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Significance of the Study

and in reducing the health care costs of diabetes.

cessation, or reduction of the dose of antidiabetic agents.

o This review unravels the therapeutic effects of low-carbohydrate ketogenic diet in diabetes.
o Introducing low carbohydrate diet therapy in diabetic management may lead to better quality of life

o Efficacy of carbohydrate restriction can lead to significant reduction in the units of insulin required,
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Abstract

Low-carbohydrate ketogenic diet (LCKD), originally used as a
treatment for childhood epilepsy is currently gaining accep-
tance as a nutritional therapy for obesity and type 2 diabetes.
In addition, this diet has a positive effect on body weight,
blood glucose level, glycosylated hemoglobin, plasma lipid
profile, and neurological disorders. This review focuses on
the therapeutic effectiveness, negative effects, and the ratio-
nale of using LCKD for the treatment of type 2 diabetes. It is
shown that LCKD contributes to the reduction in the intake
of insulin and oral antidiabetic drugs in patients with type 2
diabetes. Furthermore, the data presented in this review re-
veal the efficacy and cost-effectiveness of LCKD in the man-

agement of type 2 diabetes. ©2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

According to Centers for Disease Control and Preven-
tion (CDC), the number of people with diabetes has al-
most tripled in the last couple of decades [1]. Approxi-
mately about 425 million people worldwide have diabetes
now, which is expected to reach to 629 million by 2045
[2]. A similar trend in diabetes has been noticed in Kuwait
and other Arab countries [3]. In addition to the diagnosed
cases, several millions live with undiagnosed diabetes and
many are at the risk of developing diabetes [3]. The direct
costs of diagnosed diabetes (about 30.3 million people)
and the reduced productivity were $327 billion in the
United States alone in 2017 [1]. In addition, the costs for
managing the complications of diabetes add to this eco-
nomic burden [4].
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Complications of Diabetes

A majority of the type 2 diabetic patients develop hy-
pertension. The exact mechanism of this link is not un-
derstood; however, it is suggested that to minimize the
level of insulin, our body attempts to hold more fluid in
the blood vessels, which ultimately leads to hypertension
and weakening of the cardiovascular system. Depending
on the duration and the severity of hyperglycemia, dia-
betic patients develop microvascular complications such
as retinopathy, nephropathy, and neuropathy. Diabetic
retinopathy occurs due to the damage of the retinal blood
vessels and nerves. It is the most common cause of vision
problems and blindness among adults [5] and it is esti-
mated that more than 60% of diabetic patients develop
retinopathy [5]. Nephropathy is another complication
that results from prolonged diabetes. The signs of this dis-
ease are microalbuminuria and increase in glomerular fil-
tration rate [6]. Diabetic neuropathy results from the
nerve damage that occurs in diabetic patients [7]. Large
nerve fiber neuropathy causes loss of vibration sensation,
loss of proprioception, loss of reflexes, and reduced nerve
conduction velocity, and small nerve fibers injury results
in burning pain, reduced pain, and temperature sensa-
tion, leading to foot ulceration [7]. Patients with diabetic
neuropathy may lose bladder control and the ability to
walk, and male patients suffer from erectile dysfunction
or impotence. Autonomic neuropathy usually causes
heart rate abnormalities, abnormal sweating, and gastro-
paresis [8].

Diabetic patients show abnormalities in lipid profile.
During diabetes, there is an increase in the level of both
low-density lipoproteins (LDLs) and very low-density li-
poproteins (VLDLs) and a decrease in level of high-den-
sity lipoproteins (HDLs). Alterations in lipid profile and
high blood pressure increase the risk of heart attack and
stroke [9, 10]. Abnormal lipid profile and hyperglycemia
causes glycation, oxidation, tyrozylation, and methyla-
tion that result in chronic inflammation.

The major factor that leads to the development of dia-
betic complications is the glycation of proteins. Glycated
hemoglobin in the form of HbA1cis an important indica-
tor of glycemic control, and dietary carbohydrate restric-
tion induces substantial improvement of HbAlc [11, 12].
Glycemic control together with reasonable weight con-
trol remains the primary requirement for effective dia-
betic management [11, 13]. In this regard, dietary carbo-
hydrate restriction using low-carbohydrate ketogenic
diet (LCKD) is found to be very effective in reducing body
weight and type 2 diabetes. Therefore, the ultimate pur-
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Table 1. Amount of carbohydrate (g/day) in different types of diet
[22]

Type of diet Amount of carbohydrate, g/day
VLCKD 20-50

Low carbohydrate <130

Moderate carbohydrate 130-230

High carbohydrate >230

VLCKD, very low-carbohydrate ketogenic diet.

Table 2. Percentage of nutrient content in different types of diet

[23-26]
Type of diet Content, % of nutrients
Atkins diet* 3-16% - carbohydrates

28-34% - protein
55-65% - fats

Kwasniewski’s diet 9.2% - carbohydrates
14% - protein

76.8% — fats

Zone diet 40% - carbohydrates
30% - protein

30% - fats

* Percentage range depends on individual status.

pose of this study is to review the current knowledge on
the benefits and possible risks of using LCKDs in the
treatment of type 2 diabetes.

Low-Carbohydrate Ketogenic Diets

William Banting in the fourth edition of his paper en-
titled “Letter on Corpulence, Addressed to the Public,”
published in May 1869, reported that a low-carbohydrate
diet is very effective in reducing body weight [14]. He ap-
parently lost 22.7 kg in mass and 33 cm in girth in 6
months after following this diet therapy. This is the first
report on the use of low-carbohydrate diet for the treat-
ment of obesity. Since 1955, scientists were experiment-
ing on the concept that fat can be eaten ad libitum and
still induce weight loss in obese subjects. Prior to its use
for obesity, LCKD have been used in the treatment of di-
abetes and pediatric epilepsy [15]. Recent studies indicate
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Table 3. Recommended and restricted food in ketogenic diet (adapted from Dashti et al. [27])

Recommended food in ketogenic diet
Proteins
Meat: kababs, sausages, minced
Poultry: chicken, eggs
Cheese: full-fat cheese

Fish: tuna, sardine, prawns, shrimps, lobster

Vegetables/fruits

Spinach, watercress, eggplant, parsley, mulberry, coriander, mint, artichoke, okra, cabbage, mushroom,

avocado, leek, carrot, radish, celery, cauliflower, green pepper, lettuce, cucumber, tomato, 10-15 olives/day,
lemon, strawberry-6/day, avocado, berries-10/day

Qil Olive oil (5 tablespoons) added to the salad, flax seed oil

Restricted food in ketogenic diet
Carbohydrates

Flour, potato, macaroni, spaghetti, noodles, bread, rice, sugar, sweets, honey, cakes

Fruits/drinks All fruit juices, all soft drinks

that LCKD is also beneficial in the treatment of attention
deficit/hyperactivity disorders [16], infantile spasms, bi-
polar illness [17, 18], Alzheimer’s disease, and brain tu-
mor [19].

A high-fat diet changes the body’s metabolism to a new
direction [20, 21]. In the liver, fatty acids undergo partial
oxidation to form ketone bodies. As ketone bodies are
formed in excess than the body’s ability to metabolize,
they are accumulated in the body resulting in the condi-
tion called ketosis. The high-fat diet that causes ketosis is
called a ketogenic diet [20, 21]. Although there are sev-
eral studies on the effects of LCKD in obesity, diabetes,
and epilepsy, the amount of low-carbohydrate intake in
each study varies. Therefore, in order to compare the ef-
fectiveness of ketogenic diets in various studies, Feinman
et al. [22] have recently suggested definitions of low-car-
bohydrate diets in different forms, which are given in Ta-
ble 1.

In addition to the Atkins diet [23, 24], there are other
similar diets that are in common practice. They are the
Kwasniewski’s, Zone [25], and the South Beach Diet [26].
The carbohydrate content of these diets is given in Ta-
ble 2. Based on the influence of ketogenic diet in the var-
ious therapeutic uses reported from our laboratory, the
subjects were recommended a low-carbohydrate, high
protein and fat diet containing 20 g of carbohydrates,
polyunsaturated and monounsaturated fats (5 table-
spoons olive oil), and micronutrients (vitamins and min-
erals) in the form of 1 capsule/day. An additional 20 g of
carbohydrates was given 12 weeks later [27]. The subjects
were fully restricted from consuming any kind of alco-
holic beverages and certain type of foods as shown in Ta-
ble 3.

Antidiabetic Effects of Ketogenic Diet

Is Ketosis Safe?

One of the major questions faced by the scientific com-
munity is whether ketosis is safe. In this regard, some of
the interesting natural facts concerning ketogenic diets
and ketosis are as follows: mother’s milk that has a high
fat content is the best natural food formula for human
development and growth. All of us approach ketosis dur-
ing development and during the diurnal cycle. During
starvation, the body’s metabolism is switched to ketosis,
which acts as a regulator of the body’s calorie intake by
suppressing hunger. Birds use fat which is the primary
metabolic fuel for migration, and most importantly, early
man’s prehistoric diets consisted of LCKDs [28].

What Are Ketone Bodies?

Ketone bodies are synthesized in the mitochondria of
liver cells by incomplete oxidation of free fatty acids. Ke-
tone bodies are used as an energy source in the body in-
cluding the brain. During normal dietary conditions,
small amount of ketone bodies that are too small to cause
any metabolic effects are produced in the body [29]. As
mentioned earlier, accumulation of excess of ketone bod-
ies in the body is ketosis. There are 3 types of ketone bod-
ies. They are acetoacetate (AcAc), B-hydroxybutyrate
(BHB), and acetone. In the formation of ketone bodies,
two molecules of acetyl CoA are condensed to form a
molecule of acetoacetyl CoA. Acetoacetyl CoA combines
with another molecule of acetyl CoA in the presence of
the hepatic enzyme, HMG-CoA synthase, to form 3-hy-
droxy-3-methylglutaryl CoA (HMG-CoA). HMG-CoA
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Fig. 1. Changes in the level of blood glucose (a), body weight (b), total cholesterol (c), level of HDL (d), LDL (e),
and triglycerides (f) after the administration of ketogenic diet for 56 weeks [27]. HDL, high-density lipoprotein;
LDL, low-density lipoprotein.
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Table 4. Statistical significance between week 1 and week 56
observation of various parameters studied in diabetic subjects (n =

31[27])

Week 1 Week 56 p value
Weight, kg 108.1+21.2  83.5+18.0 <0.0001
Glucose, mmol/L 10.5+3.0 4.9+0.6  <0.0001
Total cholesterol, mmol/L 6.8+1.1 4.9+0.5  <0.0001
Triglycerides, mmol/L 4.7+2.5 1.0+0.2  <0.0001
LDL, mmol/L 5.2+0.9 3.4+0.6  <0.0001
HDL, mmol/L 1.0+0.3 1.6+0.2  <0.0001
Urea, pmol/L 5.8+0.9 5.0+1.1 <0.0111

LDL, low-density lipoprotein; HDL, high-density lipoprotein.

is cleaved into acetyl CoA and AcAc by another enzyme,
HMG-CoA lyase. AcAc is reduced to BHB by the action
of BHB dehydrogenase or undergoes spontaneous decar-
boxylation to acetone which is excreted in the breath and
urine [29].

Beneficial Effect of Ketogenic Diet in Type 2 Diabetes
Patients

In this review, we report on the beneficial and side ef-
fects of ketogenic diet based on the studies that were con-
ducted during the last 20 years in our laboratory and the
studies of other investigators that substantiate our view.
The first paper from our laboratory was published in
2003, where we studied the effects of ketogenic diet in
eliminating or preventing the risk factors of heart disease
in obese patients [30]. In further studies we addressed the
long-term effects of ketogenic diet in reducing body
weight in obese subjects [31] and in obese subjects with
hypercholesteremia [27] or type 2 diabetes [32, 33]. Also,
we focused on the effect of ketogenic diet in animal mod-
els of cardiac tolerance to global ischemia [34] and diabe-
tes [35, 36]. Although we studied the diverse effects of
ketogenic diets in humans and animal models, based on
the focus of this review, only those studies that are direct-
ly involved with the effects of diabetes in human subjects
and animal models [32, 33, 35, 36] are discussed here.

In a study on the effect of ketogenic diet in obese dia-
betic subjects [32], it has been convincingly shown that
long-term administration LCKD has significant benefi-
cial effects in obese diabetic subjects. In this study, 64
healthy obese subjects were divided into two groups.
Group I consisting of 31 subjects with a BMI >30, having

Antidiabetic Effects of Ketogenic Diet

ablood glucose level >6.1 mmol/L, and 33 subjects with a
normal blood glucose level were included in this study.
The body weight, blood glucose level, total cholesterol,
LDL cholesterol, HDL cholesterol, triglycerides, urea,
and Cr were determined before and at 8, 16, 24, 48, and
56 weeks after the administration of the ketogenic diet.
All 64 subjects followed a ketogenic diet consisting of <20
g of carbohydrates and 80-100 g of proteins. Twelve
weeks later an additional 20 g of carbohydrates was added
to the diet. The diet was supplemented with micronutri-
ents and 5 tablespoons of olive oil. The participants con-
tinued with their routine exercise of at least a daily walk
of 45 min. Thus, this study consists of the routine exercise
pattern together with this diet.

The results of this study showed that the blood glucose,
body weight, total cholesterol, LDL, and triglycerides of
both the groups decreased significantly from the start un-
til the 56th week (Fig. 1; Table 4). Following the adminis-
tration of LCKD, in patients with high glucose level
(Group 1), there was a 24.4 + 6.7% and 50.9 + 12.5% re-
duction in body weight and glucose level, respectively,
after 56 weeks. Patients belonging to the normal glucose
level also showed a reduction in the body weight and glu-
cose level, the percentage reduction in body weight and
glucose level after 56 weeks was 27.2 + 6.0 and 7.4 + 11.9,
respectively. Changes in glucose level in both the groups
were statistically significant. HDL cholesterol increased
significantly (Fig. 1; Table 4). HDL is a measure of good
cholesterol and LDL is a measure of bad cholesterol
whereas the total cholesterol is the sum of HDL, LDL, and
the VLDL. As mentioned above, 5 tablespoons of olive oil
was also included in the diet. Since olive oil is rich in
monounsaturated fatty acids and antioxidant substances,
the beneficial effects of olive oil may be attributed to these
properties. Since the participants were involved in exer-
cise prior to entering the diet program and continued the
routine exercise, the observed beneficial effects were not
related to exercise.

In another study [33] concerning the effects of keto-
genic diet in comparison with low-calorie diet in type 2
diabetes it has been shown that although both LCD and
LCKD had beneficial effects on type 2 diabetes, the keto-
genic diet has more advantages over the conventional
LCD in obese diabetic subjects. Three hundred and sixty-
three overweight and obese subjects (86 men and 277
women) were enrolled in this 24-week trial. Among the
men, 28 were diabetic and 58 were nondiabetic; among
the women, 74 were diabetic and 203 were nondiabetic.
Altogether, 102 participants had type 2 diabetes and 261
were nondiabetic. The inclusion criteria of diabetic sub-
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jects in this study were as follows. The age of the patient
should be at least 18 years, the BMI should be >25 kg/m?
and the fasting serum glucose level should be >125 mg/
dL (>6.9 mmol/L). Patients with renal insufficiency, liver
disease, or unstable cardiovascular disease were excluded
from the study. The participants were asked to select ei-
ther a low-calorie diet or LCKD. Initially, participants in
the LCKD group were given about 20 g/day of carbohy-
drates.

Written instructions concerning the importance and
how to complete the food records were given to all par-
ticipants before the beginning of the study. All the paric-
ipants realized the seriousness of this and were very co-
operative in completing the take-home food record as per
the directions. All the participants submitted the com-
pleted food records at the beginning of the study and at
weeks 4, 8, 12, 16, 20, and 24. Similar to the previous study
mentioned above [33], all the parameters such as blood
glucose level, body weight, total cholesterol, LDL, HDL,
and triglycerides were determined before and at 4, 8, 12,
16, 20, and 24 weeks after the administration of the LCD
or LCKD. In addition, changes in hemoglobin and glyco-
sylated hemoglobin at the time points mentioned above
were measured. Hypoglycemic episodes and symptom-
atic side effects in participants in both the diet groups
were assessed by direct interview of the participant on a
biweekly basis and necessary medication adjustment
were done.
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DOI: 10.1159/000512142

The results of this study showed that although the
blood glucose level decreased in both the groups, the ef-
fectiveness of LCKD was more beneficial than the LCD
group (Fig. 2). Furthermore, with regard to the blood glu-
cose levels, the effectiveness of the LCKD was much
greater (p < 0.0001) in the diabetic LCKD group than in
the LCD group as compared to their initial and final mea-
surements. A similar pattern was observed in the HbAlc
levels (Fig. 2). As compared with the initial (week 1) and
final (week 24), the effectiveness of the LCKD was much
greater in normalizing the HbAlc level in the diabetic
LCKD group than in the LCD group. There was a signif-
icant difference (p < 0.0001) in the body weight of both
diabetic and nondiabetic participants in both the low cal-
orie and ketogenic diet program. Similar to that observed
in the above-mentioned parameters, there was a decrease
in lipid levels in both diabetic and nondiabetic partici-
pants of the LCKD and LCD groups. The LCKD group,
however, showed a significant decrease (p < 0.0001) in
triglyceride, total cholesterol, and LDL levels and a sig-
nificant increase in the HDL level (p < 0.0001) in the
LCKD group as compared to the LCD group. In general,
the LCD and LCKD had beneficial effects on all the pa-
rameters examined. Interestingly, these changes were
pronounced in subjects who were on the LCKD as com-
pared with those on the LCD.

In addition to human subjects, we have carried out
several studies on the effect of ketogenic diet on animal
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Fig. 3. Effect of normal diet, high-carbohydrate diet, and LCKD on
blood glucose level (mg/dL) in control and diabetic rats in the pre-
fed experiments. The values are mean + SEM (n = 42; [36]). LCKD,
low-carbohydate ketogenic diet.

models. In one of the studies in experimental rats, it has
been shown that LCKD enhances cardiac tolerance to
global ischemia [34]. In other studies in diabetic rat mod-
els, it is found that LCKD has protective and therapeutic
effects [35, 36]. Since the focus of this review is on the
role of LCKD in diabetes, studies concerning its effect on
cardiac protection in animal models will not be discussed
here. Concerning the studies on the beneficial effect of
LCKD in diabetes, two sets of experiments were conduct-
ed. In one set of the experiments, the animals were pre-
fed with LCKD for a period of 8 weeks and then diabetes
was induced to study its protective effect. These studies
are referred to as pre-fed or protective experiments. In
the second set of experiments, diabetes was induced us-
ing streptozotocin (STZ) in rats and afterward they were
fed with LCKD to understand its therapeutic role (post-
fed or therapeutic experiments). Sixty-three animals
were used in each pre-fed or post-fed experiment. The
animals were divided into normal, high-carbohydrate
diet, and LCKD groups based on the type of diet given
[35, 36].

In both pre-fed and post-fed experiment, each group
was further divided into three subgroups containing 7
rats in each subgroup, such as control, sham, and diabetes
rats. In the pre-fed experiments, during the 8th week, the
diabetic rats were injected with STZ dissolved in saline to

Antidiabetic Effects of Ketogenic Diet

Fig. 4. Effect of normal diet, high-carbohydrate diet, and LCKD on
body weight in control and diabetic rats in the pre-fed (protective)
experiment. The values are mean + SEM (n =42;[36]). LCKD, low-
carbohydrate ketogenic diet.

induce diabetes. The control rats were kept without injec-
tion whereas rats of the sham group were injected with
only saline. In the pre-fed or protective groups, the blood
glucose and the body weight were measured on the day of
the STZ injection. Thereafter, weekly from the 8th week
until the end of the experiment at the 12th week, blood
glucose and the body weight were measured [36]. In the
post-fed (therapeutic) experiments, blood glucose and
body weight were monitored on the day of the STZ injec-
tion and thereafter from week 1 until the end of the ex-
periment at the 12th week [35].

The results of this study showed that in the pre-fed
(protective) experiments [36], after the administration of
STZ the blood glucose levels in normal diet-diabetic and
high carbohydrate-diabetic groups were increased from
105 mg/dL upto 507.3 mg/dL and 668.6 mg/dL, respec-
tively, at the end of the study. However, in the LCKD
group, the blood glucose levels remained within the nor-
mal range of 100 mg/dL throughout the duration of the
experiment (Fig. 3). The body weight increased gradually
in all groups (normal diet-control and high carbohy-
drate-control) during the first 8 weeks. The increase in
normal-diet and high-carbohydrate diet groups were sig-
nificantly higher (Fig. 4) as compared to LCKD groups.
After 8 weeks following the administration of STZ, there
was a drop in body weight in both normal-diet and high-
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Fig. 5. Effect of different diets: normal diet, high-carbohydrate
diet, and LCKD on blood glucose level (mg/dL) in control and
diabetic rats in the post-fed experiments. The values are mean +
SEM (n = 42; [35]). LCKD, low-carbohydrate ketogenic diet.

carbohydrate diet groups, while the body weight contin-
ued to increase constantly in the LCKD group [36].

In the post-fed group, after the administration of STZ,
the blood glucose level significantly increased in all dia-
betic groups compared to control [35]. The increase in
the blood glucose level of the LCKD group was signifi-
cantly lower (p < 0.005 and p < 0.01) than the other dia-
betic groups (Fig. 5). Also, starting from week 6 the sig-
nificant difference in the blood glucose level between
control and diabetic groups of LCKD disappeared which
may indicate that blood glucose level is getting close to
normal <200 mg/dL toward the end of the experiment
(Fig. 5). With STZ administration there was a significant
drop (Fig. 6) in the body weight in both normal-diet and
high-carbohydrate diet groups, while there was no sig-
nificant change in the body weight between control and
diabetic groups of the LCKD group [35].

Selected studies of other investigators [37-45] on the
effect of LCKD in diabetes that support our findings are
given in Table 5. As mentioned in our studies and studies
of other investigators, antidiabetic medications were de-
creased or eliminated in most of the participants of the
LCKD dietary program [33, 37-45]. It is advised that, un-
til we fully understand the mechanism of LCKDs’ func-
tion, medical monitoring for hypoglycemia, electrolyte
abnormalities, and dehydration is vital in patients those
who are LCKD and taking antidiabetic or diuretic medi-
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Fig. 6. Effect of different diets: normal diet, high-carbohydrate
diet, and LCKD on body weight in control and diabetic rats. The
values are mean + SEM (n = 42; [35]). LCKD, low-carbohydrate
ketogenic diet.

cations. Furthermore, the message from most of the above
studies is that in addition to its therapeutic value, LCKD
is safe to use for a longer period in obese diabetic subjects
without any adverse effect on glucose metabolism or in-
sulin resistance [11-25].

Mechanism of Ketogenic Diet Action in Obesity and
Diabetes

There is a tendency for type II diabetes and obesity to
occur together [46]. Although the exact molecular mech-
anism that links obesity to diabetes needs to be elucidat-
ed, one of the causes of metabolic syndrome may be the
ectopic accumulation of lipids [47]. Various pieces of ex-
isting evidence suggest the effectiveness of LCKD in
weight loss and in a preferential loss of fat mass [48, 49].
A recent study showed that a high-protein diet also effec-
tively reduces hepatic fat [50]. On the other hand exces-
sive intake of carbohydrate is harmful to individuals with
insulin resistance. Therefore, diet choices have a major
impact on diabetes and obesity. Several possible mecha-
nisms on the role of LCKD in reducing body weight have
been suggested. Each gram of glycogen is stored in 3 g of
water; therefore, the initial weight loss could be due to
glycogen depletion and water excretion [51]. There is a
decrease in metabolic efficiency resulting in greater loss
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Table 5. A summary of selected studies showing the beneficial effects of LCKD in type 2 diabetes

Reference Design and methods

Results

Samaha et al. [39] Comparison of LCD with LED for 6 months in

obese subjects with 39% prevalence of diabetes

LCD almost 3 times more effective in reducing body weight. Fasting
blood glucose reduced by 26 and 5% in LCD group and LED group,
respectively. LCD showed a favorable effect on the lipid profile

Yancy et al. [40] Effect of increased level of ketones in very
low-calorie ketogenic diet on hepatic glucose

output in diabetic patients

Strong inverse correlation between circulating ketones and hepatic
glucose output suggesting that higher levels of ketones have favorable
effects on glycemic control in diabetics

Westman et al. [41]

and type 2 diabetic patients

Comparison of LCKD without calorie restriction
with LGID, reduced-calorie diet for 24 h in obese

The LCKD group showed greater improvements in hemoglobin Alc,
body weight, and HDL cholesterol as compared to the LGID group.
Diabetes medications were reduced or eliminated in 95.2% of

the participants in the LCKD group versus 62% in the LGID group

Nielsen and Joensson [42] ~ Comparison of a 20% carbohydrate diet with a
55-60% carbohydrate diet on body weight,
glycemic control and cardiovascular outcome

in obese diabetes patients

There was improvement in HbAlc and body weight in patients who
have used low-carbohydrate diet. These patients have suffered very few
cardiovascular events while the controls have suffered several
cardiovascular events

Saslow et al. [43]

Aimed at understanding the effect of MCCRD and
LCKD in obese and type 2 diabetic participants

Participants in the LCKD group had greater reductions in HbAlc
levels and body weight as compared to MCCRD group. However,
reduction in body weight was not significantly different between the
two groups

Walton et al. [44] Efficacy of LCKD containing <30 g of

carbohydrates daily in obese diabetic females for

90 days

Significant reduction in body weight, HbAlc level, and blood pressure
while eliciting favorable changes in blood lipids. LCKD functionally
reversed the diabetes

LCD, low-carbohydrate diet; LFD, low-fat diet; LCKD, low-carbohydrate ketogenic diet; LGID, low-glycemic index; HDL, high-density lipoprotein;
MCCRD, moderate-carbohydrate calorie-restricted diet; HbAlc, glycated hemoglobin.

of energy in the form of heat [52] and in the form of ke-
tones in urine, sweat, and feces. Ketones also have a di-
uretic [53] and appetite suppression effect [54]. High fat
content in LCKD delays the digestion providing a sense
of fullness [55]. More importantly, utilization of fat as
body fuel promotes fat loss and therefore weight loss [40].
Thelevel of HbA1lcis considered as a gold standard index
for the diagnosis and management of diabetes and indicates
the level of oxidative stress [56]. Various studies from our
laboratory and other international laboratories have con-
vincingly demonstrated that administration of LCKD de-
creases the level of HbA1c in diabetic patients [32, 33, 35, 36,
57, 58]. Furthermore, as HbAlc is an indicator of oxidative
stress, it is suggested that ketogenic diet induces a reduction
in the generation of reactive oxygen species and improves
the oxidative status. Gumbiner and his colleagues [38]
showed that the improvement in the blood glucose levels is
due to the direct effect of the ketone bodies on the hepatic
glucose output. It has also been shown that in addition to
normalizing the blood glucose level, LCKD was effective in
reversing diabetic associated complications [59].
Concerning the mechanism of ketogenic diet action, it
is worth mentioning that a mitochondrial link is suggest-
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ed with regard to the antiseizure potential of ketogenic
diet [60]. In the rat hippocampus, it has been found that
the anticonvulsive effects of ketogenic diet was associated
with an increase in mitochondrial biogenesis [61]. In sup-
port of this view, studies from our laboratory [34] have
also shown an increase in mitochondrial biogenesis in rat
cardiac muscle following the administration of a LCKD
(Fig. 7). Other investigators have also shown that keto-
genic diets stimulate mitochondrial biogenesis, improve
mitochondrial function, decrease oxidative stress [61,
62], and contribute to reducing the glycolytic rate due to
increases in lipid oxidation and mitochondrial respira-
tion [62]. These studies, therefore, suggest that ketogenic
diets have the potential to be used as a possible treatment
for mitochondrial disorders [63]. Mitochondrial disease
generally occurs in tissues with high energy demands
such as the brain, muscle, heart, and endocrine system
[64-66]. Although there appears to be an association with
the mechanism of ketogenic diet action and mitochon-
drial biogenesis in oxidative stress, further studies are
necessary to understand the underlying molecular mech-
anisms of ketogenic diet function.
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Fig. 7. Micrographs showing the ultrastructure of the mitochon-
dria of rat cardiac muscle of an adult rat that was fed normal rat
chow (a) and one that was fed with LCKD (b). There is an increase
in the number of mitochondria in rats fed with low-carbohydrate
diet. Scale bar, 1 um [34]. LCKD, low-carbohydrate ketogenic diet.

Now itis well established that the use of ketogenic diets
in weight loss therapy is effective. More than 90% of the
diabetic patients are obese and here is a direct link be-
tween type 2 diabetes and obesity [67]. It is shown that a
modest 5% weight loss can significantly improve the
HbA1c levels in obese diabetic subjects [68]. Although
some investigators suggest that there is not any metabol-
ic advantages in low-carbohydrate diets and that weight
loss results from the increased satiety effect and reduced
caloric intake [69], several other investigators provide ev-
idences that contradict the above-mentioned view [70].
Further evidences suggest ketone bodies are directly in-
volved in the modulation of ghrelin and leptin level that
influence appetite [71]. In general, based on the current
evidence the weight loss effect of LCKD could be due to
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the reduction in appetite due to higher satiety effect of
proteins [69, 72], effects on appetite control of hormones
such as ghrelin and leptin [71], and the direct appetite-
suppressant action of the ketone bodies [73]. Further ev-
idence suggests that the weight loss effect of LCKD could
also be due to the reduction in lipogenesis and increased
lipolysis [72], the increased metabolic requirements of
gluconeogenesis and the thermic effect of proteins [42,
70], and reduced resting respiratory quotient due to
greater metabolic efficiency in consuming fats [71].

The main concern regarding the use of ketogenic diet
with a high protein and fat content is that this diet will
causes adverse effects by altering their lipid profile drasti-
cally [9, 10]. On the other hand, several recent studies
have demonstrated that a low-carbohydrate diet produc-
es significant benefits in the lipid profile [9, 10]. Follow-
ing the administration of a ketogenic diet, there was a
reduction in total cholesterol, increase in HDL, and de-
crease in the level of blood triglycerides [27, 74-76]. Satu-
rated fatty acids that are involved in increased risk for
cardiovascular diseases and insulin resistance [10] are
found to be more associated with dietary carbohydrate
[77,78]. There is a direct link between higher level of in-
sulin and the activation of HMG-CoA reductase a key
enzyme in cholesterol biosynthesis. Thus, a reduction in
dietary carbohydrate together with an appropriate cho-
lesterol intake will lead to an inhibition of cholesterol bio-
synthesis. Results from our laboratory and other recent
studies have shown that LCKD decreased the level of tri-
glycerol and LDL cholesterol and increased the level of
HDL cholesterol [27]. Similar results were obtained when
obese subjects with high cholesterol level and obese sub-
jects with diabetes were treated with LCKD for a longer
period. In summary, several studies on the effect of keto-
genic diets on cardiovascular disease suggest that it is safe
to use ketogenic diet in diabetic subjects as well as in sub-
jects with high cholesterol level [30-45, 79]. In addition
to the mechanisms of ketogenic action mentioned above,
ketogenic diets are involved in various other pathological
conditions [16-20] such as neurodegenerative diseases,
brain trauma, polycystic ovary syndrome, cancer, and os-
teoporosis, the mechanisms of which are not mentioned
in this review.

Side Effects of Ketogenic Diet
During the shift from carbohydrate to fat-based ener-

gy utilization (keto-adaptation) there is a feeling of fa-
tigue, lethargy, and headache [80]. In diabetic patients,
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due to the efficacy of LCKD, hypoglycemia may occur
[81, 82] and could result in a significant reduction in the
units of insulin required to be administered or cessation
or reduction in the doses of oral drugs administered for
type 2 diabetes [40, 83, 84]. Therefore, patients those who
are on insulin or antidiabetic drugs should be monitored
carefully.

Negative events of ketogenic diet include dehydration,
dyselectrolytemia, and hypovitaminosis [85]. In addition,
short-term LCKD impairs bone mass density and mechan-
ical properties of bone [86]. Therefore, to minimize the
above-mentioned side effects, daily supplements of electro-
lytes, multivitamins, potassium citrate and calcium, vita-
min D, and minerals should be given during the period of
ketogenic diet administration. Another side effect of LCKD
is the formation of kidney stones and increased production
and the decreased excretion of uric acid. This is due to lim-
ited fluid intake and the suppression of thirst by ketone
bodies. Similarly, ketone bodies are also involved in the
suppression of food intake. Hyperuricemia leads to urate
stone formation. It should be noted that studies from our
laboratory have observed a decrease in serum level of urea.
To rectify this issue, inclusion of 5% carbohydrate composi-
tion in the diet is recommended [87].

Another concern regarding the ketogenic diet is that
the subjects who are on this diet have a reduction in the
intake of healthy foods such as fruits and vegetables that
contain polyphenols and antioxidants that fight against
the free radicals. Type 2 diabetes is associated with oxida-
tive stress and limiting the supply of polyphenols and an-
tioxidants may increase the imbalance of antioxidant-ox-
idation system in our body [88]. In order to overcome this
situation, it is suggested to supplement the ketogenic diet
with extracts of polyphenols and antioxidants, especially
in patients with type 2 diabetes.

Constipation is also a noted as a side effect of LCKD,
which could be due to the decreased fiber content and
dehydration due to the suppression of thirst by ketones
[89]. This situation can be prevented by increasing the
fiber content in the diet, increasing fluid intake and using
laxatives [90]. In general, studies of various investigators
have convincingly shown that these supplementation and
modification can eliminate the adverse effects LCKD.

Conclusion
The information presented in this review shows effi-

cacy of ketogenic diet in glycemic control in hyperlipid-
emic diabetic patients with type 2 diabetes. In addition to

Antidiabetic Effects of Ketogenic Diet

reduction in body weight and improving lipid profile,
there was a significant improvement in HbAlc and re-
duction in the intake of insulin and oral antidiabetic
drugs in patients with type 2 diabetes. Low carbohydrate
shifts the body to an alternate metabolic pathway that sta-
bilizes insulin resistance, normalizes blood glucose, gly-
cosylated hemoglobin and hepatic, renal and plasma lipid
profile in type 2 diabetic patients. Due to the significant
effect of LCKD in lowering blood glucose level and con-
tributing to the reduction of insulin and antidiabetic
medication, the diabetic patients on LCKD diet should be
routinely monitored to understand the optimal adjust-
ments for insulin, antidiabetic, and diuretic medications
in order to avoid hypoglycemia and dehydration compli-
cations.
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