,
Indianapolis, IN), half males and half females weighing
between 75 and 100 g were given 3 days to acclimatize
to their new environment. Each gender was randomly
divided into four groups (n = 10–14). Two groups of
each sex were rendered diabetic by intraperitoneal in-
jection of 75 mg/kg streptozotocin in citrate buffer.
Glucose levels were measured in blood samples from
the tail using a glucometer (Elite XL kit). Treatment
was initiated only after blood glucose levels above 350
mg/dL confirmed diabetes. Within each sex, one non-
diabetic group (normal control) and one diabetic group
(diabetic control) were fed standard rat chow diet and
acted as controls. The other nondiabetic (normal test)
and diabetic group (diabetic test) of each gender were
fed the low-carbohydrate diet (test diet). Rats received

TABLE 1. Nutrient Composition of Diets per Weight and Calorie

Purina Rat Chow (5012) Low-Carbohydrate (Test) Diet

Nutrient % Weight (g/100 g) Calorie (kcal/g) % Calorie % Weight (g/100 g) Calorie (kcal/g) % Calorie

Protein 22.5 90 26 36.9 136 27
Carbohydrate 52.6 212 63 4.0 27 5
Fat 4.0 36 11 37.5 337 68
Total 338 100 500 100

Minerals and vitamins were premixed with vehicle, the energy content of which is included in the values of carbohydrate, fat, and protein.
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the diet for 30 days before sacrifice. Food and tap water
were supplied ad libitum, and a normal daylight cycle
was maintained. Animal care and handling followed
the National Institutes of Health guidelines [21].

Assay of Tissue Markers of Oxidative Stress

Animals were sacrificed after inhalation of 2%
isoflurane, administered by appropriate vaporizer with
compressed air as the carrier gas. There was no evi-
dence of hypoxia. Blood was drawn by cardiac punc-
ture and sent to the ASCP-accredited pathology lab
at Bloomington Hospital for analysis of glucose, ala-
nine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and alkaline phosphatase (ALP). Glycated
hemoglobin (HbA1c) was measured using the Sigma kit
441-B (St. Louis, MO). Organs were removed, weighed,
immediately frozen in liquid nitrogen and stored at
−80◦C awaiting analysis. An aliquot of 0.25 g of each
frozen tissue was homogenized with a Brinkmann
Polytron homogenizer in 4.75 mL of ice-cold 0.1 M
phosphate buffer at pH 7.6. The homogenate was then
centrifuged for 1 h at 55,000×g, 4◦C. The pellet was
resuspended in 0.1 M Tris-HCl/MgCl2 buffer, pH 9.0,
and assayed for γ -glutamyl transferase (GGT) activity
[22], whereas the supernatant (5% cytosol) was used to
carry out the following assays.

The activities of glutathione reductase [23], glu-
tathione peroxidase [24], catalase [25], and superoxide
dismutase [26] were measured spectrophotometrically.
In the liver, the amounts of reduced glutathione (GSH),
oxidized glutathione (GSSG), and malondialdehyde
(MDA) were measured using Bioxytech® GSH/GSSG-
412TM kit and Bioxytech® MDA-586TM kit, respectively,
following the manufacturer’s instructions (Oxis In-
ternational, Portland, OR). For the measurement of
GSH and GSSG in kidney and heart, fresh 5% cy-
tosol was prepared as above but using a 0.1 M sodium
phosphate/5 mM EDTA solution to which was added
an appropriate volume of a 25% HPO3 solution as the
buffer. The fluorometric method of Hissin and Hilf [27]
was then followed. Protein levels of all tissue prepa-
rations were measured by the Lowry method [28]. All
assays were performed in duplicate along with blanks
and standards, and results calculated relative to the
amount of protein present.

Statistical Analysis

Results are given as mean ± standard error of
mean and analyzed by one-way ANOVA followed by
Duncan’s multiple range test. Significance was set at
p ≤ 0.05. Data for each tissue were compared within
sexes only. Each group was compared to the nondia-

betic control, and the two diabetic groups were also
compared.

RESULTS

Body Weight and Organ Weights

There was no significant difference in body weights
among the rats at the beginning of the study (data not
shown). After the induction of diabetes, diabetic rats
on the standard diet ate about 50% more food than
nondiabetic controls (Table 3), but remained signifi-
cantly lighter than nondiabetics throughout the study
(Table 4). Diabetic animals on the low-carbohydrate
diet consumed amounts equivalent in calorie content
to normal rats (Table 3), and their weight was signifi-
cantly lower than that of diabetic controls throughout
the study (Table 4). There was no significant difference
in body weight between normal controls and nondia-
betic rats receiving the treatment diet in both male and
female groups. Therefore, the low-carbohydrate diet
did not trigger an increase in body weight in the nor-
mal rats and the gain in body weight in the diabetic
animals was minimal.

Diabetes was associated with an increase in liver-
to-body weight ratio (Table 4) in both males and fe-
males. The low-carbohydrate diet did not alter this
ratio in the diabetics but increased it in the nondia-
betic female rats. Diabetes correlated with an increase
in kidney- and heart-to-body-weight ratios which was
exacerbated by the low-carbohydrate diet in both male
and female animals (Table 4).

Serum Markers

Treatment with low-carbohydrate diet significantly
reduced both glucose and HbA1c levels (Table 5) in
the diabetics (∼62% and 88% of diabetic control, re-
spectively), but did not normalize them. The activi-
ties of serum enzymes ALT, AST, and ALP (Table 5)
were significantly higher in diabetic rats than in normal

TABLE 3. Food Intake in 24 h Period after 30 Days on Normal
or Low-Carbohydrate Diet

Treatment Groups kcal/100 g Body
(Male) n kcal/24 h wt/24 h

Normal control 12 8110 ± 66 50.7 ± 1.13
Normal + test diet 12 8150 ± 216 50.2 ± 0.28
Diabetic control 18 12600 ± 740 a 62.1 ± 5.63a

Diabetic + test diet 16 7780 ± 232b 36.1 ± 1.54c

Values are means ± SEM, p ≤ 0.05.
a Significantly different from normal controls.
b Significantly different from diabetic controls.
c Significantly different from both normal and diabetic controls.
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TABLE 4. Body and Tissue Weights of Animals in Treatment Groups

Body Liver Liver Weight/ Kidney Kidney Weight/ Heart Heart Weight/
n Weight (g) Weight (g) Body Weight (%) Weight (g) Body Weight (%) Weight (g) Body Weight (%)

Males
Normal control 10 316 ± 2 12.2 ± 0.1 3.86 ± 0.02 2.29 ± 0.02 0.72 ± 0.00 1.15 ± 0.01 0.36 ± 0.00
Normal test diet 10 317 ± 1 12.4 ± 0.3 3.91 ± 0.05 2.31 ± 0.01 0.73 ± 0.00 1.21 ± 0.01 0.38 ± 0.00
Diabetic control 12 223 ± 16a 11.3 ± 0.7 5.01 ± 0.22a 2.76 ± 0.19a 1.25 ± 0.02a 0.86 ± 0.06a 0.38 ± 0.01
Diabetic test diet 14 170 ± 4c 7.9 ± 0.2c 4.76 ± 0.03a 2.28 ± 0.05c 1.45 ± 0.03c 0.94 ± 0.05a 0.55 ± 0.02c

Females
Normal control 10 216 ± 2 7.7 ± 0.1 3.58 ± 0.02 1.49 ± 0.02 0.69 ± 0.01 0.82 ± 0.01 0.38 ± 0.00
Normal test diet 10 209 ± 1 8.6 ± 0.1a 4.14 ± 0. 03a 1.50 ± 0.01 0.72 ± 0.01 0.82 ± 0.01 0.39 ± 0.00
Diabetic control 13 163 ± 8a 9.3 ± 0.3a 5.72 ± 0.11a 2.02 ± 0.09a 1.24 ± 0.02a 0.67 ± 0.02a 0.41 ± 0.01a

Diabetic test diet 13 135 ± 2c 7.5 ± 0.1b 5.62 ± 0.04a 2.11 ± 0.02a 1.59 ± 0.01c 0.69 ± 0.01a 0.51 ± 0.00c

Values are means ± SEM, p ≤ 0.05.
a Significantly different from normal controls.
b Significantly different from diabetic controls.
c Significantly different from both normal and diabetic controls.

TABLE 5. Selected Characteristics of Animals, Including Activities of Serum Enzymes

n Glucose (mg/dL) HbA1c (%) ALT (Units/L) AST (Units/L) ALP (Units/L)

Males
Normal control 10 77 ± 1 1.96 ± 0.04 56.4 ± 0.5 61.3 ± 0.7 221 ± 1.6
Normal test diet 10 79 ± 1 1.90 ± 0.03 62.2 ± 0.6 72.8 ± 1.3 525 ± 9.0 a

Diabetic control 12 417 ± 11a 4.00 ± 0.19a 116 ± 6.4a 98.4 ± 7.3a 1010 ± 84a

Diabetic test diet 14 119 ± 14c 3.53 ± 0.08c 77.5 ± 1.1c 61.6 ± 1.0b 884 ± 12.8c

Females
Normal control 10 82 ± 0 2.03 ± 0.04 52.7 ± 0.5 62.8 ± 0.7 186 ± 3.3
Normal test diet 10 77 ± 1 2.12 ± 0.07 59.7 ± 0.6 67.3 ± 0.6 514 ± 12.5a

Diabetic control 13 418 ± 45a 4.42 ± 0.12a 201 ± 28a 207 ± 34.6a 1030 ± 82.7a

Diabetic test diet 13 258 ± 18 c 3.84 ± 0.21c 86.8 ± 1.9b 69.2 ± 1.5b 826 ± 9.7c

Values are mean ± SEM, p ≤ 0.05.
a Significantly different from normal controls.
b Significantly different from diabetic controls.
c Significantly different from both normal and diabetic controls.

controls. The low-carbohydrate diet had the beneficial
effect of normalizing the activity of AST and signifi-
cantly reducing the activity of ALT and ALP. In con-
trast, in both male and female nondiabetic animals,
treatment with low-carbohydrate diet elevated serum
ALP activity while the activities of AST and ALT were
not affected.

Hepatic Markers of Oxidative Stress

Levels of enzyme activity in the liver are presented
in Figure 1. No significant changes from the normal
control were observed in activities of GRx and SOD.
CAT activity was decreased in both males and females
by diabetes and not impacted by the test diet. The low-
carbohydrate diet also decreased CAT activity in the
nondiabetic females. There was a mixed effect of dia-
betes, low-carbohydrate diet, and gender on GPx; how-
ever, the low-carbohydrate diet decreased GPx activity
in diabetic animals when compared to diabetic con-
trols. A diabetes-associated decrease in hepatic GSH
(Figure 2) was not reversed by the treatment diet,

whereas both diabetes and the treatment diet were as-
sociated with elevations in GGT activity (Figure 2).
GSSG was reduced in diabetic animals on the low-
carbohydrate diet only. The low-carbohydrate diet
beneficially reduced MDA levels (Figure 2) in male
nondiabetics.

Renal Markers of Oxidative Stress

Figure 3 shows results of enzyme activity assays
in the kidney. The low-carbohydrate diet reduced the
activity of SOD only in the diabetics relative to both
control groups. The activity of renal CAT was de-
pressed by diabetes in the males and not affected by
the low-carbohydrate diet. While diabetes lowered the
activity of GRx in females, the treatment diet normal-
ized this activity and in the males increased it above
the nondiabetic control. The diabetes-induced eleva-
tion of GPx activity (>60% above nondiabetic control)
was not modified by the low-carbohydrate diet. Activ-
ity of GGT (Figure 4) was reduced by diabetes in the
females but not affected by the low-carbohydrate diet.
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FIGURE 1. Activity of hepatic superoxide dismutase, catalase, glu-
tathione peroxidase, and glutathione reductase in male and fe-
male normal and diabetic rats fed 30 days on standard and low-
carbohydrate diets. One unit of superoxide dismutase activity is that
which produces 50% inhibition of the reduction of cytochrome C in
the presence of superoxide radical. One unit of catalase activity lib-
erates half of the peroxide oxygen from solution in 100 s at 25◦C. One
unit of glutathione reductase or glutathione peroxidase activity oxi-
dizes 1 nmol of NADPH/min at 30◦C. Values are mean ± SEM and
p ≤ 0.05 when compared with the nondiabetic control (*) or diabetic
control (#), n = 10–13.

No differences were observed in concentrations of GSH
(Figure 4), while only trace amounts of GSSG were ob-
served. The only change seen in the treated nondiabetic
animals was an elevation in GPx (40% above nondia-
betic control) in the males.

Cardiac Markers of Oxidative Stress

No changes were observed in activities of car-
diac SOD and GRx as shown in Figure 5. Diabetes
was associated with increases in cardiac CAT activ-

ity (>425% above nondiabetic control), while the low-
carbohydrate diet restored it back toward normal. The
activity of GPx raised by diabetes was reversed but not
normalized by the low-carbohydrate diet. Diabetes de-
creased the ratio of GSH/GSSG (Figure 6) in both males
and females, and reduced the amounts of GSSG in the
males. The low-carbohydrate diet did not modify these
effects in diabetics but instead decreased GSH/GSSG
ratio in the nondiabetic groups.

DISCUSSION

Because carbohydrates are absorbed as glucose,
they cause an immediate increase in blood glucose
whose concentrations will then depend on how fast
and how much glucose is absorbed from the gut and
how fast it is used up or stored once in circulation [29].
A low-carbohydrate diet, having more of its contents
absorbed as triglycerides, will cause only a minimal in-
crease in glucose concentrations, and therefore would
mitigate one of the major problems encountered in di-
abetes. The reduction in glucose levels is expected to
translate to a reduction in the generation of ROS and
an improvement in oxidative status.

This examination of a type 1 diabetic rat model
noted a decrease, though not normalization, of glu-
cose and HbA1c levels in diabetic animals fed a
low-carbohydrate diet. Other investigations of high-
and low-carbohydrate diets in noninsulin-dependent
[13,14,18,30,31] and insulin-dependent [16] diabetics
have also observed that a low-carbohydrate high-fat
diet results in a decrease in the levels of glucose and
triglycerides when compared to baseline values.

As observed elsewhere [32], diabetic animals
gained less weight than nondiabetic animals (54–62%
of normal control). The association of diabetes with
fatty liver may explain the increase in weight of liver
relative to body weight, although a decrease in apop-
tosis has also been noted in diabetic liver [33]. In this
regard, the low-carbohydrate diet was more beneficial
to the males (not affecting the nondiabetic and reduc-
ing liver-to-body weight ratio in diabetics) and unfa-
vorable to the females, where it increased this ratio in
the nondiabetic animals and did not reduce it in the
diabetics.

The increase in heart-to-body-weight ratio in dia-
betics may be due to an increase in the ventricle-to-
body-weight ratios [34]. A number of studies of nondi-
abetic models have found that hypertrophied hearts in
the absence of heart failure show increased resistance
to oxidative stress when subjected to ischemic stress,
and exhibit increased SOD activity and decreased lipid
peroxidation [35–38]. Thus the development of car-
diomegaly in conjunction with increased activities of
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FIGURE 2. Levels of reduced glutathione (GSH) and glutathione disulfide (GSSG), γ -glutamyl transferase activity, and malondialdehyde
(MDA) as a measure of lipid peroxidation in liver of male and female normal and diabetic rats fed 30 days on standard and low-carbohydrate
diets. Connected filled circles represent the ratio of GSH to GSSG in each group. Values are mean ± SEM and p ≤ 0.05 compared with the
nondiabetic control (*) or diabetic control (#), n = 3–13.

some antioxidant enzymes, as seen in diabetes, appears
to be an adaptation to cope with increased oxidative
stress. The low-carbohydrate diet appears to intensify
the cardiomegaly seen in diabetes, an effect that re-
quires further investigation.

An increase in glomerular volume and associated
renal hypertrophy is responsible for an increase in
the kidney weight of hyperglycemic, STZ-induced dia-
betic rats [39]. Though these diabetic animals consum-
ing a low-carbohydrate diet had significantly reduced
glycemic parameters compared with the diabetic con-
trols, a comparable reduction in kidney weight was not
observed. Further research may determine exactly how
tightly blood glucose must be controlled to prevent the
development of abnormalities in the kidney.

The response to increased oxidative stress associ-
ated with diabetes is complex and specific to each tis-
sue. In diabetic male rats, investigators have observed
an increase in hepatic glutathione peroxidase [40,41],
decrease [42,43], or no difference [32,44] when com-

pared to nondiabetic animals. One other study noted
no effect of diabetes on hepatic glutathione peroxidase
activity in female rats [45]. Various confounding fac-
tors such as differences in the dose of the diabetogen
(streptozotocin in all these cases), duration of diabetes,
gender, or age may contribute to differing responses.

In this study, the ambiguities in hepatic glutathione
peroxidase activities may resolve with longer term ad-
ministration of the treatments. Since the levels of hep-
atic glutathione reductase activity were apparently nor-
mal, and the amounts of GSSG in the diabetics lower
than control values, the decrease in hepatic GSH levels
in these animals is most probably due to a decrease in
de novo synthesis that could be compounded by in-
creased flow of GSH out of the liver to supply other
organs, particularly the kidney [46]. This decrease in
de novo synthesis may be due to the reduced activity
of γ -glutamyl cysteine ligase [47,48], the rate-limiting
enzyme in the synthesis of GSH, rather than to a rela-
tive lack of amino acids, which were present in the two
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FIGURE 3. Activity of renal superoxide dismutase, catalase, glu-
tathione peroxidase, and glutathione reductase in male and fe-
male normal and diabetic rats fed 30 days on standard and low-
carbohydrate diets. One unit of superoxide dismutase activity is that
which produces 50% inhibition of the reduction of cytochrome C in
the presence of superoxide radical. One unit of catalase activity lib-
erates half of the peroxide oxygen from solution in 100 s at 25◦C. One
unit of glutathione reductase or glutathione peroxidase activity oxi-
dizes 1 nmol of NADPH/min at 30◦C. Values are mean ± SEM and
p ≤ 0.05 when compared with the nondiabetic control (*) or diabetic
control (#), n = 10–13.

diets in comparable amounts. The low levels of cellu-
lar GSH, in turn, contribute to low levels of GSSG. No
change in the activity of hepatic glutathione reductase
was discerned in diabetics relative to nondiabetic con-
trol animals, as has been observed by others [2,32,49–
51]. This would be consistent with the fact that despite
a decrease in GSH, no increase in GSSG level was seen.

The diabetes-induced increase in hepatic GGT
activity seen in this study, also observed in previous
studies [52], was not greatly altered after 30 days of
treatment with low-carbohydrate diet. GGT is closely
tied with the degradation and synthesis of GSH. GSH
is an important molecule in the detoxification of a num-
ber of exogenous and endogenous compounds, in the
maintenance of oxidant status, and as a storage form of

FIGURE 4. Levels of reduced glutathione (GSH) and γ -glutamyl
transferase activity in kidney of male and female normal and diabetic
rats fed 30 days on standard and low-carbohydrate diets. Values are
mean ± SEM and p ≤ 0.05 when compared with the nondiabetic
control (*) or diabetic control (#), n = 3–13.

cysteine. GGT acts on extracellular GSH, GSSG, or GSH
conjugates to release the γ -glutamyl moiety and allows
for further degradation of the cysteinylglycine moiety,
which in the case of GSH eventually results in the reup-
take of the individual amino acids that participate in de
novo synthesis of GSH or supply the cell with cysteine
[53,54]. The liver is considered a major contributor to
the GSH content of plasma and other organs such as
the kidney. The increase in hepatic GGT in diabetes is
thought to be due to a hyperglycemia-induced increase
in glycation or glycosylation [52].

The fact that the activity of SOD was normal in
the liver and heart indicates that the rate of superoxide
anion generation may not be beyond the cells’ ability to
quench at this stage in the progression of diabetes. This
study did not distinguish any effect of diabetes on renal
SOD activity. The low-carbohydrate diet was associated
with an undesirable tendency to decrease the activity
of SOD, an effect that seems tied to an interaction with
diabetes, as similar changes were not observed in the
nondiabetic animals on the same diet.

A decrease in hepatic and renal catalase activity in
diabetics relative to normal controls [2,41,45,55–57] and
an increase in cardiac catalase [1,41,57–61] have been
common observations. Males generally had greater
hepatic and renal catalase activity than females. These
varied effects on organ catalase reflect the specific func-
tion and structure of each organ. The heart, relative to
the liver or kidney, appears to have a greater capacity to
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FIGURE 5. Activity of cardiac superoxide dismutase, catalase, glu-
tathione reductase, and glutathione peroxidase in male and fe-
male normal and diabetic rats fed 30 days on standard and low-
carbohydrate diets. One unit of superoxide dismutase activity is that
which produces 50% inhibition of the reduction of cytochrome C in
the presence of superoxide radical. One unit of catalase activity lib-
erates half of the peroxide oxygen from solution in 100 s at 25◦C. One
unit of glutathione reductase or glutathione peroxidase activity oxi-
dizes 1 nmol of NADPH/min at 30◦C. Values are mean ± SEM and
p ≤ 0.05 when compared with the nondiabetic control (*) or diabetic
control (#), n = 10–13.

induce an increase in the activity of catalase in response
to oxidative stress. The low-carbohydrate diet tended
to reverse the effects of diabetes on cardiac catalase but
was neutral in the other two organs. Our conclusion is
that the diet had no negative effect as far as catalase is
concerned.

The increase in renal glutathione peroxidase
activity in diabetes suggests an intensified peroxida-
tive injury engendered by hyperglycemia. The low-
carbohydrate diet did not modify this increased ac-
tivity either directly or indirectly through the reduced,
not normalized, blood glucose concentration. In con-
trast, the low-carbohydrate diet seems to stimulate an
increase in glutathione peroxidase in the kidneys of
normal male rats that could be due to an increase in

FIGURE 6. Levels of reduced glutathione (GSH) and glutathione
disulfide (GSSG) and ratio of GSH to GSSG in heart of male and
female normal and diabetic rats fed 30 days on standard and low-
carbohydrate diets. Values are mean ± SEM and p ≤ 0.05 when com-
pared with the nondiabetic control (*) or diabetic control (#), n = 3–13.

peroxide production from metabolism of the predom-
inant fuel. Overall, rats seem to possess the ability to
increase activity of renal glutathione peroxidase as pro-
tection from oxidative stress.

Considering the increase in glutathione peroxidase
activity and fall in both glutathione reductase (22%)
and GGT (18%) activity in the kidney of diabetic female
rats, one would expect a rise in the concentration of re-
nal GSSG and concomitant fall in renal GSH values. But
only trace amounts of GSSG were measured while con-
centration of GSH was unaffected. It is probable that
changes in the activities of the above enzymes were not
large enough to elicit measurable effects on GSH, but
they do indicate a risk of failure to meet increased de-
mand in case of a more pronounced oxidative attack.
The low-carbohydrate diet elicited a positive effect by
increasing glutathione reductase activity of diabetic an-
imals though this was not correlated with an increase
in GSH.

Conflicting results have been reported for car-
diac glutathione reductase [32,44,57,62] and peroxidase
[32,41,59,63–66]. An increase in glutathione peroxidase
would signify an adaptation by the heart to prevent
oxidative injury from H2O2 and lipid peroxides. The
fact that activity of cardiac glutathione peroxidase was
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normalized by low-carbohydrate diet in both male and
female rats is indicative of improved oxidative status
in these animals.

GSH and GSSG are also important in control-
ling the oxidant/antioxidant balance in cells. The in-
crease in cardiac GSSG level (males) and decrease in
GSH/GSSG ratio in diabetic rat hearts with no sig-
nificant alterations in GSH and glutathione reductase
values point to some de novo synthesis of GSH, as well
as the probability that the cell is not able to reoxidize
and/or extrude GSSG out of the cell at a rate com-
mensurate with its formation. Whereas GSH is used
for many other metabolic activities in the cell [54], it is
also possible that the GSH/GSSG pool could be priori-
tized and shifted to the defense of the cell. A reduction
in GSSG levels because of the normalization of glu-
tathione peroxidase activity by the diet was not seen.
The low-carbohydrate diet appears to independently
alter the redox status in the heart.

In conclusion, the low-carbohydrate diet did alle-
viate some pathological effects engendered by diabetes
(on glucose, HbA1c, and glutathione peroxidase) but
did not dramatically affect the oxidative status of the
liver in diabetic or nondiabetic animals. The undesir-
able effects of the low-carbohydrate diet (seen in liver
weight and GSH levels) were more pronounced in fe-
males than in males. Because blood glucose levels were
not entirely normalized by the low-carbohydrate diet,
it is not clear whether some of the benefits resulted
directly from the diet itself or indirectly from a reduc-
tion of glucose concentrations. The test diet also led to
an improved oxidant/antioxidant balance with respect
to glutathione peroxidase in diabetic animals, and did
not negatively affect the activities of catalase, SOD, or
glutathione reductase in both diabetic and nondiabetic
animals. Studies of low-carbohydrate diet in humans,
primarily in type 2 diabetes, are limited, confounded
by poor experimental design and of sufficiently short
duration as to make predictions of long-term efficacy
difficult [20]. Although this low-carbohydrate diet ap-
pears to stabilize hyperglycemia with minimal effects
on antioxidant enzymes, additional information about
effects over a longer treatment period would be useful.

REFERENCES

1. Sano T, Umeda F, Hashimoto T, Nawata H, Utsumi H.
Oxidative stress measurement by in vivo electron spin
resonance spectroscopy in rats with streptozotocin-
induced diabetes. Diabetologia 1998;41:1355–1360.

2. Wohaieb SA, Godin DV. Alterations in free radical tissue-
defense mechanisms in streptozocin-induced diabetes in
rat. Effects of insulin treatment. Diabetes 1987;36:1014–
1018.

3. Nishikawa T, Edelstein D, Brownlee M. The missing link:
A single unifying mechanism for diabetic complications.
Kidney Int Suppl 2000;77:S26–S30.

4. Bonnefont-Rousselot D. Glucose and reactive oxygen
species. Curr Opin Clin Nutr Metab Care 2002;5:561–568.

5. Hamada Y, Araki N, Horiuchi S, Hotta N. Role of polyol
pathway in nonenzymatic glycation. Nephrol Dial Trans-
plant 1996;11:95–98.

6. Hunt JV, Dean RT, Wolff SP. Hydroxyl radical production
and autoxidative glycosylation. Glucose autoxidation as
the cause of protein damage in the experimental glyca-
tion model of diabetes mellitus and ageing. Biochem J
1988;256:205–212.

7. Stitt AW, Jenkins AJ, Cooper ME. Advanced glycation
end products and diabetic complications. Expert Opin
Investig Drugs 2002;11:1205–1223.

8. Koya D, King GL. Protein kinase C activation and
the development of diabetic complications. Diabetes
1998;47:859–866.

9. Inoguchi T, Sonta T, Tsubouchi H, Etoh T, Kakimoto M,
Sonoda N, Sato N, Sekiguchi N, Kobayashi K, Sumimoto
H, Utsumi H, Nawata H. Protein kinase C-dependent
increase in reactive oxygen species (ROS) production in
vascular tissues of diabetes: Role of vascular NAD(P)H
oxidase. J Am Soc Nephrol 2003;14:S227–S232.

10. Giannerini F, Giustarini D, Lusini L, Rossi R, Di Simplicio
P. Responses of thiols to an oxidant challenge: Differences
between blood and tissues in the rat. Chem Biol Interact
2001;134:73–85.

11. Sheetz MJ, King GL. Molecular understanding of hy-
perglycemia’s adverse effects for diabetic complications.
JAMA 2002;288:2579–2588.

12. Maritim AC, Sanders RA, Watkins JB III. Diabetes,
oxidative stress, and antioxidants: A review. J Biochem
Mol Toxicol 2003;17:24–38.

13. Parillo M, Rivellese AA, Ciardullo AV, Capaldo B, Giacco
A, Genovese S, Riccardi G. A high-monounsaturated-
fat/low-carbohydrate diet improves peripheral insulin
sensitivity in non-insulin-dependent diabetic patients.
Metabolism 1992;41:1373–1378.

14. Low CC, Grossman EB, Gumbiner B. Potentiation of ef-
fects of weight loss by monounsaturated fatty acids in
obese NIDDM patients. Diabetes 1996;45:569–575.

15. Julius U. Fat modification in the diabetes diet. Exp Clin
Endocrinol Diabetes 2003;111:60–65.

16. Strychar I, Ishac A, Rivard M, Lussier-Cacan S,
Beauregard H, Aris-Jilwan N, Radwan F, Yale JF. Impact
of a high-monounsaturated-fat diet on lipid profile
in subjects with type 1 diabetes. J Am Diet Assoc
2003;103:467–474.

17. Sandelin AC, Sandelin K. Activation of lysosomal en-
zymes in virus-infected cells and its possible relationship
to cytopathic effects. J Exp Med 1963;117:879–887.

18. Chen YD, Coulston AM, Zhou MY, Hollenbeck CB,
Reaven GM. Why do low-fat high-carbohydrate diets ac-
centuate postprandial lipemia in patients with NIDDM?
Diabetes Care 1995;18:10–16.

19. O’Neill D, Westman EC, Bernstein RK. The effects of
a low-carbohydrate regimen on glycemic control and
serum lipids in diabetes mellitus. Metab Syndr Relat Dis-
ord 2003;1:291–298.

20. Bravata DM, Sanders L, Huang J, Krumholz HM, Olkin
I, Gardner CD. Efficacy and safety of low-carbohydrate
diets: A systematic review. JAMA 2003;289:1837–1850.

J Biochem Molecular Toxicology DOI 10.1002/jbt



268 KAMUREN, SANDERS, AND WATKINS III Volume 20, Number 5, 2006

21. National Research Council. Guide for the care and use of
laboratory animals. Washington DC: National Academy
Press, 1996.

22. Meister A, Tate SS, Griffith OW. Gamma-glutamyl
transpeptidase. Methods Enzymol 1981;77:237–253.

23. Carlberg I, Mannervik B. Purification and characteriza-
tion of the flavoenzyme glutathione reductase from rat
liver. J Biol Chem 1975;250:5475–5480.

24. Tappel AL. Glutathione peroxidase and hydroperoxides.
Methods Enzymol 1978;52:506–513.

25. Luck H. Catalase. In: Bergmeyer H-U, editor. Methods
of enzymatic analysis. New York: Academic Press, 1963.
pp 885–888.

26. Crapo JD, McCord JM, Fridovich I. Preparation and
assay of superoxide dismutases. Methods Enzymol
1978;53:382–393.

27. Hissin PJ, Hilf R. A fluorometric method for determina-
tion of oxidized and reduced glutathione in tissues. Anal
Biochem 1976;74:214–226.

28. Lowry O, Rosebrough NJ, Farr AL, Randall RJ. Protein
measurements with Folin phenol reagent. J Biol Chem
1951;193:265–275.

29. Wolever TM. Dietary carbohydrates and insulin action in
humans. Br J Nutr 2000;83(Suppl 1):S97–S102.

30. Campbell LV, Marmot PE, Dyer JA, Borkman M, Storlien
LH. The high-monounsaturated fat diet as a practical
alternative for NIDDM. Diabetes Care 1994;17:177–182.

31. Lerman-Garber I, Ichazo-Cerro S, Zamora-Gonzalez J,
Cardoso-Saldana G, Posadas-Romero C. Effect of a high-
monounsaturated fat diet enriched with avocado in
NIDDM patients. Diabetes Care 1994;17:311–315.

32. Mak DH, Ip SP, Li PC, Poon MK, Ko KM. Alterations in
tissue glutathione antioxidant system in streptozotocin-
induced diabetic rats. Mol Cell Biochem 1996;162:153–
158.

33. Herrman CE, Sanders RA, Klaunig JE, Schwarz LR,
Watkins JB III. Decreased apoptosis as a mechanism for
hepatomegaly in streptozotocin-induced diabetic rats.
Toxicol Sci 1999;50:146–151.

34. Al-Shafei AI, Wise RG, Gresham GA, Bronns G,
Carpenter TA, Hall LD, Huang CL. Non-invasive mag-
netic resonance imaging assessment of myocardial
changes and the effects of angiotensin-converting en-
zyme inhibition in diabetic rats. J Physiol 2002;538:541–
553.

35. Kamiya H, Okumura K, Ito M, Matsui H, Saburi Y,
Hayashi K, Hayakawa T. Antioxidant changes in the hy-
pertrophied heart due to energy metabolic disorder. Basic
Res Cardiol 2001;96:431–438.

36. Kirshenbaum LA, Singal PK. Increase in endogenous an-
tioxidant enzymes protects hearts against reperfusion in-
jury. Am J Physiol 1993;265:H484–H493.

37. Kirshenbaum LA, Hill M, Singal PK. Endogenous an-
tioxidants in isolated hypertrophied cardiac myocytes
and hypoxia-reoxygenation injury. J Mol Cell Cardiol
1995;27:263–272.

38. Dhalla AK, Hill MF, Singal PK. Role of oxidative stress
in transition of hypertrophy to heart failure. J Am Coll
Cardiol 1996;28:506–514.

39. Rasch R. Prevention of diabetic glomerulopathy in strep-
tozotocin diabetic rats by insulin treatment. Kidney size
and glomerular volume. Diabetologia 1979;16:125–128.

40. Rauscher FM, Sanders RA, Watkins JB III. Effects of
piperine on antioxidant pathways in tissues from nor-

mal and streptozotocin-induced diabetic rats. J Biochem
Mol Toxicol 2000;14:329–334.

41. Sanders RA, Rauscher FM, Watkins JB III. Effects of
quercetin on antioxidant defense in streptozotocin-
induced diabetic rats. J Biochem Mol Toxicol 2001;15:143–
149.

42. Jang YY, Song JH, Shin YK, Han ES, Lee CS. Protec-
tive effect of boldine on oxidative mitochondrial damage
in streptozotocin-induced diabetic rats. Pharmacol Res
2000;42:361–371.

43. Aragno M, Tamagno E, Gatto V, Brignardello E, Parola
S, Danni O, Boccuzzi G. Dehydroepiandrosterone pro-
tects tissues of streptozotocin-treated rats against oxida-
tive stress. Free Radic Biol Med 1999;26:1467–1474.

44. Rauscher FM, Sanders RA, Watkins JB III. Effects of
isoeugenol on oxidative stress pathways in normal and
streptozotocin-induced diabetic rats. J Biochem Mol
Toxicol 2001;15:159–164.

45. Maritim AC, Moore BH, Sanders RA, Watkins JB III. Ef-
fects of melatonin on oxidative stress in streptozotocin-
induced diabetic rats. Intl J Toxicol 1999;18:161–166.

46. Abbott WA, Meister A. Intrahepatic transport and uti-
lization of biliary glutathione and its metabolites. Proc
Natl Acad Sci USA 1986;83:1246–1250.

47. Kim SK, Woodcroft KJ, Khodadadeh SS, Novak RF. In-
sulin signaling regulates gamma-glutamylcysteine ligase
catalytic subunit expression in primary cultured rat hep-
atocytes. J Pharmacol Exp Ther 2004;311:99–108.

48. Li S, Li X, Rozanski GJ. Regulation of glutathione in car-
diac myocytes. J Mol Cell Cardiol 2003;35:1145–1152.

49. Dincer Y, Akcay T, Alademir Z, Ilkova H. Effect of ox-
idative stress on glutathione pathway in red blood cells
from patients with insulin-dependent diabetes mellitus.
Metabolism 2002;51:1360–1362.

50. Saxena AK, Srivastava P, Kale RK, Baquer NZ. Impaired
antioxidant status in diabetic rat liver. Effect of vanadate.
Biochem Pharmacol 1993;45:539–542.

51. Matkovics B, Kotorman M, Varga IS, Hai DQ, Varga C.
Oxidative stress in experimental diabetes induced by
streptozotocin. Acta Physiol Hung 1997;85:29–38.

52. Cornwell PD, Watkins JB III. Changes in the kinetic
parameters of hepatic gamma-glutamyltransferase from
streptozotocin-induced diabetic rats. Biochim Biophys
Acta 2001;1545:184–191.

53. Dickinson DA, Forman HJ. Glutathione in defense and
signaling: Lessons from a small thiol. Ann NY Acad Sci
2002;973:488–504.

54. Lu SC. Regulation of hepatic glutathione synthesis: Cur-
rent concepts and controversies. FASEB J 1999;13:1169–
1183.

55. Kedziora-Kornatowska KZ, Luciak M, Paszkowski J.
Lipid peroxidation and activities of antioxidant enzymes
in the diabetic kidney: Effect of treatment with an-
giotensin convertase inhibitors. IUBMB Life 2000;49:303–
307.

56. Mekinova D, Chorvathova V, Volkovova K, Staruchova
M, Grancicova E, Klvanova J, Ondreicka R. Effect of in-
take of exogenous vitamins C, E and β-carotene on the an-
tioxidative status in kidneys of rats with streptozotocin-
induced diabetes. Nahrung 1995;39:257–261.

57. Rauscher FM, Sanders RA, Watkins JB III. Effects of coen-
zyme Q10 treatment on antioxidant pathways in normal
and streptozotocin-induced diabetic rats. J Biochem Mol
Toxicol 2001;15:41–46.

J Biochem Molecular Toxicology DOI 10.1002/jbt



Volume 20, Number 5, 2006 OXIDATIVE STRESS AFTER LOW-CARB DIET 269

58. Kocak G, Aktan F, Canbolat O, Ozogul C, Elbeg S,
Yildizoglu-Ari N, Karasu C. α-Lipoic acid treatment ame-
liorates metabolic parameters, blood pressure, vascular
reactivity and morphology of vessels already damaged
by streptozotocin-diabetes. Diabetes Nutr Metab Clin
Exp 2000;13:308–318.

59. Kakkar R, Mantha SV, Kalra J, Prasad K. Time course
study of oxidative stress in aorta and heart of diabetic
rat. Clin Sci 1996;91:441–448.

60. Otsyula M, King MS, Ketcham TG, Sanders RA, Watkins
JB III. Oxidative stress in rats after 60 days of hypergalac-
tosemia or hyperglycemia. Int J Toxicol 2003;22:423–427.

61. Ozansoy G, Akin B, Aktan F, Karasu C. Short-term gem-
fibrozil treatment reverses lipid profile and peroxidation
but does not alter blood glucose and tissue antioxidant
enzymes in chronically diabetic rats. Mol Cell Biochem
2001;216:59–63.

62. Toleikis PM, Godin DV. Alteration of antioxidant sta-
tus in diabetic rats by chronic exposure to psycholog-

ical stressors. Pharmacol Biochem Behav 1995;52:355–
366.

63. Rauscher FM, Sanders RA, Watkins JB III. Effects
of new antioxidant compounds PNU-104067F and
PNU-74389G on antioxidant defense in normal and
diabetic rats. J Biochem Mol Toxicol 2000;14:189–
194.

64. Aliciguzel Y, Ozen I, Aslan M, Karayalcin U. Activi-
ties of xanthine oxidoreductase and antioxidant enzymes
in different tissues of diabetic rats. J Lab Clin Med
2003;142:172–177.

65. Kaul N, Siveski-Iliskovic N, Thomas TP, Hill M, Khaper
N, Singal PK. Probucol improves antioxidant activity
and modulates development of diabetic cardiomyopa-
thy. Nutrition 1995;11:551–554.

66. Zobali F, Avci A, Canbolat O, Karasu C. Effects of vitamin
A and insulin on the antioxidative state of diabetic rat
heart: A comparison study with combination treatment.
Cell Biochem Funct 2002;20:75–80.

J Biochem Molecular Toxicology DOI 10.1002/jbt


