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Abstract Introduction: Changes in dietary habits influence the glycemic level. Preliminary studies using the
low-carbohydrate ketogenic diet (LCKD) were found to be quite promising in controlling diabetes
mellitus. Therefore, the objectives of this study are to investigate the therapeutic effects of LCKD
in experimental diabetic rats following the administration of streptozotocin (STZ).

Materials and methods: Adultrats were divided into three groups: normal diet, LCKD, and high-car-
bohydrate diet. Each group was subdivided into normal, sham, and diabetic groups. Diabetes was in-
duced by a single intraperitoneal injection of STZ (55 mg/kg). Specific diets were given to each group
of animals for a period of 8 wk and then the animals were sacrificed. The rats were monitored daily for
food and water intake, whereas body weight, urine output, and blood glucose levels were monitored
weekly. The histology of the islets of Langerhans was studied by histochemical methods.

Results: The results showed that LCKD was effective in bringing blood glucose level close to normal
(P <0.01). Food and water intake and urine output were increased in all groups except the LCKD
group (P < 0.01). The body weight was significantly reduced in all diabetic animals except in the
LCKD group (P < 0.01). Histologic studies showed significant decrease in the islet size and number
of @ cells in all the diabetic groups.

Conclusion: This study indicates that LCKD has a significant beneficial effect in ameliorating the
diabetic state and helping to stabilize hyperglycemia. © 2009 Elsevier Inc. All rights reserved.
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Introduction

Diabetes mellitus (DM) is a serious universal health prob-
lem. The prevalence of this condition is rapidly increasing in
the world. Similarly, in the Gulf region and especially in Ku-
wait, DM is spreading widely. Changes in lifestyle and die-
tary habits, in conjunction with genetic susceptibility, have
resulted in a remarkable increase in the incidence and preva-
lence of diabetes in the world [1,2].

Type 1 diabetes, or insulin-dependent diabetes (IDDM), is
caused by the autoimmune destruction of pancreatic 3 cells
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leading to insulin deficiency. Hence, the administration of in-
sulin is essential for the metabolism and survival of these pa-
tients. Type 1 diabetes accounts for only 5-10% of all the
diabetic cases [3]. Type 2 diabetes, on the other hand, is
due to impaired insulin secretion and/or insulin resistance.
This type of insulin-independent diabetes is much more
widespread and accounts for almost 90-95% of the DM cases
[4,5].

Recently several animal models have been used in the
study of diabetes. Streptozotocin (STZ) is commonly used
to alter pancreatic $-cell function leading to diabetes in ex-
perimental animals. STZ is a nitrosourea derivative [(2-de-
0xy-2-(3-(methyl-3-nitrosoureido)-D-glucopyranose)], iso-
lated from Streptomyces achromogenes, which selectively
destroys pancreatic § cells [6]. It causes DNA methylation,
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DNA damage, severe adenosine triphosphate depletion, and
eventually necrosis of the 8 cells [7]. Hence, a high dose of
STZ severely impairs insulin secretion, mimicking type 1 di-
abetes [7]. However, specific STZ doses cause a partial de-
struction of (-cell mass. Therefore, administration of
calculated doses of STZ can be used to produce type 2 DM
[8]. But it is quite difficult to judge the appropriate dosage
to create stable type 2 DM without either gradual recovery
or deterioration into type 1 DM. STZ reliably produces
many of the signs such as increased intake of water and
food, failure to gain weight, and increased blood glucose con-
centrations and several symptoms of chronic human diabetes,
in particular, diastolic cardiac dysfunction, cataracts, and
neuropathy.

Maintaining blood glucose levels within the normal range
is of utmost importance in the management of diabetes. Diet
is one factor that can have a great impact upon stabilizing
blood glucose levels in diabetic patients. Recent studies
have reintroduced the concept of using a ketogenic diet
with low-carbohydrate content in a variety of disease states,
such as epilepsy [9], obesity [10], cardiovascular diseases
[11], and diabetes [12].

A low-carbohydrate ketogenic diet (LCKD) is a high-fat,
low-protein, low-carbohydrate (<100 g/d) diet that has been
employed as a treatment for intractable epilepsy and obesity
[13]. It consists of long-chain saturated triglycerides in a 3:1—
4:1 ratio of fats to carbohydrates + protein (by weight).
LCKD mimics the physiologic state of fasting [13].

It is generally believed that a high-fat diet causes obesity.
As fat has a higher caloric density than carbohydrate, it is
assumed that consumption of a high-fat diet will be accompa-
nied by a higher energy intake [14]. On the contrary, current
studies quite evidently show that a ketogenic diet can cure
obesity [10] and obesity-associated diseases [11,12,15].
This concept that fat can be eaten ad libitum and still induce
weight loss in obese subjects is actually quite old [16].

The extent of blood glucose level is determined by the
amount and rate of glucose absorption from the gut and also
by the rate of its utilization or storage when it enters the circu-
lation [17]. In diabetes, as ingested carbohydrates are ab-
sorbed mainly as glucose, there is an immediate rise in the
blood glucose level. The contents of an LCKD are mainly ab-
sorbed as triglycerides and proteins rather than glucose, so
this would alleviate one of the major factors in diabetes.

Due to the above-mentioned reasons, this study is aimed at
investigating the therapeutic effects of LCKD in diabetic rats
as compared to normal and high-carbohydrate diets.

Materials and methods
Animals and experimental design

A total of 63 male Wistar rats, weighing 250-300 g, were
used in this study. Animals were housed singly, under con-

trolled  environmental conditions of  temperature
22.3 = 0.3°C, 31.2 * 0.8% humidity, and a 12-h light/dark

cycle in the Animal Care Facility at Kuwait University.
This study was approved by the Animal Protection Ethical
Committee of Kuwait University.

The animals were randomly assigned to the three diet
groups: (1) normal diet (ND) of regular commercial rat
food [18]; (2) high-carbohydrate diet (HCD) of 70% carbo-
hydrate, 10% fat, and 20% protein; and (3) LCKD of 60%
fat, 10% carbohydrate, and 30% protein. Each group was fur-
ther subdivided into three subgroups: control, sham, and di-
abetic rats (each group consisting of seven rats). All the
groups had free access to water and food based on the type
of diet. Each group of rats was fed with the specific type of
diet for 8 wk.

Diabetes was induced first in rats by the intraperitoneal in-
jection of STZ (S-0130, Sigma, Ronkonkoma, NY, USA),
freshly prepared [19], at a concentration of 55 mg/kg in sa-
line, and the animals in the sham control group were given
only saline.

Before STZ injection, rats were caged singly in metabolic
cages for 24 h to collect urine for analysis and for measuring
the urine output. On the day of STZ injection, the level of
blood glucose was measured from the rat tail using a glucom-
eter (One touch ultra, Lifescan, Tokyo, Japan) [20]. After
STZ injection and the development of diabetes, which was
confirmed using Keto-Diabur test strips (Accu-chek, Roche,
Selangor Daral Ehsan, Malaysia) [21], the animals were
transferred into normal cages.

Daily measurements of food and water intake as well as
weekly measurement of body weight were taken during the
whole experiment. In addition, blood glucose level (diabe-
tic > 250 mg/dL) [20] and urine output were measured
once a week.

Preparation of specimen

At the end of 8 wk, animals were anesthetized using ether,
and blood was collected in vacutainer tubes (Vacutainer
Brand, 5181548, BD Diagnostics, NJ, USA) by cardiac punc-
ture. After the collection of blood samples, the animals were
sacrificed, the abdomen opened with a midline incision, and
the pancreas taken for histologic analysis by routine hema-
toxylin and eosin and Gomori’s chrome alum hematoxylin-
phloxine staining methods.

Gomori’s chrome alum hematoxylin-phloxine stain was
used to distinguish endocrine cells of pancreas and to high-
light insulin-producing £ cells from « and ¢ cells [22]. Briefly,
the Gomori’s chrome alum hematoxylin-phloxine staining
method is as follows. Sections after their initial fixation in
10% formalin were treated with Bouin’s fluid for 16-24 h.
The slides were then washed in tap water to remove picric
acid and then treated for 1 min with a mixture containing an
equal amount of 0.3% potassium permanganate and 0.3% sul-
furic acid. The tissues were decolorized with 2—5% solution of
sodium bisulphate and washed well in running tap water. The
slides were then stained with hematoxylin solution for 15 min
until the 8 cells became deep blue. The slides were further
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rinsed in water and differentiated in acid alcohol for about
1 min to remove the background staining. Again the slides
were washed for 10 min in running tap water until the sections
were clear blue. After that, the slides were stained in 0.5%
aqueous phloxine for 5 min, rinsed in water, and then treated
with 5% phosphotungstic acid for another min. The slides
were washed in running tap water for 5 min so that sections
became red and then differentiated in 95% alcohol. Finally,
the slides were dehydrated, cleared and mounted with a cover
slip using a mixture of distyrene (a polystyrene), a plasticizer
(tricresyl phosphate), and xylene (DPX).

The tissue sections were examined using a light micro-
scope (Zeiss, Hamburg, Germany) and images were captured
with a Zeiss digital camera using Axiovision software (Zeiss,
Germany).

Statistical analysis

The Student’s ¢ test and analysis of variance with Bonfer-
roni correction were performed for the comparisons between
animals fed the normal, high-carbohydrate, and low-carbohy-
drate ketogenic diets. A value of P < 0.05 was considered to
be significant.

Results

There were no significant differences between the control
group and the sham control for each diet group. Therefore,

the control group and the sham control were combined to
make the “control” group for each diet.

Effect of different diets on blood glucose level

The non-fasting blood glucose level was measured weekly
from the tail vein of rats using a glucometer. After the admin-
istration of STZ, the blood glucose level was significantly in-
creased in all diabetic groups compared with their control at
all time points, except baseline. But the increase in the blood
glucose level of LCKD diabetic (LCKD-D) group was signif-
icantly lower (P < 0.005 and P < 0.01) than the other dia-
betic groups. From the 6th wk onward, the blood glucose
level of the diabetic groups of LCKD was almost similar to
the control group (Fig. 1). Weekly comparison (using analy-
sis of variance with Bonferroni correction) of LCKD-D with
ND-D and HCD-D showed that starting from week 4 of the
experiment, there were significant differences in the level
of blood glucose between LCKD-D and ND-D as well as
LCKA and HCD-D.

Effect of different diets on body weight

With STZ administration, there was a significant decrease
(P < 0.01) in the body weight in both ND-D and HCD-D
groups. On the other hand, there was no significant difference
in body weight between the control and LCKD diabetic

group (Fig. 2).
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Fig. 1. The effect of different diets: normal diet (ND), high-carbohydrate diet (HCD), and low-carbohydrate ketogenic diet (LCKD) on blood glucose level (mg/
dL) in control (C) and diabetic (D) rats. The values are mean * SEM (n = 42). **P < 0.01, ND-C compared with ND-D; ++, P < 0.01, HCD-C compared with
HCD-D; &, P <0.05, &3, P <0.01, ND-D compared with LCKD-D; 4, P <0.05, ¢ ¢, P <0.01, HCD-D compared with LCKD-D; ®, P < 0.05, ®®,

P < 0.01, LCKD-C compared with LCKD-D.
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Changes in food intake in different groups

After STZ administration, as expected, the diabetic groups
of ND and HCD showed an increase in food consumption.
On the other hand, the LCKD groups showed the least food
intake (P < 0.01) as compared with other groups (Fig. 3).

Calorie intake of different groups

All the control groups and LCKD-D ingested almost the
same number of calories throughout the experiment. How-
ever, the diabetic groups of ND and HCD showed a signifi-
cant (P < 0.001) high-calorie intake (Fig. 4).

Changes in water intake in different groups

The ND-D and HCD-D groups showed a significant in-
crease (P <0.01) in water intake as compared with the
LCKD-D group throughout the experimental period.

Effect of different diets on urine output

Excretion of urine was monitored weekly. After STZ ad-
ministration, there was a significant increase (P < 0.01) in the
urine output in ND-D and HCD-D compared with their con-
trol groups and with LCKD-D. At the end of the study, the
increase in urine output in the ND-D and HCD-D groups
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reached up to 250 mL/d. Although there was a slight differ-
ence in urine output between the control and diabetic groups
of LCKD during the first few weeks, the urine excretion in the
LCKD-D groups decreased constantly throughout the entire
study period.

Effect of different diets on urine glucose and other analysis

The glycosuria was negative throughout the experiment in
LCKD control (LCKD-C) and LCKD-D groups. In the
LCKD-D group, trace to 250 mg/dL glucose was present
during the first 3 wk. For the diabetic ND and HCD groups,
there was a significant increase in the level of glucose in the
urine (above 1000 mg/dL). Compared with LCKD-C, the
control group of HCD showed trace to 250 mg/dL glycosuria
during the whole experiment. Although urine did not show
the presence of ketones in the normal state, the urine levels
of ketones and proteins in the experimental rats were consis-
tent with the diabetic state of the animals in different diet
groups.

Histologic assessment of islets of Langerhans

Hematoxylin and eosin staining showed the presence of
several round to elongated, normal islets of Langerhans in
the control groups (Fig. 5). On the other hand, in all the dia-
betic groups, the islet morphology was altered with vacuoles
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Fig. 2. Effect of different diets: normal diet (ND), high-carbohydrate diet (HCD), and low-carbohydrate ketogenic diet (LCKD) on body weight (g) in control (C)
and diabetic rats (D). The values are mean = SEM (n =42). *P < 0.05, **P < 0.01, ND-C compared with ND-D; +, P < 0.05, ++, P < 0.01, HCD-C compared

with HCD-D.
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Fig. 3. The effect of different diets: normal diet (ND), high-carbohydrate diet (HCD), and low-carbohydrate ketogenic diet (LCKD) on food intake (g/wk) in
control (C) and diabetic rats (D). The values are mean = SEM (n = 42). &, P < 0.01, ND-C compared with ND-D; ¢, P < 0.05, ¢ ¢, P < 0.01, HCD-C com-
pared with HCD-D; *P < 0.05, **P < 0.01, ND-D compared with LCKD-D; +, P < 0.05, ++, P < 0.01, HCD-D compared with LCKD-D.
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Fig. 4. The calorie intake of different diets: normal diet (ND), high-carbohydrate diet (HCD), and low-carbohydrate ketogenic diet (LCKD) in control (C) and
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Fig. 5. Sections of the pancreas from control and diabetes rats of postfed experiment stained with hematoxylin and eosin. Circles show islets of Langerhans.
Arrows show vacuoles. a, b, ¢ and e: Magnification 20X; d and f: magnification 10X.

and only a few islets were present in tissue sections (Fig. 5).
Furthermore, Gomori’s chrome alum hematoxylin-phloxine
staining showed the presence of only very few necrotic 3 cells
in the islets. However, « and 6 cells of the islets were not af-
fected by STZ (Fig. 6). Macrophage infiltration and the pres-
ence of vacuoles were observed among lytic § cells.
Statistical analysis showed a significant decrease in the num-
ber of § cells (Fig. 7) in all diabetic groups as compared with
the respective control groups (P < 0.01).

Discussion

The data presented in this study clearly indicate the bene-
ficial effects of LCKD in improving the diabetic status in
terms of body weight, blood glucose, urine output, and
food and water intake. In this study, after STZ injection,
the rats were randomly assigned to the three diet groups to en-
sure that the results were due to the dietary effects rather than
any other factors. Also, it is important to emphasize that this
experiment was carried out without the usage of any hypo-
glycemic medication.

Effect of diets on blood glucose levels

After STZ administration, there was a significant increase
in the blood glucose levels of all the diabetic groups as com-
pared with their controls. However, the blood glucose level of
the LCKD-D group was significantly lower (P < 0.005 and

P < 0.01) than the other groups. As shown in Figure 2, there
was a decrease in the blood glucose level in response to
the LCKD diet from week 1, which reached almost normal
levels (<200 mg/dL) at week 6. On the other hand, the rats as-
signed to the other two diets showed continuous increase in
the blood glucose levels, reaching approximately 650 mg/
dL. Therefore, the data presented in this study suggest that
even short-term use of the LCKD has significant beneficial ef-
fects in STZ-treated diabetic rats. Several studies in which
LCKD was administered in parallel with insulin and hypogly-
cemic medication, either for short or long periods, have shown
the therapeutic effect of LCKD in improving the glycemic
level as well as reducing the need for such medications [23—
26]. This improvement in the glycemic level was achieved
with a low-carbohydrate, high-protein diet [27,28] as well
as with a low-carbohydrate, high-fat diet [29,30]. These stud-
ies suggest that reducing the amount of dietary carbohydrate is
important in regulating diabetes. Moreover, our results on the
metabolic improvement were similar when a 6% carbohy-
drate diet was given 11 days after the induction of diabetes
[31], as well as with a carbohydrate-free diet given after 6
wk for spontaneously diabetic BB Wistar rats [32]. In 1990,
Henry and his colleagues [33] showed that the improvement
in the blood glucose levels is also due to the direct effect of
the ketone bodies on the hepatic glucose output. Similarly,
Miiller and his colleagues [34] found that infusion of ketone
bodies caused a decrease in hepatic glucose production, blood
glucose, and glucose utilization.
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Fig. 6. Sections of the pancreas for control and diabetes rats of postfed experiment stained with Gomori’s chrome alum hematoxylin-phloxine stain. Black arrows
show « cells. White arrows show £ cells. V, vacuoles. § cells with blue and located interior, « cells with red found at periphery, and 6 cells pink to red are located

among « cells. Magnification 40X.

Effect of diets on body weight and food intake

As expected with the diabetic condition, there was a signif-
icant (P < 0.01) reduction in the body weight and an increase
in the food and caloric intake of the diabetic groups except for
the LCKD group, confirming the beneficial effect of LCKD
on the diabetic status. These results are similar to the studies
of other investigators [36].

Effects of diets on water intake and urine output

As polydipsia and polyuria are conditions that are con-
comitant with the diabetic state, water intake and urine vol-
ume were markedly increased in the diabetic groups of ND
and HCD. On the other hand, water intake in the LCKD-D
group was within the normal range, whereas urine volume
during the first 2 wk was considerably above the normal
range due to glucose excretion. Gradually urine volume in
the LCKD-D group returned to the normal level.

These results showing the general improvement in weight
gain and polyuria condition were similar to the studies in
which a low-carbohydrate diet [35-37] and carbohydrate-
free diet [38] were used.

Contrary to our findings and other recent studies men-
tioned above, a few studies [39-42] showed that the low-
carbohydrate, high-fat diet had worsened the diabetic state.
Although the studies of Chisholm and O’Dea [42] were sim-
ilar to our studies and the composition of LCKD and HCD
used were similar, the exact reason why their results contra-

dict the findings presented in this study is not understood.
However, in a recent study evaluating the response of two
lower-carbohydrate diets that were rich in slowly digested
carbohydrate and monounsaturated and omega-3 fatty acids
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Fig. 7. The effect of different diet: normal diet (ND), high-carbohydrate diet
(HCD), and low-carbohydrate ketogenic diet (LCKD) on number of § cells in
control (C), and diabetic rats (D). The values are mean £ SEM (n =42).
#*#P < 0.01, ND-C compared with ND-D; ++, P < 0.01, HCD-C compared
with HCD-D; &, P < 0.05, ND-D compared with LCKD-D; 4, P < 0.05,
HCD-D compared with LCKD-D; ®, P < 0.05, LCKD-C compared with
LCKD-D.
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and a standard control diet in subjects with type 2 DM, it was
shown that both diabetic-specific diets produced significantly
lower blood glucose and insulin responses and higher levels
of glucagonlike peptide-1 as compared with the standard diet
[43].

Urine glucose and other analysis

Urine analysis showed that the glucose level in the ND-D
and HCD-D was above 1000 mg/dL throughout the experi-
mental period. However, in the LCKD-D group, high-level
glucose was present only during the first 3 wk. Thereafter,
the level of glucose in the urine of the LCKD-D group be-
came almost normal. These results further suggest the bene-
ficial effects of LCKD in the regulation of diabetes. Levels of
ketones and proteins in the urine of experimental rats were
consistent with the diabetic state of the animals.

Histologic assessment of the islets of Langerhans

Histologic studies showed a decrease in the number of is-
lets as well as the number of  cells in all diabetic groups as
compared with their respective controls. The histologic
changes observed in this study correspond to the ultrastruc-
tural changes observed in the islets of Langerhans of mice
in response to STZ [44]. Electron microscopic observation
revealed early chromatin aggregation and cytoplasmic vesic-
ulation in the central 3 cells during the first 2 h of STZ treat-
ment. In addition, nuclear shrinkage and pyknosis with
swelling of mitochondria and endoplasmic reticulum were
observed [44]. Lysis of 8 cells occurred after 12 h of treat-
ment. However, other cell types of the islets of Langerhans
did not show any ultrastructural alteration. Macrophage infil-
tration and the presence of clear and large phagocytic vacu-
oles were observed among lytic 8 cells after 24 h of STZ
administration. No features of apoptosis were observed,
and the pancreatic tissue remained unaffected from the effect
of STZ [44].

As shown by the metabolic parameters studied, during 8
wk of this experiment, diabetic rats on ND and HCD main-
tained a high glucose level throughout the experiment; in
contrast, LCKD maintained the blood glucose level at near
normal levels. These results are similar to the studies of other
investigators [45,46] who used a low-carbohydrate diet in the
treatment of diabetes. Recently various studies have been car-
ried out on glycated hemoglobin (HbA,.), which is consid-
ered as an index of blood glucose control and the degree of
oxidative stress in diabetes [47,48]. It has been shown that
administration of LCKD decreases the level of glycated he-
moglobin in diabetic patients [12,23], suggesting a reduction
in the generation of reactive oxygen species and an improve-
ment in the oxidative status. All these studies suggest that
LCKD may play a beneficial role in the amelioration of oxi-
dative stress in diabetic patients. In support of this view, Falk
and his collaborators [49] have shown that ketone bodies
function as antiinflammatory agents through the reduction

of reactive oxygen species and increase of glutathione perox-
idase activity. Furthermore, according to Freeman and asso-
ciates [50], the anticonvulsant role of a ketogenic diet could
be due to the antioxidant mechanisms activated by fatty acids
and ketones.

In conclusion, the histologic and biochemical data pre-
sented in this study support the view that the LCKD has a sig-
nificant beneficial effect on ameliorating the diabetic state and
helping to stabilize hyperglycemia and could result in im-
proved (-cell function. Although the underlying mechanism
of this protective effect is not understood, it is possible that,
as mentioned above, the LCKD (fatty acids and ketone bod-
ies) may have a significant role in reducing oxidative stress
in STZ-induced diabetes in rats. Therefore, the LCKD may
be effective in diabetes management by improving glycemia
and reducing the need for medication in patients with diabetes.
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