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ABSTRACT

Autism spectrum disorder (ASD) has become widespread neurodevelopmental disorder, which currently
can be treated with only few therapeutic options. Furthermore, their effectiveness is limited therefore novel
treatment strategies for ASD are needed. This review seeks to address this need by discussing a ketogen-
ic diet (KD) in the context of ASD therapy. KD effects have been examined in animal and human studies.
They indicate effectiveness of KD by improving autistic features. Moreover, animal studies have revealed
clinically useful information about caloric restriction component of KD, which is not necessary to achieve
therapeutic effects. Significantly administration of KD but not B-hydroxybutyrate or acetone has a thera-
peutic effect on social interactions. Human studies are scarce, however previous researches imply KD as
an effective treatment at least in certain types of autism. KD in an altered form as: modified Atkins diet
(MAD), ketogenic gluten-free diet with supplemental medium-chain triglyceride (MCT), and John Radcliffe
ketogenic diet is an alternative to classic KD. These variants provide better quality of nutrition and are
less strict, thus less difficult to maintain. KD is described as safe with limited, easily manageable adverse
effects. Taken together human and animal studies would seem to suggest that KD will become part of ASD
treatment. However, in order to determine accurate recommendations for all ASD patients, further studies
are required.
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Introduction

ASD is a neurodevelopmental disorder of
unknown etiology, which is characterized by
impairment in reciprocal social interactions and
behavior [1]. The term “spectrum disorder” refers
to the conditions and their specific symptoms
that differ among affected individuals, ranging
from severely impaired, low-functioning to mildly
affected patients [1]. ASD is typically diagnosed
during early childhood by behavioral abnormali-
ties such as hyperactivity, aggression, repeti-
tive behaviors and lack of social communica-
tion. The etiology is still not understood, howev-
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er some risk factors have been implicated in the
pathogenesis, including genetics, inborn error of
metabolism (IEM), pre/peri/post-natal factors,
and interactions between them [2]. These factors
affect brain maturation by changing neuroanato-
my, synaptogenesis, axon motility and function-
ing, which, in turn, results in dysfunctional neural
networks engaged in socioemotional process-
ing [2]. As shown in neuroimaging studies, the
pathophysiology of ASD can generate micro- and
macro-effects with disorganized cortical layers,
different than normal ratio of short- to long-di-
ameter axons, and overgrowth of grey matter in
cortical and subcortical regions in early develop-



ment of the brain [2]. It has been proposed that
the disease-associated lesions in amygdala and
nucleus accumbens play crucial role in the devel-
opment of behavioral symptoms of ASD [3].

While there is no cure currently available for
patients with ASD, the right support can make an
enormous difference in patients' quality of life
and ability to function in the society [1, 4]. At pres-
ent, there is a growing interest in possible dietary
intervention as a potential management for ASD.
KD appears to be one of the promising therapeu-
tic options for this disorder, however, prospective
controlled trials with large sample size are need-
ed for establishing an official recommendations.
The "classic" ketogenic diet, originally developed
by Wilder in 1921, is a special high-fat, low-car-
bohydrate diet described by ratio 41 (energy
from fat: energy from carbohydrate and protein)
[5], which has been used successfully to treat
drug-resistant epilepsy [6, 7]. Today, several vari-
ations of KD have been introduced for treatment
purpose, including Radcliffe Infirmary diet, which
represents a combination of the traditional and
MCT diets, or MAD characterized by fewer protein
and caloric restriction [8, 9].

Although the KD is linked with a long list of
possible side effects (such as metabolic abnor-
malities, gastrointestinal symptoms, carnitine
deficiency, hypercholesterolemia, renal cal-
culi, cardiac abnormalities, higher risk of bone
fractures, kidney stones, and decreased rate of
growth), the risk of severe adverse effects is not
high [10]. Regarding the clinical management of
the KD, itis recommended to consider all pros and
cons individually. Since the KD sets up lipids as
the major energy source, the absolute contrain-
dications are associated with fat metabolism dis-
orders and include, among others, primary car-
nitine deficiency, carnitine palmitoyltransferase
| or Il deficiency, carnitine translocase deficiency,
B-oxidation defects, medium-chain acyl dehy-
drogenase deficiency, long-chain acyl dehydro-
genase deficiency, short-chain acyl dehydroge-
nase deficiency, long-chain 3-hydroxyacyl-CoA
deficiency, medium-chain 3-hydroxyacyl-CoA
deficiency, pyruvate carboxylase deficiency, por-
phyria. The list of relative contraindications is
brief and comprises: inability to maintain ade-
quate nutrition, surgical focus identified by neu-
roimaging and video EEG monitoring, parent or
caregiver noncompliance [10]. KD works through

several combined mechanisms that reduce neu-
ronal excitability. Increased ketones production
and restriction of glucose affect ion channels,
enzymes, and variety of receptors in the cen-
tral nervous system. KD additionally enhances
adenosine level with concomitant inhibition of
DNA methylation. These mechanisms, working
together, improve mitochondrial function, alle-
viate oxidative stress, affect circadian activities
and improve synaptic vesicle recycling. The final
effects include anti-seizure, neuroprotective,
and anti-inflammatory influence of KD [11]. More
recently, the therapeutic use of KD in human and
animal models of ASD has been studied with
positive results. This paper presents selected
important findings on the ketogenic diet effects
and possible mechanistic insights in ASD affect-
ed individuals.

Animal studies — different models,
similar behavioral effects

Although large body of evidence indicates benefi-
cial effects of KD for animal ASD treatment, there
is much about mechanistic insights that remain
unclear, however, some published reports can
provide useful suggestions. Obviously, no single
pathway is likely to explain the clinical effects
of KD. Key mechanisms may include: improved
mitochondrial function [12], regulation of neu-
ronal membrane excitability [13], reduced inflam-
mation [14], increased total quantity of bioener-
getic substrates [15], or neuroprotection by spar-
ing glucose [16].

Given that different environmental factors dur-
ing pregnancy are associated with development of
ASD in children, prenatal exposure to valproic acid
(VPA) is widely used as a reliable animal model of
ASD. The VPA-treated mice present, among oth-
ers, abnormalities in play behavior (decreased
number of play initiations/attacks), repetitive
behavior, higher nociceptive threshold and bioen-
ergetic dysfunction in mitochondria. It has been
found that these abnormalities could be reversed,
to some degree, with the KD [17]. KD treatment in
prenatal VPA exposed rodents normalized dys-
functions in mitochondrial respiration and sig-
nificantly improved social impairment [18]. Dai et
al. tested protective effect of a ketogenic diet on
ultrasonic vocalization, sociability, spatial learning
and memory, and electroencephalogram seizures
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in glut3 heterozygous null (glut3+/~) mice exhibit-
ing features relevant to ASD. They observed KD-
related partial restoration of social features and
alleviation of seizure events in male subjects with-
out affecting perturbed vocalization, spatial learn-
ing and memory. They have also found that neuro-
protection of females results from higher circulat-
ing and cerebrospinal fluid ketone concentrations
and/or lower brain Glut3 concentrations [19].

Testing mutant EL mice with comorbid epilep-
sy and ASD symptoms, Ruskin et al. have found
a clear sex-related difference in response to the
beneficial effects of KD. They used two ketogen-
ic diet formulas: with a 6,6:1 and 3:1 ratio of fat:
(carbohydrate + protein) and found that caloric
restriction component of KD is not necessary to
achieve therapeutic effects in this model. Feeding
with both types of KD improved multiple measures
of sociability and reduced repetitive behavior in
female mice, with limited effects in males [20].

Complete understanding of sex-specific
changes may provide an insight into unique fac-
tors that may contribute to the partial protection
and lower prevalence of ASD in females [21].

A high fat, moderate protein, and low net-carb
diet was also used in the experiments with
BTBRT+Tf/J mice. These animals display behav-
iors consistent with diagnostic features for ASD
(impaired social interaction and communication
and increased repetitive behaviors). Rutskin et al.
described improvement in behavioral symptoms
of ASD, expressed by decreased self-directed
repetitive behavior and better social commu-
nication, in ketogenic diet-fed BTBR mice [22].
Mychasiuk et al. observed positive effects of KD
administration on ASD deficits associated with
myelin formation and white matter development
in BTBRT+Tf/J mice [23]. Additionaly, based on
spontaneous intrahippocampal EEGs and tests of
seizure susceptibility, they found that behavioral
improvements are dissociable from any antisei-
zure effect of KD.

Based on high-resolution intracortical micro-
stimulation, findings from BTBR mouse model of
ASD have documented imbalance in excitation to
inhibition and aberration in cortical motor maps.
Importantly, the KD appeared to be effective in
reversing both of these abnormalities [24].

The two other studies have shown no signifi-
cant effect of KD on tested brain parameters in
BTBR model of ASD [25, 26]. Because abnormal
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mitochondrial function of neurons plays crucial
role in the pathophysiology of ASD and mito-
chondria itself represent the metabolic endpoint
for dietary foodstuffs, these studies focused on
examination of mitochondrial dynamics in BTBR
mice after administration of KD. The first study
was scheduled to determine whether KD induc-
es changes in brain and liver protein O-linked-B-
N-acetyl glucosamine (0-GIcNAc), which pat-
terning is usually abnormal in ASD epilepsy [25].
The second one, analyzed impact of KD on mito-
chondrial gene expression and proteins levels in
the brain and liver [26]. Both experiments have
shown tissue-specific effects of KD with evident
changes (reduced global O-GIcNAc and increased
mitochondrial turnover) in the livers and no dis-
turbances in brain dynamics. This suggests that
other than tested mechanisms are involved in
beneficial activity of KD for BTBR mice.

Recently, it has been shown that ASD coex-
ists with altered gut microbiota in a BTBR murine
model of ASD [27, 28]. Although the exact mech-
anisms remain unknown, the therapeutic effec-
tiveness of KD may partially result from the res-
toration of the correct gut microbial composition.
This observation allows researchers to consider
gut microbial abundance and diversity as a pos-
sible factor capable to mitigate some of the ASD
symptoms in humans. However, further research
investigating the microbiota in the context of
dietary intake and severity of ASD is needed.

Another tested animal model of ASD is asso-
ciated with mutations in the En genes. Mice with
deletion of the En2 gene from birth demonstrate
behavioral impairments typical for ASD due to the
several anatomic changes in the cerebellum and
hippocampal region of the brain and defects in
monoamine system [29]. Verpeut et al. conducted
experiments with En2 knockout mice exposed to
KD from post-natal day 21 to 60. The early timing
of dietary intervention was recognized as being
important for the brain reorganization and matu-
ration influenced by nutrition. Although 2 null mice
(En2(-/-)) displayed no altered monoamine con-
tent in the forebrain regions, the increased fron-
tal social contact and reduced grooming behavior
were evident in response to KD intervention.

To weigh up the effects of KD and adminis-
tration of an exogenous ketones, an interesting
study was performed on wild type Long-Evans(LE)
rat males, a model with behavioral characteris-



tics of autism spectrum disorder and comorbid
epilepsy [30]. Authors compared behavioral out-
comes following exposure to a ketogenic diet ver-
sus B-hydroxybutyrate or acetone administration
and noted improvement in social interactions only
in KD-fed animals. This suggest that therapeu-
tic effect of the KD is more complex than simply
raised B-hydroxybutyrate or acetone blood-levels.

A number of epidemiological studies have
reported increased risk of ASD associated with
maternal infection during pregnancy and mater-
nal immune activation (MIA) hypothesis has been
widely tested in animal models [31]. Using syn-
thetic agents thatinduce MIA in mice, Ruskin et al.
have demonstrated that male MIA offspring were
significantly asocial in the three chamber socia-
bility test, while female mice displayed normal
and social behavior [32]. Within 3—4 weeks of KD
treatment the lack of sociability in male offspring
reversed completely and reduced MIA-elevated
self-directed repetitive behavior was observed.
This model seems to be of particular importance
because it mimics clinically-common conditions
whereby ASD incidence is increased by maternal
infection during pregnancy in humans.

Human studies

Current data indicate that at least certain types of
autism respond to KD treatments in humans. At
this time, with few therapeutic options, new treat-
ment strategies for ASD are needed, but con-
sidering the possible adverse effects of KD, the
intervention requires high-quality scientific evi-
dence about effectiveness and safety. Therefore,
ongoing studies are looking for an optimal, safe
and well tolerated dietary modifications.

Clinical benefits of ketogenic diets

El-Rashidy et al. designed a prospective clinical
interventional study on 45 ASD children, aged
3-8 years, to compare the effect of MAD (n = 15)
and gluten-free and casein-free diet (GFCF)
[33]. MAD is similar to the classic KD but is less
restrictive, has no limit on calories or protein, and
the lower overall ketogenic ratio does not need to
be maintained in all meals. At 6-month follow-up,
the Childhood Autism Rating Scale (CARS) and
Autism Treatment Evaluation Test questionnaire
(ATEC) showed significant improvements in both,
MAD and GFCF-fed patients including speech,

social and cognition parameters. On the other
hand, several systematic reviews focusing on pure
GFCF in ASD reported inconclusive results and
definitely further efforts must be made to identify
the group of ASD patients who may be the best
responders to this intervention [34,35]. In another
clinical trial, Lee et al. used a modified ketogen-
ic gluten-free diet with supplemental MCT in 15
patients aged 2 to 17 years [36]. After 3 months of
observation, they reported significant improve-
ments in CARS-2 and ADOS-2 (Autism Diagnostic
Observation Schedule) items without restricted
and repetitive behavior scores.

Beneficial effects of modified KD have been
reported in a 1-year prospective uncontrolled
study conducted on thirty children, aged 4-10
years, with autistic behavior [37]. Patients received
the John Radcliffe ketogenic diet, which is a varia-
tion of the medium-chain triglyceride diet and, as
reported by parents and caregivers, is less restric-
tive and easier to implement practically than clas-
sic KD. Moreover, to prevent adverse effects that
may accompany KD administration, the diet was
implemented in a 4-week intervals followed by 2
weeks break. Interestingly, such a regimen pro-
vided long lasting effects and the improvements
persisted even after termination of the trial in 60%
of study participants (18 out of 30 patients) with
better response in mild cases of ASD.

Herbert and Buckley presented a case of 12
year old autistic girl with comorbid autism and
epilepsy put on gluten-free casein-free KD [38].
In their remarkable case study, they described
significant reduction in seizures and improved
cognitive and behavioral function accompanied
with successful management of morbid obesi-
ty subsequent to initiation of modified KD. The
main rationale for using a casein-free, medi-
um-chain-triglyceride-predominant  ketogenic
diet was to achieve ketosis with a much lower
ratio than is typically needed and to provide bet-
ter quality of nutrition (more calories were avail-
able for vegetable consumption) when compared
with pure KD.

Tolerability and adverse effects of KD

The concept that the ketogenic diet may be neu-
roprotective has raised the possibility to use it as
an additional or alternative therapy among chil-
dren with autistic behavior, especially those with
epileptic events. To achieve the benefits of this
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dietary management, patients need to be adhered
to the prescribed KD for at least 6 months to 1
year [39]. A medical consequences of the keto-
genic diet, in terms of side effects, may include
constipation, diarrhea, vomiting, dehydration,
kidney stones, slow growth, osteomalacia, car-
diomyopathies, gout, hypocalcemia, hypomag-
nesemia, acidosis, vitamin D deficiency, hypopro-
teinemia, hypoglyceamia, iron deficiency, hyper-
lipidemia, lack of energy and increased suscep-
tibility of infections. The list is long, but the most
of the complications are usually transient, easily
manageable and limited [39, 40].

In a large Scandinavian retrospective study,
290 KD-fed children were investigated over two
years follow up [41]. Side-effects were noted in 29
subjects and most of them were treatable. Only
4 patients needed to stop the therapy (due to
hyperlipidaemia and to kidney-stones).

The relative effectiveness and tolerability of
KD in ASD patients has been well documented
in an online survey-based study that was con-
ducted on large population (733 children with
ASD and clinical seizures, subclinical epilepti-
form discharges or seizure-like activity and 290
controls) [42] The questionnaire was validated
and very detailed in documenting seizures and
ASD core symptoms through parental reports
while implementing anti-epileptic drug (AED) or
non-AED treatment. Among non-antiepileptic
drug (non-AED) treatments the KD was the third
(after vitamin B6 and steroids) most commonly
used intervention and, as compared with GFCF,
was thought to decrease seizures significantly
more. In addition, the survey provided an informa-
tion about most common adverse effects regard-
ing type of management. Ketogenic and Atkin's
or modified Atkin's diet tended to result in drows-
iness, tiredness, fatigue, constipation or diar-
rhea. 27% of responders declared one mild side
effect that occured during therapy with KD, 13%
declared two and only 4% declared 3. Interesting-
ly, AED treatments, except for ethosuximide, were
reported to have a higher rate of adverse effects
as compared to non-AED treatments, especially
with respect to severe adverse effects.

Summary

Although a number of clinical studies and reviews
described KD as being relatively safe, this thera-
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py requires careful complete physical and labora-
tory examination prior to the diet's initiation, and
regular follow up visits. Moreover, to meet the
specific medical needs of each patient an indi-
vidualized dietary plan should be developed with
caution by the patient's healthcare providers.

Based on the current scientific data, KD holds
promise for ASD affected patients as an alterna-
tive treatment strategy. However, human studies
in this field are scarce and establishing accurate
recommendations for all ASD patients requires
further large multicenter trials.
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