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ABSTRACT

Objective: The ketogenic diet, which has been used in the treatment of epilepsy since the 1920s, is a diet containing high fat, sufficient
protein, and low carbohydrate. The ketogenic diet mimics the metabolic effects of fasting by shifting metabolism towards fat utilization. The
ketogenic diet, which has different variants, such as the classical ketogenic diet, modified Atkins diet, and medium-chain triglyceride diet,
is used in inborn errors of metabolism to target the underlying metabolic state by bypassing the damaged metabolic pathway or to treat
the clinical symptoms of inborn errors of metabolism, such as epileptic seizures. In this review, we assessed the evidence for ketogenic diet
interventions in the treatment of inborn errors of metabolism.

Methods: The Google Scholar search engine, PubMed, Scopus, and Science Direct databases were used to find studies on the use of
ketogenic diet interventions in the treatment of inborn errors of metabolism.

Results: The beneficial effects of different variants of the ketogenic diet on glucose transport type 1 deficiency syndrome and pyruvate
dehydrogenase complex deficiency have long been recognized. There are also favorable data on its use in myopathic glycogen storage
diseases, mitochondrial diseases, and nonketotic hyperglycinemia accompanied by epilepsy.

Conclusion: The evidence is mostly based on individual case reports, case series, and clinical trials with small sample sizes and is insufficient

to make recommendations.

Keywords: Ketogenic diet, modified Atkins diet, glycogen storage disease, mitochondrial disease, GLUT1 deficiency.

1. INTRODUCTION

The ketogenic diet (KD), which has been used in the
treatment of epilepsy since 1921, is a diet containing high
fat, adequate protein, and low carbohydrate. KDs increase
ketone (B-hydroxybutyrate, acetoacetate, and acetone)
production in the liver by shifting metabolism towards the
use of fats as the primary energy source, mimicking the
metabolic effects of fasting (1). There are different types
of KDs such as the classical ketogenic diet (CKD), modified
Atkins diet (MAD), and medium-chain triglyceride (MCT)
diet (2). In CKD, the fat-to-protein and carbohydrate ratio is
4-3:1 (4-3 g fat per 1 g protein + carbohydrate), thus reducing
carbohydrate intake (3). Due to the restrictive properties of
CKD, new variants have emerged, such as MAD with high-
fat content, which allows higher protein intake and does
not restrict calories and fluid (4). The MAD was first used
in 2006 by Kossoff et al (5) in the treatment of intractable
epilepsy. The fat/protein + carbohydrate ratio in MAD is 1:1,
which offers a more palatable alternative. The MCT diet, is

an alternative diet first developed by Huttenlocher et al (6) in
1971 to provide higher carbohydrate intake. The ketogenicity
ratio is approximately 1.2:1, which is more palatable than
that of CKD. However, it is less commonly used in clinical
practice due to its potential gastrointestinal side effects (7).

KDs are used in inborn errors of metabolism (IEMs) to target
the underlying metabolic state by circumventing the damaged
metabolic pathway or to treat the clinical manifestations of
IEMs, such as epileptic seizures (Figure 1). Ketosis must be
attained and maintained without catabolism as symptoms
may worsen (8). This review aims to examine the efficacy of
KDs in the treatment of IEMs and to make recommendations
based on current evidence.

2. GLYCOGEN STORAGE DISEASE TYPE 11

Glycogen storage disease type Il (GSD Ill, OMIM #232400),
also known as Cori disease, is an autosomal recessive [EM
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caused by mutations in the ADL gene, resulting in a deficiency
of glycogen debranching enzyme (amylo a-1,6-glucosidase)
(9). The debranching enzyme is necessary for comprehensive
glycogen breakdown. In GSD lll, glycogenolysis and free glucose
formation are limited, resulting in limit dextrin accumulation
in the liver, muscle, and heart tissues, and hypoglycemia
(20). In GSD Il patients, glycogenolysis is impaired, whereas
glycolysis and gluconeogenesis are preserved. Traditionally,
nutritional therapy consists of adequate carbohydrate intake
supplemented with raw cornstarch to maintain normoglycemia
and adequate protein intake to provide gluconeogenic amino
acids, which are substrates for gluconeogenesis (11). The GSD
Il consensus guideline published by the American College of
Medical Genetics and Genomics recommends high protein
(25% of total energy) and low complex carbohydrate (<50%
of total calories) intake, as well as avoidance of simple sugars
(10). Although these measures are effective in achieving
metabolic control, they are ineffective in preventing long-
term complications. There is no consensus on the optimal
nutritional therapy to prevent long-term liver, cardiac, and
muscle complications, even in well-metabolically controlled
patients. However, eucaloric KD improves energy balance
by increasing the blood levels of ketone bodies, which are
alternative substrates for energy production in the brain,
heart, and skeletal muscles (10). In addition to conventional
treatment, novel nutritional therapies, including CKD, MAD,
high-fat diet, and synthetic ketone bodies, applied to maintain
normoglycemia and improve long-term complications such as
cardiomyopathy (CMP) have been reported in recent studies
(12-15).

The MAD was reported to lower creatine kinase (CK) levels
and improve CMP in 8 pediatric GSD Il patients (Olgac et
al (12) (n=6), Mayorandan et al (13) (n=2)). Similar results
were found in case reports evaluating the efficacy of MAD in
three adult patients who reported improved heart and liver
functions (Fischer et al (14) (n=2), Francini-Pesenti et al (15)
(n=1)). In the evaluation of these 11 patients, asymptomatic
hypoglycemia, increased low-density lipoprotein (LDL)
cholesterol levels, and weight loss were reported as side
effects of MAD. Case reports suggest that carbohydrate-
restricted, high-fat, and high-protein diets may be effective
in improving CMP in pediatric patients with GSD Il (16, 17).
A high-protein diet may reduce the accumulation of limit
dextrin in myocardial cells and increase protein utilization
through gluconeogenesis. A high protein intake can also
increase the synthesis of muscle proteins. However, high-fat
diets not only increase the activity of gluconeogenesis but also
facilitate adenosine triphosphate (ATP) production from fatty
acid oxidation and ketolysis as an alternative energy source
(10). In a case report with the highest follow-up period, in
which a 2:5:1 ratio of CKD was applied for 4 years, CMP and
hepatopathy improved, but blood lipid levels were mildly to
moderately elevated (n=1) (18). In a different case report, the
combined use of a high protein 2:1 CKD and synthetic ketone
bodies (3-hydroxybutyrate) for 24 months in a 2-month-old
infant improved CMP and no side effects were observed
(19). All case studies are reported in Table 1. In a recent

systematic review by Rossi et al (20), a significant decline in
CK concentration and cardiac hypertrophy was observed in
28 pediatric GSD Il patients with cardiomyopathy/myopathy
who were given a high-fat diet. Evidence supports the efficacy
of a high-fat diet in pediatric GSD llla patients with cardiac
hypertrophy; however, long-term monitoring is required
to avoid potential complications (20). According to these
findings, the necessity of raw corn starch in GSD Il patients,
in whom high protein and high fat diets are sufficient to
maintain normoglycemia, is controversial because it causes
hyperinsulinemia.
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Figure 1. Inborn errors of metabolism treated on a ketogenic diet (8)
Abbreviations: ATP: Adenosine Triphosphate; Cyt C: Cytochrome C;
GLUT1-DS: Glucose Transporter Type 1 Deficiency Syndrome; GSD:

Glycogen Storage Disease; PDHc: Pyruvate Dehydrogenase Com-
plex; TCA: Tricarboxylic Acid.

3. GLYCOGEN STORAGE DISEASE TYPE V

Glycogen storage disease type V (GSD V, OMIM #232600),
also known as McArdle disease, is an autosomal recessive
IEM caused by myophosphorylase enzyme deficiency in the
skeletal muscle due to mutations in the PYGM gene, which
encodes the muscle isoform of the glycogen phosphorylase
enzyme (21). Myophosphorylase, which catalyzes the first
step in glycogenolysis by converting intracellular glycogen to
glucose-1-phosphate, is responsible for energy production
during anaerobic and high-intensity exercise. The absence
of myophosphorylase activity in GSD V patients blocks
glycogenolysis in the skeletal muscle, leading to exercise
intolerance. All activities that require energy expenditure
can result in muscle contracture, rhabdomyolysis, and renal
failure in extreme cases (21, 22). To date, there is no effective
and satisfactory treatment to improve exercise intolerance in
patients with GSD V. Strategies to increase the utilization of
alternative energy sources in the muscles during exercise
are reasonable. Oral sucrose intake before exercise may
alleviate muscle symptoms, but excessive consumption
may lead to weight gain (23, 24). Interventions to increase
fat oxidation are among other reasonable methods.
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Table 1. Case reports, case series and clinical studies referring to the effect of the ketogenic diet in the management of patients with glycogen

storage disease

Author, year

Type of

Number of

Age at KD

Duration

Type of KD

Outcomes

Side effects

GSD

patients

start

on KD

development.
Improvement of muscle
strength.

GSD I . Hypoglycemia was evident in
6y (Range: | 6m (Range: ‘ Transaminase levels 2 patients but was resolved by
Olgac et al (12) 6 MAD dropped. CK levels dropped )
3y-31y) 3m-7m) ) . adding uncooked cornstarch
in 5 out of 6 patients. )
to diet.
Mayorandan et GSD I Range: . CK levels dropped. CMP Transient asymptomatic
2 9y-11y MAD . .
al (13) 32m-26m improved. hypoglycemia.
GSD Il . Reduction of CK, Muscle weakness, tachycardia,
Fischer et al (14) 2 Unknown | Unknown MAD stabilization of blood stre.f»s dyspneé, Fr-en?or .and @
glucose. verpgo at the |n|t|at|9n inl
patient. Weight loss in both.
Francini-Pesentiet | GSD Il o Heart and liver functions Increase of uric acid plasma
al (15) ! 34y 12m MAD improved. level and C-LDL.
Marusic et al (18) GSD I 1 11y 4y 2:5:1 CKD o Improvement of CMP and I\-/Iilldly—to—moderately elevated
hepatopathy. lipid levels.
GSD Il Combined use of ketone
e : moam PURBORBES ot | None
protein diet
GSDV o Improvement of fatty
fat/pro/CHO; acid oxidation rates and 3 reported mild fatigue and
Range: Diet 1: 65%/15%/20% exercise capacity in all diet | headaches. 2 reported mild
Lokken et al (29) 8 18y-64y 3w Diet 2: 75%/15%/10% regimes. nausea in the beginning of the
Diet 3: 80%/15%/5% D Diet 2 had the highest first week.
acceptability score.
GSDV Administration of a drink
8 patients, | 42y containing 395 mgKE/ . .
Lokken et al (30) 4 healthy (Range: - ke D-B-hydroxybutyratt.e : No m?proveme.nt n None.
J— 25y-70y esters or pIacebo' 25 min exercise capacity.
before a submaximal cycle
exercise test.
GSDV o Improvement of exercise
tolerance.
o Improvement of maximum
strength and activity
Busch et al (26) 1 55y ly ;ErKthSr?)% fat, 14% duration. Unknown.
o Reduction of CK.
. No improvement in *P
— MRS data during rest,
work, and recovery.
GSDV . Improvement of activity
e and exercise tolerance.
Reason et al (28) 3 12y-54y Unknown LCKD . Reduction of CK. Unknown.
o Improvement of quality
of life.
GSDV o Reduction of CK.
Vorgerd and Zange CKD + creatinine : Improvement of exercise
1 55y ly . tolerance. Unknown.
(27) supplementation A .
o No improvement in muscle
energy metabolism.
GSD VII o Alleviation of muscle
symptoms.
Simild et al (33) 1 59y Sy MAD o Improvement of exercise Increase of cholesterol values.
performance, and oxygen
uptake.
GSD VI o Alleviation of clinical
symptoms.
Swoboda et al (32) 1 4m 1y8m 3:1CKD : Improvement of motor skill Unknown.

Abbreviations: CHO: Carbohydrate; CK: Creatine Kinase; CKD: Classical Ketogenic Diet; CMP: Cardiomyopathy; C-LDL: Low Density Lipoprotein Cholesterol;
GSD: Glycogen Storage Disease; KD: Ketogenic Diet; LCKD: Low Carbohydrate Ketogenic Diet; MAD: Modified Atkins Diet; P-MRS: Phosphorous Magnetic

Resonance Spectroscopy; m: months; y: years.
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KD induces the production of ketone bodies by mimicking
the metabolic effects of fasting. Ketone bodies are
converted to acetyl-CoA, participate in the citric acid cycle
(TCA cycle) and are thus used as an alternative energy
source for muscle glycogenolysis during exercise (25).
Busch et al (26) and Vorgerd and Zange (27) evaluated the
effects of the KD in a 55-year-old male patient with GSD V.
Administration of a KD containing 80% fat and 14% protein
for 1-year increased exercise tolerance by 3-10 fold. Activity
duration and maximal strength increased, whereas CK levels
decreased. However, 31-phosphorus magnetic resonance
spectroscopy data did not improve during rest, work, or
recovery. In three adult GSD V patients, a low-carbohydrate
KD was similarly reported to improve activity and exercise
tolerance, lower CK levels, and improve quality of life (28).
No side effects of KD were reported in these case reports.
In a randomized pilot study of eight adult patients with GSD
V, participants were assigned to one of three ketogenic
dietary patterns (#1: 65%/15%/20%; #2: 75%/15%/10%; #3:
80%/15%/ 5%; fat, protein, and carbohydrate) for 3 weeks.
Fatty acid oxidation rate and exercise capacity increased in
all participants. The second dietary pattern containing 75%
fat was found to have the highest acceptability score (29). In
a randomized placebo-controlled, crossover study involving
the same eight GSD V patients and four healthy controls,
395 mgKE/kg D-B-hydroxybutyrate-containing beverage
consumption 25 minutes prior to a submaximal exercise test
failed to enhance exercise capacity in both groups (30). Oral
ketone ester supplementation probably leads to reduced
availability of free fatty acids and glucose in the muscles.
On the basis of the current investigation, oral ketone ester
supplementation alone is not recommended for patients
with GSD V.

4. GLYCOGEN STORAGE DISEASE TYPE VII

Glycogen storage disease type VII (GSD VII, OMIM #232800),
also known as Tarui disease or muscle phosphofructokinase
deficiency, is an autosomal recessive IEM characterized by
muscle cramps, exercise intolerance, and mild myopathy
caused by mutations in the PFKM gene. Phosphofructokinase
enzyme deficiency in muscle tissue blocks the formation of
pyruvate from glucose via glycolysis, preventing glucose from
being used in energy metabolism in muscles. Therefore,
energy sources other than glucose must be used in the
muscle tissue in GSD VII (31).

To date, only two case reports have evaluated the
effectiveness of KD in patients with GSD VII. In a child with
phosphofructokinase deficiency who presented with severe
myopathy, initiation of 3:1 CKD at 4 months of age relieved
clinical symptoms, enhanced motor skills,and muscle strength
(32). MAD administered to a 59-year-old patient with GSD VII
for 5 years alleviated muscle symptoms, increased exercise

performance and oxygen consumption. However, high total
and LDL cholesterol levels have been reported as side effects
of MAD (33).

5. NONKETOTIC HYPERGLYCINEMIA

Nonketotic hyperglycinemia (NKH, OMIM #605899) is an
autosomal recessive neurometabolic disorder resulting
from mutations in the GLDC or AMT genes that reduce the
activity of the glycine-cleavage enzyme complex. Glycine
accumulates in body fluids and tissues, including the brain,
because of insufficient activity of the glycine-cleaving
enzyme complex (34). Currently, there are no effective
treatments for severe NKH. Although there are some clinical
reports on the use of drugs that lower glycine levels, such
as high-dose sodium benzoate, or drugs that reduce the
stimulatory effects of the N-methyl-D-aspartate receptors,
such as ketamine and dextromethorphan, there has been no
significant improvement in the relief of symptoms, such as
epileptic seizures (35). It has been reported that combining
low-dose sodium benzoate with 3:1 CKD lowers plasma
glycine concentrations and offers more stable low glycine
concentrations than high-dose benzoate therapy alone (36).
Decreases in glycine levels in cerebrospinal fluid (CSF) have
also been reported in other studies (37). The underlying
mechanism involves a reduction in the glycine pool due to
the utilization of glycine for gluconeogenesis. Therefore,
ketosis is not the goal of KD in NKH but to support this
mechanism with glucose restriction. However, ketosis may
have additional benefits. Endogenous utilization of glycine by
gluconeogenesis results in a significantly decreased glycine
index and concomitant reduction in the required benzoate
dose (36).

KD has been proven effective in treating refractory seizures
in pediatric patients with different epileptic syndromes.
KD mimics the biochemical response to fasting, meeting
the brain’s energy demand from ketone bodies instead of
glucose (38). In recent years, the use of CKD in combination
with pharmacological treatment in small groups of NKH
patients has shown a reduction in the frequency and
severity of seizures and an enhancement in quality of life
(36, 37, 39, 40). Table 2 summarizes the study findings. The
mechanism of action of KD in the treatment of epilepsy is
not fully understood. The neuroprotective properties of
KD are explained by increased energy production in the
brain through upregulation of genes involved in energy
metabolism, mitochondrial biogenesis, and increased energy
reserves. KD-induced energy production modifies amino acid
metabolism and stabilizes membrane potential in neurons,
raising the seizure threshold and exerting anti-convulsant
effects (41).

Clin Exp Health Sci 2024; 14: 283-295

DOI: 10.33808/clinexphealthsci.1310203



Ketogenic Diets in Inborn Errors of Metabolism

| Review |

Table 2. Case reports, case series and clinical studies referring to the effect of the ketogenic diet in the management of patients with nonketotic

hyperglycinemia

Side effects

Outcomes

Number
Author, year of Age at KD start Durationon KD  Type of KD
patients
Kavaetal (39) |1 7m 35m 3.5:1 CKD
5/6 (Range:
Shelkowitz et 6m->2yr)
:1m-2 :1 CKD
al (36) 6 Range: 1m-26m 1/6 discontinued 31K
after 1w.
f:(:’)am” etal |, Range:3d-1m | Range: 10m-2.5yr | 4:1 CKD
Daida etal (37) | 1 15m 9m 3:1 CKD

Reduction in seizure severity and frequency.
Normalisation of plasma glycine levels.
Reduction in spasticity and hospital admissions.
Improvement in quality of life.

Reduction in plasma glycine levels on average
28%.

Reduction but not normalization in brain glycine
levels.

Reduction in seizure frequency in half of the
patients.

Reduction in plasma glycine levels.
Improvement of tonic spasms and tonic-clonic
seizure control.

Resolution of tonic-clonic seizures.

Unknown.

Electrolyte
perturbations, feeding
intolerance.

None.

Reduction in CSF glycine levels.
Reduction of focal seizures.
Improvement in quality of life.

None.

Abbreviations: CKD: Classical Ketogenic Diet; CSF: Cerebrospinal Fluid; KD: Ketogenic Diet; d: days; m: months; y: years.

6. MITOCHONDRIAL DISEASES

Mitochondrial diseases are a diverse group of IEMs caused
by mutations in genes encoding mitochondrial proteins
required for substrate oxidation via the TCA cycle and
oxidative phosphorylation (OXPHOS) for ATP production (42).
Mitochondrial diseases, which are characterized by abnormal
metabolic pathways, cause decreased ATP production and a
range of clinical symptoms. Heterogeneous symptoms can
occur at any age, particularly in tissues with high energy
demands, such as the brain, skeletal, and cardiac muscles
(43). The fact that no effective curative treatment has yet
been developed makes supportive care for symptom relief
a priority. KD stimulates mitochondrial biogenesis, enhances
mitochondrial function, and decreases oxidative stress
and glycolytic rate. Consequently, it has been suggested
as a potential treatment option for mitochondrial diseases
accompanied by epilepsy (44).

Current guidelines on the KD report a better response to
the KD in respiratory chain complex | deficiency compared
to epilepsy (45). Fatty acid beta-oxidation leads to a partial
bypass of complex | by producing 5.7 times more FADH, that
can enter complex Il compared to carbohydrate oxidation.
But since NADH is supplied from all substrates, complex |
cannot be bypassed completely (46). Lee et al (47) evaluated
the efficacy of 4:1 CKD in 24 patients with mitochondrial
respiratory chain enzyme deficiency accompanied by
epilepsy. It was reported that seizure frequency decreased
by more than 50% in 75% of the patients and no seizures
occurred in 50%. In a retrospective review of 20 patients with
Lennox-Gastaut syndrome with mitochondrial dysfunction in
whom MAD or 4:1/3:1 CKD was administered, it was found
that seizure frequency decreased by 75% in 2 patients, 50%

in 3 patients, 25% in 1 patient, and no seizures occurred in
2 patients (48). In a retrospective review of 14 patients with
complex I, 1, and IV defects, it was reported that seizure
frequency decreased by more than 90% in one patient,
50-90% in two patients, and no seizure occurred in seven
patients during 4:1 CKD intervention. However, four patients
did not respond, and the intervention was discontinued
due to complications (49). There is only one prospective
controlled trial evaluating the effectiveness of KD in the
treatment of mitochondrial diseases. In this study evaluating
the 12-week intervention of 2:1 CKD, a total of 33 patients
were randomized into intervention (n=22) and control (n=11)
groups. The control group received a typical diet for one
month, followed by three months of KD intervention. After 3
months of intervention, seizure frequency decreased by more
than 50% in 40.9% (9/22) of the patients in the intervention
group and 72.7% (8/11) of the patients in the control group.
KD has been reported to be particularly effective and safe
in mitochondrial encephalomyopathy, lactic acidosis, stroke-
like episodes (MELAS) syndrome, and pathologic variants of
mitochondrial DNA (50). In a recent systematic review study,
it was reported that seizure control was achieved in 7/8
patients with mitochondrial disease (no seizure in 5 patients,
reduced seizure frequency in 1 patient, and stabilization in 1
patient) (51). There are also case reports regarding the effect
of KD in mitochondrial diseases. Satisfactory therapeutic
effects of KD have been observed in mitochondrial diseases
such as mitochondrial respiratory chain complex | deficiency
due to Landau-Kleffner and Ohtahara syndromes, MELAS
syndrome, Alpers-Huttenlocher syndrome, POLG disease,
MTO1 deficiency, AGC1 deficiency (52-55). The findings of
these studies are presented in Table 3.
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Table 3. Case reports, case series and clinical studies referring to the effect of the ketogenic diet in the management of patients with
mitochondrial diseases

Number Age at KD Duration Type of
Author, year  of . Type of MD P on KD KD Supplements  Outcomes Side effects
patients
9 had Complex| e 7 patlents became
seizure-free.
defects . . .
o Reduction of seizure Symptomatic
1 had a Complex . .
greater than 90% in 1 | persistent
Kang et al !l defect CoQ, B2 atient hypoglycemia
g 14 3 had Complex IV | 45m 18m 4:1CKD 1 5% patient. . YPOBIVC
(49) defects L-carnitine e Reduction of seizure and persistent
. between 50% and 90% | metabolic
1 had combined . ) o
in 2 patients. acidosis.
Complex | and IV i .
o No improvement in 4
defects .
patients.
Dehydration,
. gastrointestinal
e Decrease in seizure discomfort
Mitochondrial CoQ, frequency over 50% in infection !
Leeetal (47) |24 respiratory chain | Unknown | Unknown | 4:1 CKD L-carnitine, B 18 patients (75%). .
. hyperlipidemia,
defects complex, C, E e 12 (50%) patients .
. hypo — glycemia,
became seizure-free. .
metabolic
acidosis.
Lennox-Gastaut MAD or Mitochondrial Improvement of seizures Xic;r:rlf:?ezg'
Naetal (48) |20 4.6y 135m | 4:1/3:1 | cocktail provems : '
syndrome and cognitive function. metabolic
CKD treatment S
acidosis.
MELAS, suspected . -
KD group: | MELAS, MERRE, | <0 8TOUP: Vomiting,
Huangetal |22 PDHD, Leigh 79m e
! ! 12 2:1 CKD o i i . i i
(50) Control €0Q10D7 Control w CK Unknown Reduction of seizures g'fxstromtestlnal
roup: 11 | with epileps group: disturbance,
e . 76m hyperlipidemia.
uncategorized
. Mitochondrial Metabolic
Kose et al ) .
(52) 1 DNA depletion 9m 5d KD B1,B2,B7,CoQ | Non reported. acidosis,
syndrome 13 hyperlactatemia.
Cerebral
. aspartate- o Reduction in seizures.
Pfeiffer et al .
(53) 1 glutamate carrier | 21m >4m 4:1 CKD Unknown e Improvement of head | Unknown.
isoform 1 (AGC1) and neck control.
deficiency
Koessler et al e Improvement of
(54) 1 POLG disease 16y 3m 4:1 CKD B1, B2, CoQ seizures only short- Unknown.
term.
Reduction in
bilateral visual
O’Byrne et al - 4.75:1/2:1 | B1,B2,CoQ,E, |  Temporary seizure ) .
(55) ! VB G 7 1oy CKD D, L-carnitine reduction. acutty, pt05|§
and generalized
weakness.

Abbreviations: B1: Thiamine; B2: Rivoflavin; B7: Biotin; C: Vitamin C; CKD: Classical Ketogenic Diet; CoQ: Coenzyme Q10; D: Vitamin D; E: Vitamin E; KD:
Ketogenic Diet; MAD: Modified Atkins Diet; MD: Mitochondrial Disease; MELAS: Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like Episodes;
d: days; m: months; y: years.
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Considering the high rates of side effects, the KD should be
considered as an individual treatment option in this patient
group and requires an experienced team (56). Although
studies have demonstrated the effectiveness and safety of
KD in the treatment of mitochondrial diseases, most of these
are case reports and case studies with small sample sizes.
To fully comprehend the pathophysiology of mitochondrial
diseases and to determine which individuals may benefit
from therapeutic effects, further prospective clinical trials
are required.

7. PYRUVATE DEHYDROGENASE COMPLEX DEFICIENCY

The pyruvate dehydrogenase complex (PDHc), which links
glycolysis to the Krebs cycle, is central to energy metabolism.
In PDHc deficiency, the glycolytic end product, pyruvate,
cannot be metabolized by the TCA cycle, leading to increased
lactate synthesis and impaired ATP synthesis through the
mitochondrial respiratory chain. During a carbohydrate-
restricted diet, cellular energy is derived from the breakdown
of fatty acids instead of glycolysis. The brain uses ketone
bodies generated via fatty acid oxidation as an alternative
energy substrate to glucose (8).

Nutritional therapy is the CKD, which lowers intracellular
pyruvate and lactate levels by providing energy from fat.
However, even early initiation of KD is not sufficient to
prevent neurologic and metabolic complications (57). Low
long-term dietary adherence reduces the beneficial effects.

A less restrictive, 10% carbohydrate KD provided clinical
stability and improved compliance in neonatal-onset patients
with low compliance to standard KD (58). A study evaluating
CKD and MAD’s long-term efficacy in 19 patients with
PDHc deficiency reported that treatment mainly improved
epilepsy, sleep disturbance, ataxia, speech and language
development, and hospitalization frequency (59). Following
the diagnosis of PDHc deficiency, it is recommended to start
KD as soon as possible to prevent brain damage (59). The
long-term efficacy of KD depends on regular monitoring of
plasma ketone levels and adjustment of diet composition
to maintain ketosis. In a case report in which intravenous
KD was administered within the first 24 hours postpartum,
lactic acidosis resolved immediately with no apparent
adverse effects, developmental outcomes improved, and
the cases did not show epilepsy (60). However, KD may
cause some side effects, particularly energy and nutrient
deficiencies, which can result in weight loss and growth
retardation, and temporary elevation of plasma lipid levels
(61). Therefore, triglyceride and cholesterol levels should
be monitored periodically in patients with PDHc deficiency
on KD, especially during acute illness, and adequate energy
intake should be assessed to prevent growth retardation and
the risk of energy deficiency (62). Data evaluating the efficacy
of KD in PDHc deficiency are based on a few case reports
(Table 4). Therefore, clinical studies evaluating adherence
to KD variants and the long-term effects of less restrictive
ketogenic dietary practices are needed.

Table 4. Case reports, case series and clinical studies referring to the effect of the ketogenic diet in the management of patients with pyruvate

dehydrogenase complex deficiency

Number of

Author, year Fis Age at KD start Duration on KD Type of KD Outcomes Side effects
e Improvement of lactic acidosis.
Inui et al (60) |2 1d Range: 1y-2y Intravenous KD *  Better developmental None.
outcomes.
e Epilepsy did not exhibit.
#1 4:1 CKD and 3:1 CKD with :
. e Improvement of compliance.
El-Gharbaw el Remaining clinically stable
etal (58) ¥ (1 15m 1y #2 A less restrictive KD including Showin gevelo myental ' None
ketocal formula, allowing 10% o resi P '
of CHO. progress:
. Improvement in epilepsy,
ataxia, sleep disturbance, Acute
Sofou et al 19 2.5y (Range: 2.9y (Range: 7/19 received CKD speech/language ancreatitis in
(59) 1w-15y3m) 6m-6y11m) 12/19 received MAD development, social ?/19
functioning, and frequency of ’
hospitalizations.
e Reduction of seizure )
ey Increase in
Pisaetal (62) | 1 2.5y 6m 3:1 CKD : cholesterol
¢ Improvement of psychomotor
and TG.
development.

Abbreviations: CHO: Carbohydrate; CKD: Classical Ketogenic Diet; KD: Ketogenic Diet; MAD: Modified Atkins Diet; MCT: Medium Chain Triglyceride; TG:

Triglycerides; d: days; m: months; y: years.
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Table 5. Case reports, case series and clinical studies referring to the effect of the ketogenic diet in the management of patients with glucose

transporter type 1 deficiency syndrome

Outcomes

Side effects

Number of Duration
Author, year — Age at KD start P Type of KD
(]
) Range:
ltoetal (75) |6 Range: 7y-16y 1m-42m MAD .
(]
Pong et al :
ong et a .
(72) 64 4y >5y 4:1 CKD
Bekker et al 7 8y (Range: Range: CKD, MAD,
(79) 4y-11y10m) 1w-3y8m | or MCT-KD
R 2541 |
amm- .5-4:
Pettersenet | 10 ;fny 4(5 a)nge. Unknown | CKD or
al (74) L MAD
Sandu et al . Range: .
(73) 4 Range:7y-13y 6m-2y MAD .
17/31:
_ 44m MAD .
(F;‘;')' etal g ;zgga)”ge' (Range: | 11/31: CKD
y=35Y 1m-96m) |3/31: .
MCT-KD
(]
(]
Gumus et al Range: )
(70) 6 2.5y-13y 6m-24m 4:1 CKD
[ ]
2.5y
':\7"7’)3'“ etal |}, Range: 4m-16y | (Range: | MAD
6m-6y)
463d 6/18 had
Ruiz Herrero 18 5y2m (Range: (Range: 3:1CKD
etal (78) 3.5m-17y4m) 170~ 12/18 had
1863d) MAD

Improvement in epileptic seizures.

Control of movement symptoms.
Improvement in physical abilities and growth
parameters.

Improvement in movement disorder.
Reduction in seizures.

Reduction of epileptic seizures and other
paroxysmal events.

Improvement in the background activity and
disappearance of epileptic discharges.
Improvement of motivation and cognitive
function.

Improvement of non-paroxysmal permanent

No serious side effects
Nausea, vomiting,
fatigue, headache,
constipation, opsoclonus,
hyperlipidemia, and
hyperuricemia at the

ataxia, spasticity, dysarthria, and dystonia. beginning.
67% (41/61) were seizure-free and 68% of
seizure-free patients (28/41) resolved in <1 None.

week and 76% (31/41) in <1 month.
Nausea, belching,
abdominal pain, diarrhea,
constipation, vomiting.

Failure to reduce seizure frequency.

Disappearance of epileptic seizures.
Improvement of paroxysmal exercise-induced
dyskinesias except 2 of the patients treated
with MAD.

Improvement of movement disorder.
Improvement of seizures control.

Hypoglycemia.

Abdominal pain.

Improvement on seizures, transient aggravation
after fasting and ataxia.
No improvement in intellectual development.

None.

Disappearance of epileptic seizures in 5/6.
Less improvement in ataxia, spasticity, and
dystonia.

No improvement in the intelligence quotient
level or microcephaly.

Moderate improvement of alertness,
concentration, motivation, and activity.

5 reported nausea,
vomiting, constipation,
and fatigue.

Constipation, compliance.

Constipation,
hypercalciuria,
hyperlipidemia.

Abbreviations: CKD: Classical Ketogenic Diet; KD: Ketogenic Diet; MAD: Modified Atkins Diet; MCT-KD: Medium Chain Triglyceride-Ketogenic Diet; d: days; m:

months; y: years.

8. GLUCOSE TRANSPORT TYPE 1 DEFICIENCY SYNDROME

Glucose transport type 1 deficiency syndrome (GLUT1-DS,
OMIM #606777) is caused by mutations in the SLC2A1 gene,
which encodes the GLUT1 protein involved in transporting
glucose across the blood-brain barrier (63). Mutations in
this gene block the transport of glucose into brain cells and
cause low levels of glucose in the CSF, hypoglycorrhagia.
GLUT1-DS is typically characterized by early onset epilepsy,
growth retardation, complex movement disorders, and
microcephaly (64). Since the identification of the disease in

1991, KD has been administered to an increasing number of
GLUT1-DS patients (65). KD is considered the gold standard
in the treatment of GLUT1-DS. In the brain, glycogen stores
are quickly depleted during starvation. Since amino acids
and lipids cannot be used for the generation of energy,
ketones are used to maintain normal brain function. Ketones
are produced by fatty acid oxidation in the liver and taken
up into brain cells by facilitated diffusion regulated by
the monocarboxylate transporter 1 (MCT1) transporter.
When administered early, KD attenuates GLUT1-DS related
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seizures. However, its effect on other symptoms is variable
and moderate (66).

Treatment of GLUT1-DS with KD is not different from
treatment of intractable epilepsy. Dietary carbohydrates
should be restricted, individually calculated, and
supplemented with multivitamins and minerals (67). A recent
systematic review of 270 GLUT1-DS patients with a median
follow-up of 53 months reported that epilepsy improved
in 83% of 230 patients, movement disorders in 82% of 127
patients and cognitive function in 59% of 58 patients, and
that the beneficial effects were more pronounced in patients
who started treatment early (68). Epileptic seizure frequency
was reported to be reduced by more than 50% in 95% of
GLUT1-DS patients treated with KD and by more than 90%
in 80% (69). The majority of GLUT1-DS patients have thus
far been treated with 3:1/4:1 CKD (70). It has been reported
that seizures did not occur in 60% of patients and movement
disorders improved in 80% after CKD intervention (71). As a
result of the intervention of 4:1 CKD for more than 5 years in
64 patients, 67% (41/61) were seizure-free and 76% (31/41)
resolved in less than 1 month (72). In infants under 2 years of
age, 4:1 CKD may be more effective in inducing ketosis, but it
may cause growth retardation as it does not provide sufficient
protein. Therefore, it has been suggested that 4:1 CKD may
be effective in infants with severe phenotypes, whereas 3:1
CKD is recommended for infants with mild phenotypes and
older patients (65).

Considering the long-term side effects of CKD, such as
growth retardation and dyslipidemia due to high fat
content, and the lack of compliance of patients with
the diet, more palatable and easier-to-administer KD
alternatives, such as MAD, have been tried, especially in
school-age children and adolescents. For this reason, MAD
has been used in GLUT1-DS patients in the last 10 years
and its beneficial effects have been demonstrated (73,
74). Ito et al (75) reported the benefits of MAD used for
1-42 months in six patients aged 7-16 years. MAD resulted
in a reduction of epileptic seizures and other paroxysmal
events. Improvements in cognitive function, ataxia,
spasticity, dysarthria, and dystonia have been reported
with no serious adverse effects. In similar studies reported
in the following years, it was reported that the frequency
of epileptic seizures decreased, and movement disorders
improved with MAD intervention (Fujii et al (76) (n=17),
Amalou et al (77) (n=10), Ruiz Herrero et al (78) (n=12)).
To date, the efficacy of the MCT diet has been evaluated in
four patients. Fujii et al (76) (n=3) reported improvement
in seizure frequency and ataxia, while Bekker et al (79)
(n=1) reported no reduction in seizure frequency. All data
from literature are reported in Table 5. Findings regarding
the effects of KD on cognitive functions are contradictory.
Some studies (80-83) reported improvement in cognitive
function, while others (70,76,84) show no benefit of KD.
Since the developing brain requires more energy in the first
years of life, starting KD treatment as early as possible in
the presence of suspected GLUT1-DS is essential for better
cognitive outcomes (85).

The side effects of KD in GLUT1-DS patients are similar to those
in children treated for refractory epilepsy. Growth retardation
and dyslipidemia are among the long-term adverse effects
and remain a cause for concern. Nonetheless, it should be
continued until adolescence to satisfy the growing energy
needs of the developing brain. The ketogenicity of MAD is
similar to CKD and there are data reporting similar beneficial
effects. Considering that MAD may be as effective as CKD in
patients with GLUT1-DS, is less restrictive and has fewer side
effects, it is recommended that the type of CKD to be applied
should be decided individually.

9. CONCLUSION

Overall, KD has shown promising results in treating a range
of IEMs and is becoming a more widely accepted treatment
option. Numerous studies have demonstrated the efficacy
of KD in treating GLUT1-DS and PDHc deficiency, and its
positive effects are increasingly being reported for other
IEMs. KD is used in IEMs to bypass the damaged metabolic
pathway or to treat clinical symptoms such as epileptic
seizures. The data regarding the improvement of the clinical
outcome in GSDs with myopathy, NKH and mitochondrial
diseases accompanied by epileptic seizures are promising,
but the evidence is based on a few case reports and case
series and is insufficient to make recommendations.
Therefore, further research and clinical trials are needed
to establish the efficacy and safety of these treatments
in larger populations. It is important for healthcare
professionals to continue monitoring and assessing the
potential benefits and risks of these treatments for patients
with these conditions.
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