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Abstract: Metabolic syndrome (MetS) is a major societal concern due to its increasing prevalence and
its high risk of cardiovascular complications. The ketogenic diet (KD), a high fat, low carbohydrate,
and non-caloric restrictive diet, is a new popular weight loss intervention but its beneficial effects are
controversial. This study aims to gather all of the relevant studies using KD for metabolic disease
treatment to determine its beneficial effects and evaluate its safety and efficacy for patients. Following
the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses,
we included 20 articles in the final review. Overall, most of the studies showed a significant effect of
KD on weight loss (17/19 articles), BMI (7/7), glucose levels (9/13), insulin levels (7/9), HOMA-IR
(4/5), HbAlc (7/7), total cholesterol (6/9), TG (13/15), AST (3/4), and ALT (3/5), and no major
side effects. The results heterogeneity seems to be explained by a difference of diet composition and
duration. In conclusion, KD is a safety diet which seems to be a promising approach for obesity and
MetS treatment, even if the optimal carbohydrate proportion and diet duration must be explored to
enhance the beneficial effects of KD.
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1. Introduction
1.1. From Obesity to Metabolic Syndrome: Epidemiology and Physiopathology

Obesity is defined by the World Health Organization as “an abnormal or excessive
fat accumulation that may impair health” [1]. Its development is intensified by the mod-
ern diet, also call Western Diet (WD), rich in carbohydrates, saturated fats, and additive
food contents as added sugars, salt, or preservative agents [2]. The consumption of WD
induces hyperglycemia and insulin secretion that promote the storage of excess substrates
as fat accumulation in adipose tissue [3]. Chronic nutrient overload leads to adipocyte
hypertrophy in the subcutaneous and visceral areas, leading to overweight development,
then obesity [4]. When the adipose tissues reach their storage limit, lipids accumulate in
extra-adipose tissues as skeletal muscles and liver [5]. In the liver, this ectopic lipid accumu-
lation leads to non-alcoholic fatty liver disease (NAFLD) development. NAFLD is the most
common liver disease and can progress to nonalcoholic steatohepatitis and cirrhosis [6].
The excessive expansion of visceral adipose tissue also alters endocrine functions. It secretes
large amounts of hormones as leptin or adiponectin, proinflammatory cytokines as secre-
tion of tumor necrosis factor-« (TNF«), interleukin-1 (IL-1) and interleukin-6 (IL-6), and
releases free fatty acids (FFAs) which are altogether involved in obesity complications [7,8].

FFAs and proinflammatory cytokines activate enzymes of the protein kinase C (PKC)
family. PKC can phosphorylate the insulin receptor substrates (IRS), a cytoplasmic protein
involved in the insulin signaling pathway. Phosphorylation inactivates the IRS, leading
to intracellular signaling chain reduction, attenuation of insulin effects on its targets, and
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ultimately to insulin resistance [9,10]. In addition to type 2 diabetes, cytokines alterations
in signaling pathway impair the immune system, promote NAFLD pathogenesis, liver
fibrosis, and increase cardiovascular risk (CVD) [11,12].

Natriuretic peptides, which are released from the heart, seem to play a role in obesity
complications. Patients with obesity are associated with a decrease of natriuretic peptides
secretion and activity [13,14]. Low levels of natriuretic peptides may lead to reduced
lipolysis, fat oxidation, and excessive weight gain in obese patients, which may be one
of the biological alterations that contribute to the development of obesity [15]. Lower
natriuretic peptide levels were also associated with the development of insulin resistance
(HOMA-IR), MetS, and hypertension [16-18].

Obesity is also associated with an increase in plasma triglycerides (TG) and low-density
lipoprotein (LDL), and a decrease in high-density lipoprotein (HDL). These changes lead to
dyslipidemia, a major risk factor of cardiovascular disease [19]. LDL and proinflammatory
mediators are causal agents of atherogenesis and plaque vulnerability in atherosclerosis [20].
This pathology is characterized by a deposit of a plaque mostly composed of lipid as LDL
particles, immune cells and endothelial cells [21]. The plaque rupture can lead to myocardial
infarction and stroke [22]. The association of obesity and its complications as hypertension,
insulin resistance or type 2 diabetes and dyslipidemia leads to the development of Metabolic
syndrome (MetS) [23]. MetS is associated with an increased cardiovascular risk and type
2 diabetes [24]. Due to its important health issues, MetS had become, in the past few years,
a major societal concern. Facts about obesity and MetS are alarming since nearly 40% of the
current world’s adult population is overweight and 13% is obese. The worldwide obesity
prevalence almost tripled between 1975 and 2016 and is still always increasing [1]. In
France, the obesity prevalence among adults was 17% and in the United States, it was 42.4%
in 2018, while 30% of American had a MetS in 2016 [25,26]. MetS has become an epidemic
of major proportions around the world mainly due to lifestyle changes including physical
inactivity and food habits [27-29]. Faced with the worsening of the MetS pandemic, it
appears essential to find new therapeutic strategies, since, thus far, there is no miracle cure
to treat obesity.

1.2. Lifestyle Recommendations for the Prevention and Management of Metabolic Syndrome

Weight loss through an energy-restricted diet together with an increase in energy
spent through physical activity contribute to the prevention and treatment of MetS. A
Mediterranean-type diet, with or without energy restriction, is an effective treatment com-
ponent [30]. This dietary pattern should be built upon an increased intake of unsaturated
fat, primarily from olive oil, and emphasize the consumption of legumes, cereals (whole
grains), fruits, vegetables, nuts, fish, and low-fat dairy products, as well as moderate con-
sumption of alcohol [31]. Other dietary patterns (dietary approaches to stop hypertension,
new Nordic, and vegetarian diets) have also been proposed as alternatives for preventing
obesity development [32]. Reducing intake of sugar-sweetened beverages and meat prod-
ucts are mandatory. Nevertheless, there are inconsistencies and gaps in the evidence, and
additional research is needed to define the most appropriate therapies for MetS [33]. In
conclusion, a healthy lifestyle is critical to prevent or delay the onset of MetS development
in susceptible individuals and to prevent weight gain, cardiovascular disease and type
2 diabetes that occurs during MetS. Several recommendations should help patients and
clinicians understand and implement the most effective approaches for lifestyle changes to
prevent MetS and improve cardiometabolic health [34]. There are therefore many diets that
can help reduce the appearance or the negative development of symptoms. The ketogenic
diet (KD) is one of these promising diets and there is currently a large body of evidence
that demonstrates the benefits of this approach to reduce or prevent symptoms of obesity
and its comorbidities.
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1.3. Ketogenic Diet: Definition, History and Principle

The KD, developed in the 1920s by Dr. Russell Wilder, is a diet which induces a
nutritional ketosis [35]. The aim of this diet is to increase the fat proportion and restrain the
carbohydrate proportions (around 5 or 10% of daily caloric supply) in order to imitate the
metabolic effects of starvation, but in a lasting way [36]. This extreme changing in nutrient
distribution leads to metabolic changes. The body, which is used to obtain energy mainly
from carbohydrate metabolism, respond to glucose restriction by fatty acid oxidation and
ketosis [37]. Glucose dependent organs, as brain, are not able to use lipids as energy.
Fatty acids, coming from feeding, cross the blood brain barrier with difficulty, and the
brain mitochondria have a low enzymatic capacity for fatty acid degradation [38]. To
provide enough energy to the brain, a survival way is activated. Fatty acids are broken
down into acetyl coenzyme A (acetyl-CoA) by hepatic mitochondria, leading to high level
of acetyl-CoA. If a part of these molecules enters the tricarboxylic cycle (TCA) for ATP
generation, the rest is used to synthetize compounds called ketone bodies [39]. Ketogenesis
leads to the synthesis of three ketones bodies: acetoacetate (AcAc), 3-hydroxybutyrate
(3HB), and acetone. AcAc are the central ketone bodies, and the two others are derived
from it. Spontaneous decarboxylation of AcAc leads to the Acetone production, but this
ketone body is evacuated by the lungs. The reduction of AcAc produces 3HB, which is
more chemically stable than AcAc [40]. AcAc and 3HB can cross the blood brain barrier via
monocarboxylate transporter, and then are used as fuel by the cerebral cells. In the brain
mitochondria, they are once again transformed in acetyl-CoA which will enter in the TCA
to produce ATP [41,42].

In the literature, different types of nutritional ketosis are described and commonly
accepted. The high fat KD, also called KD, refers to the KD designed by Dr Wilder. KD is
characterized by an ad libitum caloric intake diet, with a carbohydrate restriction between 20
and 50 g per day, an adequate or increase protein intake and an unrestricted intake of fat [35].
The very low calorie KD (VLCKD) is a KD with a carbohydrate restriction between 20 and
50 g per day is associated with an extreme caloric restriction (400-800 kcal/day) [43]. Other
low-calorie diets are often classified as ketogenic diets, but these approaches have more to
do with eating behavior than dietary concept since they do not necessary induce ketosis.
Indeed, a caloric restriction which is not followed by an appropriate carbohydrate intake
reduction is not enough to induce ketosis, that occurs when the intake of carbohydrate is
equal or less than 50 g/day [44]. Finally, it is important to notice that KD is often qualified
as a low carbohydrate (low carb) diet. Low carb diet is defined by a carbohydrate restriction
of less than 130 g/day [45], so KD can be defined as a low carb diet, but all the low carb
diets do not induce nutritional ketosis.

Initially, KD was used in the treatment of refractory epilepsy, but they became widely
popular, and more and more authors are now interested by KD beneficial effects in obesity
treatment [46,47]. Therefore, the aim of this study is to gather all the relevant studies
using KD for metabolic disease treatment to determine its effects according to general
recommendations of obesity management and evaluate its safety and efficacy for patients.
As high fat KD is the most widespread KD type, this review will only focus on it.

2. Methods

A systematic review of the literature was performed, following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [48].

2.1. Eligibility Criteria

Clear inclusion and exclusion criteria were used to determinate the eligibility of
studies. Studies included were full text English or French original articles, using KD for
patients with obesity (BMI > 30). We defined “Ketogenic Diet” as a diet with a maximal
carbohydrate intake of 50 g per day (corresponding to 10% of daily caloric supply) and no
predetermined limit on the caloric intake amount. We used “Ketogenic Diet” and “Low
carb diet” as keywords to avoid missing studies due to the utilization of different terms.
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Studies not eligible for inclusion were animal studies, reviews, letters, editorials
comments, short reports, book chapters, studies focusing on animals and studies focusing
on other diseases. We excluded studies using other diets, caloric restriction or more than
50 g of carbohydrate per day, studies where KD were associated with exercise or studies of
normal weight patients. Duplicated were also removed. In the case of studies using the
same patient cohorts, we excluded studies that provided no new results, and we did not
consider the results already published to avoid duplication.

2.2. Search and Study Selection

We searched in PubMed database with using a search strategy combining two groups
of key words as “Ketogenic diet” OR “Low-carb” OR “Low-carb Diet” AND “Obesity”
OR “Weight Loss” OR “Overweight” OR “Type 2 diabetes” OR “Metabolic Syndrome” OR
“Non-alcoholic Fatty Liver Disease” OR “Nonalcoholic Steatohepatitis” OR “Cardiovascular
Disease”. The relevance of studies was evaluated by collecting title and abstracts, between
30 September 2021 and the 30 November 2021. The full text of potentially eligible study
was retrieved to apply the inclusion and exclusion criteria.

2.3. Data Extraction

Measures of interest extracted from each study included: study characteristics (primary
author, year of publication, duration and nutritional composition of KD), baseline patient’s
characteristics (sample size, age, sex, body mass index (BMI)), effect of KD on clinical
measures (weight, BMI, systolic and diastolic blood pressure (BP)), results of KD effects on
lipid profile (total cholesterol, HDL, LDL and TG), results of KD effects on glycemic profile
(fasting glucose, fasting insulin, HOMA-IR, glycated hemoglobin (HbA1c)), results of KD
effects on liver profile (liver enzyme levels as aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), volume of the left hepatic lobe, liver biopsy).

3. Results

The studies research and identification process are presented in Figure 1.

The database searching from PubMed leads to 192 publications which 130 duplicates
were removed. Among the 130 remaining publications, 89 were excluded based on the
content of their abstract and titles. 41 articles were full-text reviewed, and additional articles
were identified through citation searching and added to the full-text reviewed process.

A total of 25 publications were excluded, due to the following reasons: no data on
measures of interest (n = 6), BMI < 30 (n = 1), article not available (n = 2), caloric restriction
(n = 8), other diet or carbohydrate intake > 50 g per day (n = 5) and same cohort from
another article (n = 4). Finally, the systematic research resulted in 20 studies that met the
inclusion criteria [49-68]. Of these, 19 focused on weight loss, 8 on BMI, 8 on systolic
and diastolic blood pressure, 14 on fasting glucose levels, 10 on fasting insulin levels,
5 on HOMA-IR, 7 on HbAlc level, 9 on total cholesterol, 15 on HDL and LDL levels, 16 on
TG levels, 4 on AST levels, 5 on ALT levels, 1 on left hepatic lobe volume and 1 on liver
biopsy histopathological characteristics (Table 1). The characteristics of the study designs
are presented in Table 2.

3.1. Effects of KD on Obesity and Cardiovascular Risk

Weight loss is the main recommendation of health-care guidelines to reduce the risk of
complication development [69,70] in the context of MetS. Interestingly, the majority of the
studies have demonstrated a significant weight loss induced by KD [50-52,54—66,68]. In the
eight studies which also investigated the effects of KD on the BM], the significant weight loss
was systematically associated with a significant decrease of the BMI [50,56,58,60,61,63,65].
Among the 19 papers, only 2 showed no significant effect of the KD on weight loss [49,53].
The lack of KD effects on weight loss could be explained by a too short diet duration, which
was respectively of six weeks [49] and four days [53].
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The cardiovascular risk can be evaluated by several parameters including obesity, high
blood pressure, high cholesterol and high TG levels and lifestyle habits as smoking, alcohol
consumption or physical inactivity [71]. The actual clinical recommendations support a
decrease of blood pressure, LDL and TG levels to improve cardiovascular risk [72]. Eight
studies are interested in KD effects on cardiac function, measuring especially systolic and
diastolic pressure. Five of them showed a significant decrease in systolic BP [49,58,64,65,68]
and four in diastolic BP [49,58,65,68]. Thirteen studies demonstrated that KD is significantly
efficient to decrease TG blood levels (Table 3) [49,51,52,54-56,58,61-63,65,66,68] and only
three showed no significant effects [57,59,60]. Concerning LDL and HDL blood levels,
the effects of KD are moderated. Almost the half of the studies revealed a significant
increase of HDL level [51,52,54,56,65,66,68] and one third showed a significant decrease
of LDL levels [51,52,54,56,63] whereas no significant effects of KD were found in the
remaining studies [49,51,52,54-58,60-63,65,66,68]. Finally, a significant decrease of total
cholesterol were found in six studies and no significant effects were noticed in three
(respectively, [51,52,56,58,63,66] and [57,60,68], Table 3).

The moderate KD effects on lipid parameters could be explained by a too short
duration of the diet in several studies. Indeed, most of them had a diet duration of
10 weeks or less [49,55,57-59]. To explain the lack of KD effects despite longer diet duration,
Partsalaki and al. suggested that KD might not be efficient when the lipidemic profiles are
staying within the normal range [60-62]. These observations suggest that KD must have a
sufficient duration to be effective. Furthermore, lower effects of KD on some parameters
could be explained by a non-pathological basal level of the interest markers. It is also
important to note that KD diet, are not designed in order to normalize the lipid profile, but
to reduce weight and others type 2 diabetes risk factors.

| Records indentified throught database searching (n=192) |

4>| Records after duplicates removed (n=130) |

A4

Identification

| Records screened at the title and abstract information (n=130) |

Screening

Records excluded following exclusion
criteria (n=89)

Full-text articles reviewed (n=40)

Additional records identified throught
citation searching (n=7)

A

Eligibility

Articles excluded (n=27)

No data on measures of interest (n=6)
BMI<30 (n=2)

5| Article not available (n=2)

Caloric restriction (n=8)

Other diet or Carbohydrate intake >50g per
day (n=5)

Same cohort (n=4)

Articles included in the review (n=20)

Figure 1. Flowchart of article selection for the systematic review.
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Table 1. Summary table presenting the parameters of interest found in the included studies. The cross “x” indicates the parameters measured in the study.

Clinical Measures Glycemic Profile Lipid Profile Liver Profile
. Systolic  Diastolic Fasting Fasting Total Volume of Left .
Reference Weight BMI BP BP Glucose Insulin HOMA-IR HbAlc Cholesterol HDL LDL TG AST ALT Hepatic Lobe Biopsy
[49] Ballard X X X X x X X X
and et al., 2013
[50] Carter « «
and et al., 2006
[51] Dashti x x « N « « x
and et al., 2006
[52] Dashti N N N N N «
and et al., 2007
[53] Francois « x
and et al., 2018
[54] Hallberg X X X X X X X X X X
and et al., 2018
[55] Hernandez N N N « N N
and et al., 2010
[56] Hussain
and et al., 2012 X X X X X X X X
[57] Johnstone x X X X X X X X
et al., 2008
[58] McKenzie X X X X X X X X X X X X
and et al., 2017
[59] Myette-Coté x « «
and et al., 2018
[60] Partsalaki
and et al., 2012 X X X X X X X X X X X
[61] Saslow and N N N N N . N N N N
etal., 2017 (1)
[62] Saslow and
X X X X X

etal., 2017 (2)
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Table 1. Cont.
Clinical Measures Glycemic Profile Lipid Profile Liver Profile
. Systolic  Diastolic Fasting Fasting Total Volume of Left .
Reference Weight BMI BP BP Glucose Insulin HOMA-IR HbAlc Cholesterol HDL LDL TG AST ALT Hepatic Lobe Biopsy
[63] Schiavo X X X X b X X X X X
and et al., 2018
[64] Tendler N N « N . N
and et al., 2007
[65] Walton X X X X X X X X X
and et al., 2019
[66] Yancy N N N N N N
and et al., 2004
[67] Yancy N
and et al., 2007
[68] Yancy X X X X X X X X X
and et al., 2010
Table 2. Summary table presenting the characteristics of the study designs.
Patients Maximum Carbohydrate . .
Reference Characteristic Intake of Duration Sample Size
Participants > 18 y.o _
[49] Ballard and et al., 2013 BMI > 30 50 g per day 6 weeks n=21
Participants > 18 y.o _
[50] Carter and et al., 2006 BMI > 30 40 g per day 3 months n=13
‘ Normal cholesterol level and high cholesterol level Normal cholesterol level adults: n = 23
[51] Dashti and et al., 2006 adults (>18 y.0) 20 g per day 56 weeks .
High cholesterol level adults: n = 26
BMI > 30
. . . . Diabetics: n = 31
[52] Dashti and et al., 2007 Diabetics and non-diabetics adults (>18 y.0) 20 g per day 56 weeks Non-diabetics:
BMI > 30 -
n =33
[53] Frangois and et al., 2018 4810 72 y.0 diabetics participants 50 g per day 4 days n=11

BMI > 30
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Table 2. Cont.
Patients Maximum Carbohydrate . .
Reference Characteristic Intake of Duration Sample Size
[54] Hallberg and et al., 2018 Diabetic p;\t/l&f ;;r(;ts (>18y.0) 30 g per day 1 year n=218
[55] Hernandez and et al., 2010 Obese participants > 18 y.o 20 g per day 6 weeks n=32
. . . . Diabetics: n = 102
[56] Hussain and et al., 2012 Diabetics and nor};—ﬁ? Ee;)cs adults (>18 y.0) 30 g per day 24 weeks Non-diabetics:
n =261
ohnstone et al., . er da weeks n=
57] Joh 1, 2008 20 tgfﬁ o men 5.5 ¢ per day 4 week 17
cKenzie and et al., er da weeks n=
58] McKenzie and et al,, 2017 21 to 65 y.0 gll\j[‘tl)iagopartlapants 30 g per day 10 K 238
ette-Cote and et al,, to .0 diabetic participants er da ays n=
[59] Myette-Coté and et al., 2018 48 to 72 y.o diabetic particip 50 g per day 4 day 11
artsalaki and et al., er da months n=
[60] P laki and et al. 2012 8to18y.0 Chlé(li\;ﬁr;agrz)d adolescents 20 g per day 6 h 21
[61] Saslow and et al., 2017 (1) Diabetic p;;;[llc E)ggts >18y.0 20 to 50 g per day 6 months n=16
[62] Saslow and et al., 2017 (2) Diabetic obese participants > 18 y.o 20 to 50 g per day 32 weeks n=12
[63] Schiavo and et al., 2018 Partlcgf\j[?is 4>018 yo 15 g per day 4 weeks n=27
[64] Tendler and et al., 2007 18t0 65 y.0 pall‘atll\zllp jr;tos with NAFLD 20 g per day 6 months n=5
[65] Walton and et al., 2019 181045 y.é)l\zl;afggc women 30 g per day 90 days n=11
18 to 65 y.o participants
[66] Yancy and et al., 2004 BMI > 30 20 g per day 24 weeks n =060
[67] Yancy and et al., 2007 18to 65B}1t/([)1p> ag’gapants 20 g per day 24 weeks n=21
[68] Yancy and et al., 2010 18070 y.o participants 20 g per day 48 weeks n=>52

BMI > 30
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Table 3. Summary table presenting the effect of KD on clinical measures, glycemic profile, lipide profile and liver profile. | indicates a decrease and 1 indicates

an increase.

Clinical Measures Glycemic Profile Lipid Profile Liver Profile
Total Volume of
. Systolic Diastolic Fasting Fasting HOMA- ~ Left .
Reference Weight BMI BP BP Glucose Insulin IR HbAlc Ctll(:(l)els HDL LDL TG AST ALT Hepatic Biopsy
Lobe
[49] Ballard 1 1 J b 1
and et al., 2013 ns p=001  p=0.001 ns p<0.01 p <001 ns ns p <0.001
[50] Carter p‘L< pi<
and et al., 2006 0.0008 0.0001
i 4 4 4 ) 4 {
p< p< p< p< p<
[51] Dashti 00001  0.0001 p <0.0001 p<00001 40001 00001  0.0001
and et al., 2006 s 4 1 b T b J
p< p< p< p< p<
0.0001 0.0001 p <0.0001 p <0.0001 0.0001 0.0001 0.0001
4 | | 1 { |
p< p< p< p<
[52] Dashti 0.0001 p <0.0001 p <0.0001 0.0001 0.0001 0.0001
and et al., 2007 { 4 { T { 1
p< p< p< p<
0.0001 p <0.0069 p<0002 " 40001 00001  0.0001
[53] Frangois ns I
and et al., 2018 p <0.05
Gtatbery 0¢0001 . ok 1 . . D
and etal,, 2018 0.0001 p<b 0.0001 0.0001  0.0001 0.0001 0.0001 0.0001 0.0001  0.0001
[55] Hernandez pl'< ns . ns ns ;
and et al., 2010 0.0001 p=0.03 p=0.01
A | | | 0 { |
p< p< p< p< p<
[56] Hussain 0.0001 0.0001 p <0.0001 p <0.0001 0.0001 0.0001 0.0001
and et al,, 2012 { { { 1 1 1 1 1
p< p< p< p< p< p<
00001 0.0001 p <0.0001 005  P<000L " o06001 00001  0.0001
[57] Johnstone l': ‘ ‘ ‘ ns ns ns ns
etal,, 2008 s p<0001  p<0001  p<0.001
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Table 3. Cont.

Clinical Measures Glycemic Profile Lipid Profile Liver Profile
Total Volume of
. Systolic Diastolic Fasting Fasting HOMA- . Left .
Reference Weight BMI BP BP Glucose Insulin IR HbA1lc Ct]:r):)eis HDL LDL TG AST ALT Hepatic Biopsy
Lobe
[58] McKenzie p‘L< pi< p¢< ' ) v ) pi < v ns ns v . pi < pi <
and et al, 2017 0.001 0.001 0.001 p<0.00 p<0.00 0001  P=000 p<0.00 0.001 0.001
[59] 1 1
Myette-Coté p< ns ns
andetal, 2018 0.001 p <0001
. 1 1 1 1
[60] Partsalaki
and et al., 2012 (f 081 0?031 ns ns ns p=0017 p=0014 ns ns ns ns
{ 1 { 1
[61] Saslow and p< p< ns ns ns ns p= ns ns
etal,, 2017 (1) 0.001 0.001 0.007 p=0022
[62] Saslow and p‘L < pJ' - N ns +
etal., 2017 (2) 0,001 0.002 s p<0.01
. 1 1 1 1 ) 1 1 ) 1
[63] Schiavo _
p< p= ns p< p< p< p<
and etal, 2018 0.001 p<0.001 0.0108 p<0.001 0.001 0.0001 0.001 0.001 p<0.001
, 4 J | steatosis (p = 0.02)
ar[1?i4ltT 31 dzl(e)fﬂ o~ P ns ns ns | necro-inflammation (p = 0.02)
v 0.036 0.006 1 fibrosis (p = 0.07)
4 1 1 { 1 ) 1
[65] Walton
p< p< p< p< ns ns ns
andetal, 2019 ggo1  gooo1 00001 P00 0.0001 p <0005 p <0005
1 ) ) 1
[66] Yancy p< ns ns _ ns
and et al., 2004 0.001 p=0.08 p <0.001 p <0.001
[67] Yancy and
etal., 2007 ns
1 { 1 1 1 1 ) 1
p-val p-val p-val ~ ~
[C168]t Ylan%l 0 not not p-val not p-val not p-val not not ns p-val .?_Ot ns p-val .rll_Ot
and etal, avail- avail- available available available avail- avat avat
able able
able able able
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3.2. Effects of KD on Type 2 Diabetes

Type 2 diabetes is associated with high fasting glucose levels (>1.26 mg/dL or
7.0 mmol/L), high HbAlc proportion (>6.5%) and alterations in insulin response [73]. The
glycated hemoglobin, the reflect of the past three months mean blood glucose level, is a
high-sensitive marker for diabetes diagnosis. A moderate hyperglycemia (between 1 and
1.25 mg/dL or 5.5 mmol/L and 6.8 mmol/L of fasting glucose levels or 6 to 6.4% of HbAlc)
is also associated with an increased risk of diabetes development. The management of dia-
betes mainly consists in reducing hyperglycemia and improve insulin action [74]. Among
the 14 studies, 10 showed that KD decrease fasting glucose levels [51-54,56-59,63,68], and
4 of them noticed no changes [49,55,60,64]. However, in these four studies patients had
normal fasting glucose levels. KD significantly decrease Hb1Ac in all of the studies that mea-
sured this parameter [54,56,58,61,62,65,68] except for the study of Tendler and et al. [64].
The four studies that did not found significant effect of KD on fasting glucose did not
measure HbAlc levels [49,55,60,67]. A decrease in insulin levels was found in seven
studies [49,54,55,57,60,63,68], whereas three studies showed no effects of KD on insulin
levels [59,61,64].

The HOMA-IR is a simple index, based on an equation including fasting glucose
levels and fasting insulin levels, developed to identify susceptible individuals to diabetes
risk [75]. Five studies calculated the HOMA-IR: four out of five showed a significant
reduction [49,54,57,60] on it and the last one noticed no effect on KD on it [61]. The
amelioration of the HOMA-IR score is benefic for patients since it protects against insulin
resistance development. All the results are summarized in Table 3.

3.3. Effects of KD on Nonalcoholic Steatohepatitis

Liver biopsy is the gold standard for non-alcoholic fatty liver disease diagnosis. How-
ever, as biopsy is invasive, it must be replaced, whenever it is possible, by noninvasive tests.
For example, liver biochemistry or imaging can be performed. Non-alcoholic fatty liver
disease is associated with an increase of AST and ALT levels, an accumulation of hepatic
lipids, inflammation and fibrosis when steatohepatitis is established [76].

In comparison to other parameters, few studies focused on beneficial effects of KD on
liver. Three of them showed a decreased of AST and ALT levels [54,58,63], one showed no
effect on AST [64], and two reported no changes in ALT levels (Table 3) [64,65].

Anatomically, KD induced a beneficial effect. Schiavo and al showed a significant
decreased of the volume of left hepatic lobe, and Tendler and al. found a significant decrease
of steatosis, necroinflammation and fibrosis on liver biopsies [63,64].

4. Discussion
4.1. Beneficial Effects of the Ketogenic Diet

One of the aims of this systematic review was to determine if KD could be an efficient
strategy in obesity management. Overall, most of the studies showed a significant effect of
KD on weight loss (17/19 articles), BMI (7/7), glucose levels (9/13), insulin levels (7/9),
HOMA-IR (4/5), HbAlc (7/7), total cholesterol (6/9), TG (13/15), AST (3/4), and ALT
(3/5) in human.

These beneficial effects are positive in the obesity treatment and agree with the general
health-care recommendations. Indeed, guidelines recommend weight loss and glycemic
control to reduce type 2 diabetes risk, blood pressure control and low serum lipid level
to decrease risk of cardiovascular disease, and maintain of normal liver enzymes level to
reduce the risk of steatohepatitis [77]. All of these objectives are essential to reduce the risk
of metabolic complication development, as hyperglycemia, dyslipidemia steatohepatitis,
and improve health [69,70]. Weight loss is central in obesity management, and, by reducing
weight and BMI, KD is beneficial in obesity. Several studies showed that a weight loss, even
moderate, is efficient to improve metabolic functions and reduce cardiometabolic diseases
risk factors [78,79].



Diabetology 2022, 3

303

Positive effects of KD are found on the other parameters. The significant reduction
in glucose and insulin levels, HOMA-IR and Hb1Ac are beneficial to improve glucose
metabolism and the glycemic balance, and so reduce the risk of type 2 diabetes [80]. In
diabetic patients, hyperglycemia reduction is associated with improvement of morbidity
and mortality [81]. Furthermore, lower glucose and HblAc levels reduces the risk of
diabetes-relative complications development, as microvascular and macrovascular dis-
ease [82]. Indeed, insulin resistance and hyperglycemia are responsible for cardiovascular
damages and endothelial dysfunction, and are involved in the development of cardiovas-
cular complications [83,84]. Fasting glucose levels reduction is positive for diabetic patients
since it is associated with a risk reduction in major cardiovascular events [85,86].

Dyslipidemia is also a major risk factor of cardiovascular disease. High Total choles-
terol and LDL levels and low HDL levels are associated with atherosclerosis [87,88]. The
effects of KD on lipid profile are mixed, and it is difficult to draw an unequivocal conclusion
about the positive effects of KD on cardiovascular risk. The majority of studies showed
a reduction on TG and total cholesterol levels that is known to lower the risk of vascular
events [89,90]. About LDL and HDL levels, only less than one-half of the studies showed
changes induced by KD, with a decrease of LDL levels and an increase of HDL levels. These
modifications of lipoproteins levels are associated with cardiovascular risk reduction [91].
The reduction of systolic and diastolic blood pressure, associated in cardiovascular risk
reduction, was induced by KD in half of the studies [92].

Finally, KD presented beneficial effects on liver in most studies. The decreases of
AST and ALT levels showed improvement in liver health since an elevation in the level
of these two enzymes is a liver injury indicator, and it is used as a biomarker of NAFLD
prediction [93]. KD also seems to induce positive effect on liver anatomy, by a reduction
of the left lobe volume, and a reduction of the histological markers of NASH, but only
one study for each of these parameters had an anatomic and histological approach [63,64].
More studies focusing on liver enzyme levels, anatomy and histology will be necessary to
conclude about the effects of KD on steatohepatitis.

Thereby, KD seems to be efficient in obesity management by inducing weight loss,
improving glucose metabolism, reducing cardiovascular disease risk factors and steato-
hepatitis. Even if KD was not effective in the same way for all parameters of interest, all
studies found a beneficial effect on, at least, one of them (Figure 2).
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Figure 2. Beneficial effects of KD on metabolic markers.
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4.2. Recommendations and Limitations of KD

The heterogeneity of the results can be explained by the difference within protocol
design. First, the duration of the diet differs, and the length of the KD intake on all of the
included studies range from 4 days [53,59] to 56 weeks [51,52]. The effective of patients
are also different from each study and vary from 5 patients [64] to 261 [56]. Moreover,
the duration of KD intake seems to be a major success criterion. All of the studies with
mixed results on interest parameter was short-term KD (six month or less) whereas the
most efficient protocols had a duration between 6 and 12 months. These observations
suggest that KD should be perform at least for six months to present beneficial effect for
the patients.

An important bias that also could explain the result difference is the diet itself. KD is
defined by a carbohydrate restriction and an increase in lipid supply, and we limited the
inclusion of studies with a carbohydrate restriction of <50 g per day, which is equivalent
to 10% of the daily caloric supply [94]. Despite being all ketogenic, the diets were not
based on consensus. The most restrictive study in terms of carbohydrates was the study
of Johnstone et al. with a maximum consumption of 5.5 g per day [57], the majority of
the studies allowed a maximal carbohydrate intake between 20 and 30 g and the least
restrictive permit a maximum of 50 g per day [49-56,58-62,64—68]. The use of KD is
mainly widespread in the treatment of refractory epilepsies since the early 20th century.
Therefore, the studies carried out in this branch can be useful to understand the impact
of the amount of restriction in carbohydrates on the effectiveness of KD. In the case of
intractable epilepsy, KD shows greater antiepileptic efficiency when the carbohydrate intake
is more restrictive [95]. Based on animal studies, the authors suggest that the correlation
between a restrictive KD and protection from epileptic seizure seems to be the result of
higher ketosis. The comparison of a classic KD (CKD, 4% of carbohydrate daily caloric
supply) and modified Atkins diet (MAD, 10% of carbohydrate daily caloric supply) also
demonstrated that the antiseizure effect was better with CKD than MAD [96,97].

In this review, we observed that studies with the higher carbohydrate amount all seem
to be less effective [49,53,59,61,62] whereas the most effective studies had a carbohydrate
restriction between 20-30 g per day [51,52,54,56] with a minimal duration of 10 weeks,
suggesting that a restriction with a maximum of 20 to 30 g of carbohydrate intake each
day is sufficient, but necessary. These observations are in line with the studies carried out
in the field of refractory epilepsy and reinforce the importance to implement a sufficient
carbohydrate restriction in order to obtain KD positive effects.

In obesity, the greater KD efficiency when the carbohydrate intake is low could also
be explain by a better ketosis effect. A high carbohydrate restriction induces a decrease
of insulin secretion, favor fat oxidation and so ketone bodies production. Ketone bodies
present interesting properties, since they seem to decrease appetite and increase satiety [98].
The effect of ketone bodies also seems to be link with the activation of the AMP-dependent
kinase (AMPK), since the increase of ketone body levels, particularly 3HB, lead to AMPK
activation [99]. AMPK is an enzyme that plays a role of energy sensor and when it is
activated, it is implicated in insulin pathway regulation and the increase of fatty acid
oxidation [100,101]. Once again, these observations came from animal studies, and must be
confirm in human.

One of the most challenge of KD is the compliance of the diet, which refers to the
capacity to adhere to the diet and respect the carbohydrate restriction without breaking it.
The restrictive nature of KD creates challenges to diet compliance related to psychosocial
variables. A strict dietary restriction could interfere with social and family life, ask more
food preparation time and be too restrictive and so, could be hard to follow [102]. KD can
also cause some side effects. The most common being fatigue, headache, gastrointestinal
pain, vomiting, nausea, and diarrhea. These frequent but minor symptoms, also called
“keto flu”, appear at the early stages of the diet and generally disappear after few days [103].
A long-term KD, where the duration is longer than a year, can be associated with severe
side effects, as kidney stones, acidosis or vitamin and mineral deficiencies. These adverse
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effects are occasional and have been mostly observed in epileptic patients, where the KD is
pursued for a year or more. They can be avoided with a regular monitoring of the patients
and nutritional supplements.

In the included studies of this review, only eight reported incidences of adverse
reaction link to KD. Side effects was minor including constipation, headache, muscle
cramps, halitosis, rash, diarrhea, and no serious adverse effects was reported, showing the
safe profile of KD [50-52,54,58,63,66,68]. However, more studies are needed in order to
determine an optimal protocol in terms of duration and carbohydrate restriction to reach
the better risk and benefit ratio profile of KD.

We can notice the lack of information about major systemic parameters which seem
to play a role in obesity. Indeed, the studies presented in this review did not measure
inflammatory cytokines or cardiac natriuretic peptides while these parameters can easily
be dosed in blood. It could be relevant for future studies to measure not only the classic
medical measures (as described in this review as clinical measures, glycemic, lipid and liver
profiles) but also patients’ compliance to the diet, as well as its effects on inflammation and
natriuretic peptide levels. Moreover, molecular, and cellular pathway that are involved
in KD beneficial effects remain unclear. If some clues on KD mechanism were provided
in animal studies, there is currently no study allowing to describe the molecular pathway
involved in the beneficial effects of KD in patients with Mets.

5. Conclusions

KD is a safety diet which seems to be a promising approach to reduce the risk of
obesity and its complications as well as the MetS. The consumption of a KD improves
weight loss, glucose metabolism, dyslipidemia, and steatohepatitis. However, more studies
should be performed to assess if the KD could be used as a routine treatment in metabolic
disease. Indeed, the effectiveness of KD seems directly link to the duration of the diet and
above all the degree of carbohydrate restriction. One hand, KD efficiency is better with a
high carbohydrate restriction and a duration of six months to one year. On the other hand,
patients had a better tolerance and compliance to the diet when the carbohydrate intake is
higher, and a long-term KD could be associated with side effects [95,104]. The restriction in
sugar must be sufficient without being too restrictive otherwise it could reduce its adhesion.
According to the data extracted in this review and the studies with the better KD effects,
we could hypothesize that the optimal KD protocol could aim a carbohydrate restriction
of 20 to 30 g and a duration of at least six months, with a regular medical monitoring to
be sure of the patient compliance to the diet. We can also imagine beginning a KD with
a high carbohydrate restriction (20 to 30 g) for six months, and then be more permissive
(carbohydrate intake of 50 g). It could help to keep a good long-term compliance to the
diet, while remaining enough efficient. Furthers investigations should be conducted to
determine the optimal duration for the diet, the better carbohydrate proportion to have the
higher beneficial effects of ketosis with a good tolerance and compliance. They should also
consider starting a highly carbohydrate-restrictive KD, which may become more flexible
once the beneficial effects are established.
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