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Abstract
Objective: The aim of this study was to investigate the impact of the modified 
ketogenic diet on DNA methylation in adults with epilepsy.
Methods: In this prospective study, we investigated the genome-wide DNA 
methylation in whole blood in 58 adults with epilepsy treated with the modi-
fied ketogenic for 12 weeks. Patients were recruited from the National Center for 
Epilepsy, Norway, from March 1, 2011 to February 28, 2017. DNA methylation 
was analyzed using the Illumina Infinium MethylationEPIC BeadChip array. 
Analysis of variance and paired t-test were used to identify differentially methyl-
ated loci after 4 and 12 weeks of dietary treatment. A false discovery rate approach 
with a significance threshold of <5% was used to adjust for multiple comparisons.
Results: We observed a genome-wide decrease in DNA methylation, both glob-
ally and at specific sites, after 4 and 12 weeks of dietary treatment. A substantial 
share of the differentially methylated positions (CpGs) were annotated to genes 
associated with epilepsy (n = 7), lipid metabolism (n = 8), and transcriptional reg-
ulation (n = 10). Furthermore, five of the identified genes were related to inositol 
phosphate metabolism, which may represent a possible mechanism by which the 
ketogenic diet attenuates seizures.
Significance: A better understanding of the modified ketogenic diet's influence 
at the molecular level may be the key to unraveling the mechanisms by which the 
diet can ameliorate seizures and possibly to identifying novel therapeutic targets 
for epilepsy.
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1   |   INTRODUCTION

Epilepsy is a heterogeneous neurological disorder char-
acterized by unprovoked, recurrent seizures. Worldwide, 
>65 million people are affected and the disease itself, and 
associated comorbidities represent a huge burden of dis-
ease.1,2 Antiseizure medications (ASMs) are the mainstay 
of epilepsy treatment. However, about one third of pa-
tients do not respond adequately to the currently available 
ASMs (drug-resistant patients).3,4 Moreover, treatment 
with ASMs offers only symptomatic relief by reducing the 
seizures without affecting the underlying epilepsy mecha-
nisms. Thus, in most cases they are not able to prevent 
disease progression (epileptogenesis).5

The ketogenic diet, a high-fat, low-carbohydrate diet, is 
an established treatment for patients with drug-resistant 
epilepsy. The efficacy of the dietary treatment in children 
with epilepsy is well documented,6 and recent years' re-
search suggests that adults may also benefit from such 
diet therapy.7 However, despite significant efforts to iden-
tify the underlying mechanisms behind the diet's seizure-
reducing effect, the mechanisms of action still remain 
elusive. Recent work suggests epigenetic mechanisms as 
an attractive candidate to explain the reduced neuronal 
excitability.8–10

Epigenetic modification, including DNA methylation, 
is a dynamic process involved in regulation of gene ex-
pression and is essential for normal brain development 
and plasticity. Abnormal DNA methylation has been re-
ported in a wide range of diseases, including epilepsy and 
other neurological disorders.11–13 DNA methylation is the 
addition of a methyl group (CH3) at a cytosine base in the 
DNA. In mammals, this primarily occurs at cytosines fol-
lowed by guanines, called cytosine–guanine dinucleotides 
(CpGs). Methylation of DNA is catalyzed by DNA meth-
yltransferases (DNMTs), and methylation of promoters 
tends to induce gene silencing. Changes in DNA meth-
ylation can lead to altered expression of genes involved 
in neuronal excitability and inhibition, and thereby po-
tentially promote epileptogenesis. “The methylation hy-
pothesis” in epilepsy suggests that seizures themselves 
can induce DNA methylation changes that sustain, and 
even exacerbate, the epileptogenic process.10 Studies both 
in animal models of epilepsy and in humans with tem-
poral lobe epilepsy have shown a global increase in DNA 
methylation in epileptic brains compared to healthy con-
trols.8,9,11,14 Interestingly, inhibition of DNA methylation 
in animal models of epilepsy appears to prevent epilepto-
genesis.8 Furthermore, the increase in DNA methylation 
has been shown to be counteracted by ketogenic dietary 
treatment, which also correlated with increased seizure 
threshold.8,9

Because nutrition is a key environmental factor in-
fluencing DNA methylation,15 we hypothesized that the 
drastic change in macronutrient composition that the 
ketogenic diet represents will have an impact on DNA 
methylation. Thus, we conducted a longitudinal genome-
wide DNA methylation study and investigated whether 
treatment with a modified ketogenic diet is associated 
with changes in DNA methylation in patients with drug-
resistant epilepsy.

2   |   MATERIALS AND METHODS

2.1  |  Study design and participants

Patients were recruited from the National Center for 
Epilepsy, Norway, between March 1, 2011, and February 28, 
2017. The study cohort consisted of patients with focal epi-
lepsy included in the randomized clinical trial by Kverneland 
et al.16 and patients with generalized epilepsy included in an 
associated prospective, non-randomized study by the same 
research group.17 All participants followed the same diet 
intervention protocol. The baseline period was defined as 
the 12 weeks immediately preceding the 12-week diet inter-
vention period. In the baseline period, the participants ate 
their normal diet and recorded seizures systematically, and 
no changes in epilepsy treatment were allowed. In the in-
tervention period, the participants ate a modified ketogenic 
diet and continued to keep a systematic record of seizures. 
All other epilepsy treatments were kept unchanged.

Key Points
•	 In this prospective study, we investigated the 

impact of the modified ketogenic diet on DNA 
methylation in adults with epilepsy

•	 Intraindividual comparisons of DNA methyla-
tion after the dietary treatment revealed a sig-
nificant global decrease in DNA methylation

•	 A substantial share of the differentially methyl-
ated CpGs were annotated to genes associated 
with epilepsy, lipid metabolism, and transcrip-
tional regulation

•	 Differentially methylated CpGs annotated to 
genes involved in inositol phosphate metabo-
lism may represent a possible mechanism for 
the diet's antiseizure efficacy

•	 Identifying the molecular consequences of the 
dietary treatment may reveal the diet's mecha-
nisms by which it can ameliorate seizures
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Inclusion criteria were generalized or focal epilepsy 
according to the International League Against Epilepsy 
classification,18 ≥3 countable seizures per month, having 
tried ≥3 ASMs, age ≥ 16 years, body mass index > 18.5 kg/
m2 (no upper limit), and the participants had to be mo-
tivated and capable of adhering to the diet for at least 
12 weeks. Exclusion criteria were familial hypercholester-
olemia, cardiovascular disease, kidney disease, treatment 
with a ketogenic diet for >1 week during the preceding 
year, status epilepticus in the past 6 months, epilepsy sur-
gery (including vagus nerve stimulator implant in the past 
year), 4 continuous weeks free of seizures in the preced-
ing 2 months, psychogenic nonepileptic seizures, known 
disease in which the dietary treatment is contraindicated, 
use of drugs or supplements that may interfere with the 
diet or ASMs, change of ASMs in the past 3 months before 
baseline, and pregnancy or planned pregnancy.

2.2  |  Procedures

2.2.1  |  Diet

The dietary intervention was previously described in de-
tail.16 Briefly, the diet contained a maximum of 16 g car-
bohydrate per day (excluding fibers), and the participants 
were encouraged to eat high-fat foods to replace the car-
bohydrates in the diet. Proteins were eaten ad libitum, 
and the total energy content was not restricted. The diet 
was supplemented with one multivitamin and mineral 
tablet (Nycoplus Multi, Takeda) and 800 mg calcium (cal-
cium carbonate, Takeda). A daily fluid intake of 2–3  L 
was recommended. To calculate the nutritional content 
of the meals, the participants used the Norwegian Food 
Composition Database.19

2.2.2  |  Diet adherence

To assess adherence to the diet, the participants performed 
a 3-day weighed food record prior to starting on the diet 
and before the hospital admissions at the 4- and 12-week 
time points. In addition, the participants recorded urine 
ketones (acetoacetate) twice daily (morning and even-
ing) at home during the diet intervention using urine 
dipsticks (Ketostix, Bayer Healthcare). Blood glucose and 
blood ketones (β-hydroxybutyrate) were measured morn-
ing and evening during the hospital admissions (FreeStyle 
Precision Neo, Freestyle Precision Blood Glucose Test 
Strips, and FreeStyle Precision Xtra Blood β-Ketone Test 
Strips, Abbott). The data have previously been reported by 
Kverneland et al. and indicate good compliance with the 
dietary treatment.16,17,20

2.2.3  |  Biochemical analyses

Venous blood samples were collected after an overnight 
food and drug fast at baseline, and after 4 and 12 weeks of 
dietary treatment. All biochemical routine analyses were 
performed at Oslo University Hospital (Oslo, Norway). 
Folate, vitamin B12, and homocysteine serum (before 
June 6, 2012) or plasma concentrations were measured 
on a Roche Diagnostics platform using the Elecsys Folate 
III assay (Roche Diagnostics), the Elecsys Vitamin B12 II 
assay (Roche Diagnostics), and the Axis Homocysteine 
Enzyme Immunoassay (Axis-Shield Diagnostics), respec-
tively, according to the manufacturer's instructions.

DNA methylation analysis: Microarray preprocessing 
and quality control
Whole blood for DNA extraction was collected in 
VACUETTE K2EDTA blood collection tubes (Greiner 
Bio-One International). DNA methylation was analyzed 
using the Infinium MethylationEPIC BeadChip, which 
quantitatively interrogates DNA methylation at >850 000 
positions (CpGs) genome-wide with single nucleotide 
resolution. The EPIC BeadChips were processed at the 
LIFE & BRAIN laboratory according to the manufac-
turer's instructions. All DNA methylation analyses were 
carried out using the R programming language (http://
www.r-proje​ct.org/). Preprocessing and quality assess-
ment were performed using functions implemented in the 
minfi package.21 First, normalization was performed with 
precrocessQuantile. Then, the data were preprocessed and 
filtered to remove probes with unreliable measurements 
(detection p-values > .01, n = 20 283), probes located on 
the sex chromosomes (n  =  18 654), probes with over-
lapping single nucleotide polymorphisms (n  =  27 348), 
cross-reactive probes (n  =  39 112), and non-CpG probes 
(n  =  2458),22,23 resulting in a final dataset consisting of 
760 462 probes and 172 samples.

2.3  |  Statistical analysis

2.3.1  |  Statistical data analysis tools and 
presentation of data

DNA methylation analyses were carried out in R using 
packages specifically developed to analyze Illumina EPIC 
DNA methylation array data. Statistical analyses of other 
background variables were carried out in SPSS Statistics 
version 26 (IBM). Data are presented as mean (±SD) or 
median (quartiles), and minimum–maximum, or fre-
quency (%), as appropriate. We tested for differences in 
blood biochemistry from baseline to 4 and 12 weeks of di-
etary treatment using paired t-test.

http://www.r-project.org/
http://www.r-project.org/
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2.3.2  |  Cell type composition

White blood cell differential counts consisting of rela-
tive proportions of lymphocytes, monocytes, and gran-
ulocytes were measured by standard methods at Oslo 
University Hospital. To explore potential differences 
in the lymphocytes, we also performed whole-blood 
deconvolution and estimated proportions of CD4+ and 
CD8+ T cells, natural killer (NK) cells, B cells, mono-
cytes, and granulocytes using the estimateCellCounts2 
function in the FlowSorted.Blood.EPIC R package.24 
Deconvolution estimates were evaluated by calculating 
R2 and root mean square error comparing estimates to 
matched cell counts.

2.3.3  |  Differential DNA 
methylation analyses

A linear regression model implemented in limma25 was 
fitted to M-values (log2 of the β-values) to identify in-
traindividual differentially methylated positions before 
and after treatment with the modified ketogenic diet. 
Intraindividual differences in global DNA methylation 
were tested using a paired t-test between time points on 
mean DNA methylation across all CpGs in patients con-
taining complete data from all time points. To adjust for 
multiple testing, a false discovery rate cutoff of <5% was 
used for genome-wide significance by using the method of 
Benjamini and Hochberg.26

2.4  |  Study outcomes

The primary outcome was changes in DNA methyla-
tion associated with 4 and 12 weeks treatment with the 
modified ketogenic diet. The secondary outcome was 
changes in DNA methylation associated with seizure 
response comparing responders with nonresponders 
after 12 weeks of dietary treatment. Because a threshold 
of 25% seizure reduction has been proposed as the low-
est clinically relevant outcome of dietary treatment27 
and the seizure reduction in our study population was 
modest (Table  S1), we chose to define participants 
who achieved ≥25% seizure reduction after 12 weeks 
of dietary treatment as responders. A nonresponder 
was defined as a participant with no seizure reduction 
(including participants with an increase in seizure fre-
quency). Participants with .1%–24.9% seizure reduction 
at 12 weeks were included in neither the responder nor 
the nonresponder category, in an attempt to limit bias 
from participants with an uncertain seizure response to 
the dietary treatment.

3   |   RESULTS

3.1  |  Baseline demographics and clinical 
characteristics

Samples from 58 participants (age = 16–65 years) were in-
cluded in the study (Figure 1). In general, the participants 
had a long history of epilepsy (mean = 25.0 ± SD 11.9 years), 
a high number of previously tried ASMs (mean = 8.7 ± SD 
4.1), and multiple current ASMs (mean = 2.1 ± SD .9). Also, 
two thirds of the participants were occupationally disabled, 
indicating a high burden of disease. An overview of the 
main baseline demographics and clinical characteristics of 
the participants is presented in Table 1.

3.2  |  Energy and macronutrient intakes

Table  2 shows the estimated dietary intake of energy 
and macronutrients at baseline and 4 and 12 weeks after 
diet initiation based on the 3-day weighed food records. 
On the ketogenic diet, the intake of fat was increased to 
about twice that of their baseline diet, whereas the intake 
of carbohydrate was greatly reduced to an average of only 
13 g per day. The ketogenic ratio (grams fat to the sum of 
grams protein plus carbohydrate) was 1.7:1 at both 4 and 
12 weeks after diet initiation as opposed to .3:1 at baseline. 
Thus, the macronutrient intake during the intervention 
period was in line with the study protocol.

3.3  |  Folate, vitamin B12, and 
homocysteine status

Folate and vitamin B12 are essential micronutrients that 
together with homocysteine play an important role in the 
metabolism of methyl groups. The blood values for vitamin 
B12, folate, and homocysteine are given in Table 3. There 
was a significant increase in vitamin B12 and folate at both 
4 and 12 weeks of dietary treatment compared to baseline 
(p < .001), whereas homocysteine was unchanged (p = .07 
and p = .23 between baseline and 4 weeks and 12 weeks of 
dietary treatment, respectively). Hence, the folate and vi-
tamin B12 status was improved after the diet intervention.

3.4  |  Cell type composition

As DNA methylation is highly tissue and cell type specific, 
changes in cell type composition can be a confounding 
factor. Therefore, we investigated potential alterations in 
cell type composition. There were no significant changes 
in the relative proportions of lymphocytes, monocytes, 
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and granulocytes from baseline to 4 and 12 weeks of di-
etary treatment measured by routine cell counts (data 
not shown). To increase the precision, we also estimated 
the relative proportions of subpopulations of white blood 
cells. There were no significant changes in the estimated 
relative proportions of CD4+ and CD8+ T cells, B cells, 
NK cells, monocytes, and granulocytes, except a small 
increase in NK cells after 4 weeks of dietary treatment 
(.01 ± SD .02, p  = .001). NK cells constitute only a small 
proportion of white blood cells, and we considered this 

minor change insufficient to be taken into account in the 
downstream analyses.

3.5  |  Epilepsy treatments

In accordance with the study protocol, none of the par-
ticipants had any changes in epilepsy treatments, includ-
ing type or doses of ASMs, neither during the baseline nor 
during 12 weeks of dietary intervention.

F I G U R E  1   Study profile. aTwo participants did not give permission for analysis of the samples abroad, two participants were excluded 
from analysis due to poor diet compliance and change in medication, and 11 were missing blood samples or their blood samples were not 
analyzed because of lack of sample for DNA methylation analysis at 4 and 12 weeks of dietary treatment. bTwo participants did not give 
permission for analysis of the samples abroad, two participants were excluded from analysis due to poor diet compliance and change in 
medication, and six were missing blood samples. cTwo participants did not give permission for analysis of the samples abroad and four were 
missing blood samples.
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Characteristic
Mean (±SD) or median 
(quartiles) Frequency (%)

Min–
Max

Gender

Male 24 (41%)

Female 34 (59%)

Age, years 36.5 (11.8) 16–65

Epilepsy classification

Focal 49 (85%)

Generalized 9 (16%)

Age at first seizure, years 7 (2–16) 0–55

Epilepsy etiology

Structural 16 (27.6%)

Genetic 7 (12.1%)

Infectious 4 (6.9%)

Unknown 31 (53.4%)

Years with epilepsy 25.0 (11.9) 7–58

Seizure frequency per 
week

3.5 (1.5–14.1) .1–351.8

Intellectual disability 21 (36%)

VNS, previous or current 24 (41%)

Employment

Paid employment 13 (22%)

Occupationally disabled 37 (64%)

Other 8 (14%)

Total number of ASMs 
tried

8.7 (4.1) 3–23

ASMs at diet initiation 2.1 (.9) 0–4

Note: Data are presented as mean (±SD) or median (quartiles) and Min–Max for continuous variables, 
and frequency (percentage) for discrete variables.
Abbreviations: ASM, antiseizure medication; Min–Max, minimum–maximum; VNS, vagus nerve 
stimulator.

T A B L E  1   Demographic and clinical 
characteristics of the participants at 
baseline, n = 58

Baseline 4 weeks on diet
12 weeks on 
diet

Mean (±SD) na
Mean 
(±SD) na

Mean 
(±SD) na

Energy, kcal 1856 (380) 15 1987 (670) 51 2007 (657) 42

Fat, g 79 (19) 15 170 (64) 51 174 (61) 42

Fat, E% 39 (7) 15 76 (7) 51 77 (6) 42

Protein, g 81 (17) 15 89 (31) 51 92 (38) 42

Protein, E% 18 (3) 15 19 (5) 51 18 (4) 42

Carbohydrates, g 194 (58) 15 13 (4) 51 13 (3) 42

Carbohydrates, E% 41 (8) 15 3 (1) 51 3 (1) 42

Ketogenic ratiob .3:1 (.1) 15 1.7:1 (.5) 51 1.7:1 (.5) 42

Abbreviation: E%, energy percentage.
aVariation in n is due to missing values.
bThe ketogenic ratio defined as the ratio of grams fat to the sum of grams protein plus carbohydrate.

T A B L E  2   Estimated intake of energy 
and macronutrients based on 3-day 
weighed diet records at baseline, and after 
4 and 12 weeks of treatment with modified 
ketogenic diet
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3.6  |  Global decrease in DNA 
methylation following treatment with the 
modified ketogenic diet

To investigate the influence of a modified ketogenic diet on 
global DNA methylation, we performed an intraindividual 
comparison of mean DNA methylation across all CpGs be-
tween baseline, and 4 and 12 weeks of dietary treatment, 
measuring the total content of DNA methylation at all CpGs 
included in this study (n = 760 462). This analysis revealed 
a significant decrease in global DNA methylation between 
baseline and 12 weeks, and between 4 and 12 weeks (paired 
t-test p = .002 and .036, respectively; Figure 2).

3.7  |  Treatment with the modified ketogenic 
diet is associated with DNA methylation 
changes in genes related to epilepsy, metabolism, 
transcription, and various basic cell functions

Next, we performed analyses at a single nucleotide reso-
lution to investigate whether the modified ketogenic 

diet was associated with changes in DNA methylation 
at specific CpGs. First, we performed an analysis of vari-
ance (ANOVA) in DNA methylation associated with the 
modified ketogenic diet across all time points. We iden-
tified 100 differentially methylated CpGs annotated to 
75 genes (Table  S1). Consistent with the observed re-
duction in global DNA methylation following dietary 
treatment, all CpGs displayed a decrease in DNA meth-
ylation compared to baseline. The genomic distribution 
of the differentially methylated CpGs in relation to genes 
shows that a large proportion are located in gene bodies 
(n  =  54 sites, 54%) and gene promoters (n  =  27 sites, 
27%). With respect to CpG island context, the majority 
of differentially methylated CpGs were located outside 
CpG islands (i.e., open sea regions, n = 76 sites, 76%), 
whereas a smaller proportion were annotated to CpG is-
lands (n = 22, 22%, in shores and shelfs, and n = 2, 2%, 
in the core islands).

To examine whether the changes in DNA methyla-
tion occur at specific times during the diet intervention, 
we performed pairwise comparisons between the differ-
ent time points. These analyses identified 33 CpGs an-
notated to 21 genes from baseline to 4 weeks of dietary 

T A B L E  3   Blood biochemistry at baseline, and after 4 and 12 weeks of treatment with modified ketogenic diet

Baseline 4 weeks on diet 12 weeks on diet

Mean (±SD) na Mean (±SD) Mean (±SD) na

Folate, nmol·L−1b 19.3 (9.6) 57 26.9 (8.0)c 55 28.2 (9.4)c 49

Vitamin B12, pmol·L−1b 409.0 (172.6) 58 527.0 (275.9)c 55 473.0 (197.8)c 49

Homocysteine, μmol·L−1b 11.8 (6.7) 58 10.6 (5.2) 54 11.0 (5.8) 49
aVariation in n is due to missing values.
bPaired t-test was used as the statistical test.
cSignificantly different from baseline values (p < .001).

F I G U R E  2   Intraindividual 
differences in mean global DNA 
methylation level across all time points 
(n = 47). Global DNA methylation levels 
were reduced after 4 and 12 weeks of 
dietary treatment; this was statistically 
significant between baseline and 12 weeks 
(p = .002), and between 4 and 12 weeks 
of dietary treatment (p = .036). Values 
are shown as boxplots (center lines, 
medians; notches, 95% confidence interval 
of medians; box limits, upper and lower 
quartiles; whiskers, 1.5 × interquartile 
range; points, outliers). ns, not significant.
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treatment (Figure 3A, Table S2), and 31 CpGs annotated 
to 24 genes from baseline to 12 weeks of dietary treat-
ment (Figure 3B, Table S3). All differentially methylated 
CpGs showed a decrease in DNA methylation compared 
to baseline. There were no significant changes in DNA 
methylation between 4 and 12 weeks on diet (data not 
shown). The distribution of genomic locations of the dif-
ferentially methylated CpGs at 4 and 12 weeks of dietary 
treatment was similar to the CpGs identified with the 
ANOVA analysis; the majority of the CpGs were located 

within or in close proximity to genes (52% in gene bod-
ies, 21% in the promoters, and 2% in 3′ untranslated re-
gion). In the relation to CpG islands, most CpGs were 
located outside CpG islands (80% in open sea regions) 
and a smaller proportion within CpG islands (18% in 
shores and shelfs and 2% in core islands).

An overview of all genes to which the differentially 
methylated CpGs are annotated is given in Table  4. 
Overall, the identified genes encode proteins involved 
in a broad range of biological functions, including 

F I G U R E  3   Differential DNA methylation from before to after treatment with a modified ketogenic diet. (A, B) volcano plot of log10 
(p-value) against mean delta–beta change, representing difference in DNA methylation from before to after treatment with the modified 
ketogenic diet. White or green circles indicate CpGs with significant differential DNA methylation. Thirty-three CpGs were differentially 
methylated after 4 weeks of dietary treatment, and 31 CpGs were differentially methylated after 12 weeks of dietary treatment. (C) Venn 
diagram showing the overlap of CpGs differentially methylated in the three statistical analyses: analysis of variance, paired t-test between 
baseline and after 4 weeks of dietary treatment, and paired t-test between baseline and after 12 weeks of dietary treatment. (D) Mean linear 
trend of DNA methylation at differentially methylated CpGs during the intervention period. The decrease in DNA methylation at 4 weeks 
was slightly reversed after 12 weeks, whereas there was a linear decrease in DNA methylation of CpGs identified at 12 weeks of dietary 
treatment and across all time points.
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epilepsy, lipid metabolism, transcriptional regulation, 
inositol phosphate metabolism, and regulation of cell 
growth and apoptosis.

The majority of the differentially methylated CpGs 
identified between time points did not overlap (79% 
and 77% from baseline to 4 weeks and 12 weeks, re-
spectively) and showed a time-dependent change 
in DNA methylation during the diet intervention 
(Figure 3C). Only a small number of CpGs (n = 7), an-
notated to five genes (C5orf27, CD93, HEPN1, KCNQ1, 
and NAT8, two CpGs without gene annotation), were 
significant at both 4 and 12 weeks. Interestingly, there 
was a distinct difference in the mean linear trend of 
DNA methylation changes along the time course of 
the diet (Figure  3D). Whereas the decrease in DNA 
methylation identified at 4 weeks was slightly reversed 
after 12 weeks (light green line), the linear trend in 
decreased DNA methylation was consistent across the 
whole intervention period for the CpGs identified be-
tween baseline and 12 weeks or across time in general 
(medium green and dark green lines, respectively). 
These results may reflect rapid short-term metabolic 
adaptations that are partly reversed after 4 weeks, 
whereas other metabolic adaptations occur more grad-
ually and take more time.

3.8  |  No differences in DNA methylation 
between responders and nonresponders

As we suggest that DNA methylation may play a key role 
in exerting the seizure-reducing effect in patients with ep-
ilepsy, we wanted to examine possible differences in DNA 
methylation between responders and nonresponders. 
However, intraindividual comparison of DNA methyla-
tion changes from baseline to 12 weeks of dietary treat-
ment between responders (n  =  20) and nonresponders 
(n = 21) did not reveal any significant differentially meth-
ylated CpGs between the two groups (data not shown).

4   |   DISCUSSION

This is the first report of the impact of the modified ke-
togenic diet on DNA methylation in humans with epi-
lepsy. Adult epilepsy patients treated with the modified 
ketogenic diet had a decrease in DNA methylation, both 
globally and at specific genes associated with epilepsy, 
metabolism, transcriptional regulation, and various basic 
cell functions.

Despite the use of the ketogenic diet in epilepsy treat-
ment for approximately 100 years, the mechanisms be-
hind the diet's seizure-reducing effect remain elusive. 

Evidence from preclinical studies suggests that epigenetic 
mechanisms, including DNA methylation, play a central 
role in disease development, as well as in successful di-
etary treatment of epilepsy.8,9,28,29 Interestingly, a global 
increase in DNA methylation has been demonstrated in 
both animal models and in humans with epilepsy.8,9,28,30 
Moreover, studies in animal models of epilepsy have 
shown that treatment with the ketogenic diet counteracts 
the increased DNA methylation and attenuates seizures.8,9 
However, it is still unknown whether the observed reduc-
tion in DNA methylation after dietary treatment occurs at 
the same positions as those found to have increased DNA 
methylation, and whether these DNA methylation alter-
ations are linked to the seizure-reducing effect of the di-
etary treatment. Also, DNA methylation has been shown 
in experimental studies to be etiology-dependent31; thus, 
the baseline DNA methylation pattern of the participants 
may be influenced by etiology. However, even if baseline 
patterns differ between the participants, the diet-induced 
DNA methylation alterations may be independent of epi-
lepsy etiology, and the within-subject design in our study 
may limit this potential bias.

Interestingly, we found that about 10% (n  =  7) of 
the genes containing differentially methylated CpGs 
were associated or potentially associated with epilepsy 
(ELMO1, FTO, GNAO1, INPP4A, KCNQ1, MED13L, and 
ZEB2).32 The identified genes are highly expressed in the 
central nervous system (CNS) and have essential roles in 
normal brain development and function. Of note, three 
of these genes play key roles in transcriptional regula-
tion (MED13L, ZEB2) or posttranscriptional modifica-
tions (FTO). MED13L encodes a subunit of the Mediator 
complex, which is involved in transcriptional regula-
tion of almost all genes transcribed by RNA polymerase 
II33; the protein zinc finger E-box homeobox, encoded 
by ZEB2, is an essential transcriptional repressor34; 
and FTO was the first mRNA demethylase identified.35 
A large share of the identified genes encode proteins 
with transcriptional regulation as their main biological 
function.

Ten (12%) of the identified genes encode proteins in-
volved in transcriptional regulation (CIITA, FOXN3, 
KIAA1267, LDB2, MED13L, PLAGL1, RERE, TCF25, 
TCFL5, and ZEB2). FOXN3, RERE, TCF25, and ZEB2 
encode proteins that act as transcriptional repressors or 
corepressors,34,36–38 whereas PLAGL1 and CIITA encode a 
transcriptional activator and coactivator, respectively.39,40 
Moreover, LIM domain binding 2, encoded by LDB2, is an 
adapter molecule that allows assembly of transcriptional 
regulatory complexes.41 In addition, NUKCS1 is involved 
in chromatin remodeling and thereby may influence 
transcription.42 Taken together, alterations in DNA meth-
ylation by these genes are likely to have a far-reaching 
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T A B L E  4   Overview of the genes (sorted alphabetically by gene name) to which the differentially methylated CpGs are annotated

Gene Full gene name Freq Gene Full gene name Freq

ANXA11 Annexin A11 LEPREL1 Prolyl 3-hydroxylase 2

APOB48R Apolipoprotein B48 receptor LTBP1 Latent transforming growth factor 
beta binding protein 1

ARHGEF28 Rho guanine nucleotide exchange 
factor 28

LY86 Lymphocyte antigen 86

B4GALT5 Beta-1.4-galactosyltransferase 5 MED13L Mediator complex subunit 13 like

BCKDHB Branched chain keto acid 
dehydrogenase E1 subunit beta

NAT8 N-acetyltransferase 8

BLNK B cell linker NET1 Neuroepithelial cell transforming 1

CD93 CD93 molecule NMUR1 Neuromedin U receptor 1

CERS6 Ceramide synthase 6 NUCKS1 Nuclear casein kinase and cyclin 
dependent kinase substrate 1

CES1 Carboxylesterase 1 PDE4D Phosphodiesterase 4D 2

CIITA Class II major histocompatibility 
complex transactivator

PDK4 Pyruvate dehydrogenase kinase 4

CLASP1 Cytoplasmic linker associated 
protein 1

PDZD8 PDZ domain containing 8

CPSF4L Cleavage and polyadenylation 
specific factor 4 like

2 PLAGL1 PLAG1 like zinc finger 1

CPT1A Carnitine palmitoyltransferase 1A PLCXD2 Phosphatidylinositol specific 
phospholipase C X domain 
containing 2

CSGALNACT1 Chondroitin sulfate N-
acetylgalactosaminyltransferase 1

PPAP2B Phospholipid phosphatase 3

DLGAP1 DLG associated protein 1 PRKCA Protein kinase C alpha

DTD1 D-tyrosyl-tRNA deacylase 1 PSTPIP2 Proline-serine-threonine phosphatase 
interacting protein 2

DZIP1L DAZ interacting zinc finger protein 
1 like

PTH2R Parathyroid hormone 2 receptor

EFNA5 Ephrin A5 RERE Arginine-glutamic acid dipeptide 
repeats

EHD1 EH domain containing 1 RNF166 Ring finger protein 166

EIF4E3 Eukaryotic translation initiation 
factor 4E family member 3

RNF19A Ring finger protein 19A

ELMO1 Engulfment and cell motility 1 SLC22A23 Solute carrier family 22 member 23

FAM198B Family with sequence similarity 198 
member B

SNTB1 Syntrophin beta 1

FOXN3 Forkhead box N3 STARD9 StAR related lipid transfer domain 
containing 9

FTO Fat mass and obesity-associated 
protein

SUSD1 Sushi domain containing 1

GALNT2 Polypeptide N-
acetylgalactosaminyltransferase 2

2 SWT1 SWT1, RNA endoribonuclease 
homolog

GNAO1 G protein subunit alpha o1 TCF25 Transcription factor 25

HAL Histidine ammonia-lyase TCFL5 Transcription factor like 5

HEPN1 Hepatocellular carcinoma down-
regulated 1

TEC Tec protein tyrosine kinase
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downstream effect on gene expression of a wide range of 
other genes.

Another group of genes with potential important ef-
fects in the CNS consists of five genes encoding for en-
zymes involved in inositol phosphate metabolism (IMPA2, 
INPP1, INPP4A, INPP5A, and PLCXD2). Inositol phos-
phate has important roles in signal transduction and Ca2+ 
homeostasis in the CNS, and imbalances in the inositol 
phosphate metabolism have been suggested to have a role 
in several neurological disorders, including epilepsy.43 
IMPA2 encodes inositol monophosphatase 2, an enzyme 
that catalyzes the conversion of myo-inositol monophos-
phate to myo-inositol.44 Interestingly, Nakayama et al. re-
ported IMPA2 to be a putative susceptibility gene for febrile 
seizures.45 Furthermore, carbamazepine, a common ASM, 
has previous been shown to stimulate IMPA2 enzyme ac-
tivity.46 On the other hand, lithium, which is used in the 
treatment of bipolar disorders, inhibits IMPA246 and has 
a proconvulsive effect in rat lithium–pilocarpine-induced 
seizures.47 Interestingly, this effect can be reversed by ad-
ministration of myo-inositol.47 Anticonvulsant effects of 
myo-inositol have also been demonstrated in rats with 
pentylenetetrazol- or kainic acid-induced seizures.48,49 To 
our knowledge, an impact of the ketogenic diet on the ino-
sitol phosphate metabolism has not been described before, 
and may represent a plausible mechanism by which the 
ketogenic diet attenuates seizures.

As expected from the major shift in the whole-body 
metabolism induced by the dietary treatment, a large 
proportion of the genes identified in our study are in-
volved in lipid metabolism (APOB48R, B4GALT5, CERS6, 
CES1, CPT1A, GALNT2, PLCXD2, and PPAP2B) and reg-
ulation of carbohydrate metabolism (PDK4). Particularly 

interesting are CPT1A and PDK4, which play key roles 
in the regulation of fatty acid beta oxidation and gly-
colysis, respectively, as well as APOB48R, encoding the 
macrophage receptor apolipoprotein B48, which is deci-
sive in postprandial uptake of lipids in macrophages.50 
Collectively, these findings demonstrate that our method 
captures important biological adaptations, thus underlin-
ing the validity of our results.

This study has some limitations. The dietary treat-
ment was given as an adjunctive treatment, and all par-
ticipants, except one, used ASMs. Although none of the 
participants changed type or dose of the ASMs during the 
24-week study period, the serum concentration of several 
ASMs was reduced during the diet intervention.20 ASMs 
could potentially influence the DNA methylation profile 
either directly or indirectly through their influence on 
one-carbon metabolism nutrients.51 For instance, valproic 
acid, one of the most commonly used ASMs,52 has been 
shown to inhibit DNMTs and induce a decrease in global 
DNA methylation. Thus, we cannot exclude that the un-
intentional drop in serum concentration could have influ-
enced the DNA methylation.

Another limitation of the study is the lack of a control 
group, which means that we do not know whether con-
tinued epileptogenesis might have affected our results. 
However, our study population consists of patients with 
a very long history of epilepsy (on average 25 years). From 
this perspective, 12 weeks of continued epileptogenesis 
is a very short period of time, which we do not expect to 
constitute a relevant difference with regard to DNA meth-
ylation changes. In addition, we argue that the longitu-
dinal study design with intraindividual comparisons of 
DNA methylation before and after the diet intervention 

Gene Full gene name Freq Gene Full gene name Freq

IMPA2 Inositol monophosphatase 2 TM4SF20 Transmembrane 4 L six family 
member 20

INPP1 Inositol 
polyphosphate-1-phosphatase

TMEM45A Transmembrane protein 45A

INPP4A Inositol polyphosphate-4-
phosphatase type I A

2 TPD52L1 Tumor protein D52 like 1

INPP5A Inositol polyphosphate-5-
phosphatase A

2 TSPAN2 Tetraspanin 2

KCNQ1 Potassium voltage-gated channel 
subfamily Q member 1

2 TSSC1 EARP complex and GARP complex 
interacting protein 1

KIAA1267 KAT8 regulatory NSL complex 
subunit 1

TULP4 Tubby like protein 4

LDB2 LIM domain binding 2 ZEB2 Zinc finger E-box binding homeobox 
2

Note: Genes of uncertain function are not listed; these can be found in Tables S2–S4.
Abbreviations: Freq, frequency (the number of unique differentially methylated CpGs annotated to the gene concerned).

T A B L E  4   (Continued)
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also has the advantage of reducing the likelihood of po-
tential confounding effects of genetic variations and in-
terindividual differences in lifestyle and environmental 
exposures. Furthermore, the large proportion of differen-
tially methylated sites annotated to genes associated with 
lipid metabolism supports that our study identifies mean-
ingful biological changes that are genuine effects of the 
diet intervention.

We applied a pragmatic study design to investigate the 
impact of the dietary treatment on DNA methylation in 
a real-life setting. Although the amount of carbohydrate 
was restricted to a maximum of 16 g per day, the ratio of 
fat to protein and the calorie intake were not specified. 
Hence, variations in the macronutrient compositions or 
the weight reduction16,17 experienced by several of the 
participants may have influenced the results.

Our study used whole blood as a surrogate tissue for 
a disease that manifests in the brain. Currently, it is still 
unknown whether seizure-associated DNA methylation 
changes occur in blood and how well diet-induced DNA 
methylation alterations in blood correspond to DNA 
methylation changes in the brain. However, the ketogenic 
diet's antiseizure effect may be ascribed to a combination 
of mechanisms, involving both alterations at a systemic 
level and changes directly in the brain.53 Finally, we were 
not able to detect any differences in DNA methylation be-
tween responders and nonresponders. However, our sam-
ple size was small, and the antiseizure effect of the dietary 
treatment in our study population was modest.16

Importantly, we also find that our study has significant 
strengths. Compliance is a well-known challenge in nutri-
tion research, and in this study the intervention represents 
a significant change in the patients' diet and everyday life. 
However, we have robust objective measures of ketosis, 
regular follow-up, and dietary assessments based on 3-
day weighed food records documenting compliance in our 
study.

In conclusion, we have identified a genome-wide de-
crease in DNA methylation both globally and at specific 
loci in adult epilepsy patients treated with the modified 
ketogenic diet. Interestingly, a substantial share of the 
identified genes were associated with epilepsy and inosi-
tol phosphate metabolism. However, we were not able to 
identify any differences between responders and nonre-
sponders; thus, the clinical implications of these findings 
remain to be elucidated. We believe that understanding 
the ketogenic diet's influence at the molecular level may 
be the key to unraveling the mechanisms by which the 
diet can ameliorate seizures and possibly to identifying 
novel therapeutic targets for epilepsy. Further studies, 
with larger sample size and with a control group of epi-
lepsy patients eating their habitual diet while all epilepsy 
treatments are kept unchanged, are needed to elucidate 

the role of DNA methylation in successful dietary treat-
ment of epilepsy.
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