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ABSTRACT

Zellweger Syndrome is a peroxisomal disorder that can lead to elevation of long chain fatty acids and epilepsy,
which can be drug resistant. The treatment of drug resistant epilepsy can include the ketogenic diet in appro-
priately chosen patients. Typically, the ketogenic diet is contraindicated in individuals with defects in fatty acid
metabolism because of the diet’s reliance on medium and long chain fatty acids. To our knowledge this is the first
publication outlining the use of the ketogenic diet in patients with defects in beta oxidation of very long chain
fatty acids. We present two patients with Zellweger Syndrome who were placed on a ketogenic diet for drug
resistant epilepsy.
Safety and tolerance of the ketogenic diet in patients with Zellweger Syndrome.

Introduction

Zellweger Syndrome is a peroxisome biosynthesis disorder affecting
peroxisome function including but not limited to alpha oxidation of
phytanic acid and beta oxidation of very long chain fatty acids (VLCFA)
and branched-chain fatty acids (pristanic acid). Patients with peroxi-
somal fatty acid beta oxidation defects present with elevations of C26:0
and C26:1 fatty acids and ratios of C24:0/C22:0 and C26:0/C22:0 [1].
Peroxisome dysfunction can lead to elevations in phytanic acid, how-
ever, patients with Zellweger Syndrome may present with normal phy-
tanic acid levels [1,2]. Symptoms have been reported from phytanic acid
accumulation in patients with another peroxisome disorder, Refsum’s
Disease. These symptoms include neuropathy, ichthyosis, kidney dam-
age, and arrythmias [3]. Clinical features of Zellweger Syndrome can
include hypotonia, poor feeding, impaired hearing and vision, adrenal
insufficiency, liver dysfunction, renal insufficiency, and seizures [1,4].
Seizures in these patients can be difficult to control and can be quite
severe [5].

The ketogenic diet (KD) is a well-established treatment used in
children and adults with drug resistant epilepsy (DRE) [6]. Ketosis is
achieved by eating a high fat, low carbohydrate, moderate protein diet,
primarily high in long chain and potentially medium chain fatty acids.
With elevated fat intake, in the presence of carbohydrate restriction,
fatty acids (FA) undergo beta oxidation after which acetyl-coA is used as
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a substrate to produce the ketone bodies, acetoacetate and beta
hydroxybutyrate [7]. While the exact mechanism by which dietary
therapy improves seizure frequency in epilepsy is unclear, multiple
studies have shown the safety and effectiveness of the KD under medical
supervision [6,7,8].

Because of the reliance of fats for energy in the KD, patients with
dysfunction in fatty acid metabolism may be at risk for complications
[10]. There are no specific diet recommendations for patients diagnosed
with Zellweger Syndrome [1]. To our knowledge, there have been no
published studies on initiating the KD for patients with Zellweger Syn-
drome. We present two cases indicating that the KD is a safe treatment
option for Zellweger Syndrome despite elevations in phytanic acid
levels.

Case 1

A 2-year-old with Zellweger Syndrome (PEX 1 pathogenic variant)
and epileptic spasms started on the KD with cautious ratio advancement
while monitoring VLCFA levels. Due to limited information on how
VLCFA levels would change for patients with Zellweger Syndrome on
the KD, ratio adjustments were made after obtaining these levels,
resulting in a slower than typical transition to goal ratio. The diet was
initiated and advanced in the outpatient setting, starting at a 1:1 ratio
and increased to a 3:1 ratio over the course of 4 months. At the time of
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diet start her diet consisted of mostly formula with a small amount of
food by mouth. Her ketogenic formula was whey-based with a blend of
saturated, polyunsaturated, monounsaturated fats, and medium chain
triglyceride oil and was combined with breast milk for the desired ratio.
Higher ratios were achieved over time by adding MCT oil to the keto-
genic formula and breast milk mixture.

Routine monitoring of VLCFA levels revealed a steady increase in
phytanic acid levels within the first 7.5 months on diet. Her phytanic
acid level peaked at 7.5 months at > 40 pg/ml (normal values < 3.00 pg/
ml). Following this result, diet ratio (3:1) and formula components were
unchanged, but cheese, which is a phytanic acid source was removed
from her diet [10]. Phytanic acid levels were rechecked 3.5 months later
and had declined and then remained stable for an additional 11 months
(22.60-26.54 ng/ml) even with ratio increases during this time.

Between 11 and 24 months on the diet, ratio changed 4 times and
ranged from 3:1-4:1. Ratio decreases occurred during times of illness
where it was unclear if illness was masking symptoms of excess ketosis.
In this time, phytanic acid levels were checked 4 times at ratios of 3:1,
3.5:1, 3.67:1, 3.25:1 and were 24.68 ug/ml, 26.54 pg/ml, 22.60 pg/ml,
and 13.61 pg/ml respectively. A phytanic acid sample was not obtained
during the 1 month she was at a 4:1 ratio. At the start of diet, the patient
was not on any anti seizures medications as Prednisolone and Vigabatrin
treatment were recently completed. While seizure activity was un-
changed in the first 6 months after starting diet, diet was continued due
to good tolerance and reports of improved vocalization and social
interaction since starting KD. An additional medication was added,
followed by a second until seizure freedom was achieved while on
combination therapy of KD and two other anti-seizure medications,
Zonisamide and Clobazam.

Acidosis, constipation, iron deficiency anemia, zinc deficiency, and
vitamin D insufficiency occurred while on the diet. Constipation initially
improved with increases of MCT oil and then managed with laxative
medication. Acidosis was treated with potassium bicarbonate. Vitamin
deficiencies were found with routine ketogenic monitoring, treated with
additional supplementation, and resolved. A gastrostomy tube was
placed after diet initiation, although this was not thought to be due to
KD but rather progression of feeding difficulties that are described with
Zellweger Syndrome.

Case 2

An 11-year-old with Zellweger Syndrome (PEX1 pathogenic variant)
and drug resistant epilepsy was started on the KD while on Levetir-
acetam, Felbamate, Topiramate, and Epidiolex. He is fed primarily by
gastrostomy tube with some pureed food intake by mouth. Prior to
starting the diet, food intake excluded any beef or milk products as the
family preferred to limit food sources of phytanic acid. The diet was
initiated and advanced in the outpatient setting and ratio changed
weekly for 4 weeks until the goal ratio of 3:1 was achieved. A 4:1 whey-
based formula with a blend of saturated, polyunsaturated, mono-
unsaturated fats, and medium chain triglyceride oil was combined with
an additional protein powder for a 3:1 ratio. Phytanic acid levels were
elevated after 2 weeks on a 3:1 ketogenic ratio without any reported side
effects. The diet ratio increased twice within the first 6 months and then
was maintained at a 3.5:1 ratio for one year. Phytanic acid levels were
checked again after 1 year on diet and increased to 22.98 ug/ml without
any reported side effects. Phytanic acid levels declined but remained
above pre diet levels after 17.5 months on the diet. Prior to starting the
KD, he had a history of constipation. Constipation continued to be
managed with additional medications. Cytra K solution was added while
on KD due to risk of kidney stones. After two weeks on KD the family
reported an approximately 50 % decrease in seizure activity.

Discussion

Zellweger Syndrome is a complex multi-organ disease with a
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heterogeneous phenotype and alterations in very long chain fatty acids.
Patients with defects in FA metabolism are often not considered to be
candidates for KD treatment. These cases demonstrate the safety and
tolerance of KD in Zellweger Syndrome. Due to the risk of drug resistant
epilepsy in these patients, treatment with KD may be considered.

Very long chain fatty acid alterations have been reported in patients
on the KD without defects of peroxisomal function, including elevations
of C22:0 and C24:0, with normal levels of C26:0, C24:0/C22:0 and
C26:0/C22:0 ratios [11]. Both of our patients were noted to have ele-
vations in phytanic acids after initiation of the KD. There are no studies
outlining effects of elevated phytanic acid levels for patients with Zell-
weger Syndrome [1]. Accumulation of phytanic acid levels can be seen
in other peroxisome disorders such as Refsum’s Disease and can lead to
neuropathy, ichthyosis, kidney damage, and arrythmias. However,
symptomatic levels have been reported of 700-8000 umol/L [3]. These
two cases had a range of 13.61 ug/mL to >40 pug/mL and 13.45 pg/mL to
22.98 ug/mlL, respectively throughout their time on diet without any
clinical symptoms.

Common side effects of the KD include constipation, emesis,
abdominal pain, hyperlipidemia, renal calculi, cardiac abnormalities,
decreased growth, acidosis, vitamin deficiencies, and risk for bone
fractures [9]. Constipation was present for both patients and treated
with laxative medications. Routine laboratory monitoring was
completed while on the KD and revealed acidosis and vitamin and
mineral deficiencies for one patient which were treated and continued to
be monitored while on the diet. No patient experienced side effects that
resulted in a discontinuation of the diet but rather continued to report
good tolerance while on diet.

Conclusion

Although phytanic acid levels increased on the KD clinically, the
patients tolerated the therapy without adverse side effects and remained
on diet due to improved seizure control. More research is needed on long
term side effects of elevated phytanic acid levels in patients with Zell-
weger Syndrome. The KD may be a safe therapeutic option for patients
with Zellweger Syndrome despite the intrinsic metabolic problems
present in this disease.

CRediT authorship contribution statement

Borst Stephanie: Writing, Review, Editing, Visualization, Investi-
gation, Validation. Ciliberto Michael: Reviewing, Editing, Validation.
Thati Ganganna Sreenath: Reviewing, Editing, Validation.

Ethical Statement

This report was determined not human subject research. Written
permission was obtained although no protected health information or
images were presented in this paper.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] Braverman NE, Raymond GV, Rizzo WB, Moser AB, Wilkinson ME, Stone EM, et al.
Peroxisome biogenesis disorders in the zellweger spectrum: an overview of current
diagnosis, clinical manifestations, and treatment guidelines. Mol Genet Metab
2016;117(3):313-21.

Takemoto Y, Suzuki Y, Horibe R, Shimozawa N, Wanders RJA, Kondo N. Gas
chromatography/mass spectrometry analysis of very long chain fatty acids,
docosahexaenoic acid, phytanic acid and plasmalogen for the screening of
peroxisomal disorders. Brain Dev 2003;25(7):481-7.

[2

—


http://refhub.elsevier.com/S2589-9864(24)00012-1/h0005
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0005
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0005
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0005
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0010
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0010
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0010
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0010

B. Stephanie et al.

[3

[4

[5

[6

[7

—

=

=

]

—

Weinstein R. Phytanic acid storage disease (refsum’s disease): clinical
characteristics, pathophysiology and the role of therapeutic apheresis in its
management. J Clin Apher 1999;14(4):181-4.

Anderson JN, Ammous Z, Eroglu Y, Hernandez E, Heubi J, Himes R, et al.
Cholbam® and zellweger spectrum disorders: treatment implementation and
management. Orphanet J Rare Dis 2021;16(1).

Takahashi Y, Suzuki Y, Kumazaki K, Tanabe Y, Akaboshi S, Miura K, et al. Epilepsy
in peroxisomal diseases. Epilepsia [Internet] 1997;38(2):182-8.

Kim JA, Yoon JR, Lee EJ, Lee JS, Kim JT, Kim HD, et al. Efficacy of the classic
ketogenic and the modified Atkins diets in refractory childhood epilepsy. Epilepsia
[Internet] 2016;57(1):51-8.

Longo R, Peri C, Cricri D, Coppi L, Caruso D, Mitro N, et al. Ketogenic diet: a new
light shining on old but gold biochemistry. Nutrients [Internet] 2019;11(10):2497.

(8]

[9]

[10]

[11]

Epilepsy & Behavior Reports 26 (2024) 100655

Sourbron J, Klinkenberg S, van Kuijk SMJ, Lagae L, Lambrechts D, Braakman HMH,
et al. Ketogenic diet for the treatment of pediatric epilepsy: review and meta-
analysis. Child’s Nervous System 2020;36(6):1099-109.

Kossoff EH, Zupec-Kania BA, Auvin S, Ballaban-Gil KR, Christina Bergqvist AG,
Blackford R, et al. Optimal clinical management of children receiving dietary
therapies for epilepsy: updated recommendations of the international ketogenic
diet study group. Epilepsia Open [Internet] 2018;3(2):175-92.

Ronald JA, Wanders, Komen JC, Ferdinandusse S. Phytanic acid metabolism in
health and disease. 2011 Jun 13;1811(9):498-507.

Stradomska TJ, Bachanski M, Pawtowska J, Syczewska M, Stolarczyk A, Tylki-
Szymanska A. The impact of a ketogenic diet and liver dysfunction on serum very
long-chain fatty acids levels. Lipids 2013 Jan 31;48(4):405-9.


http://refhub.elsevier.com/S2589-9864(24)00012-1/h0015
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0015
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0015
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0020
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0020
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0020
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0025
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0025
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0030
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0030
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0030
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0035
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0035
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0040
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0040
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0040
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0045
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0045
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0045
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0045
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0055
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0055
http://refhub.elsevier.com/S2589-9864(24)00012-1/h0055

	Safety and tolerance of the ketogenic diet in patients with Zellweger Syndrome
	Introduction
	Case 1
	Case 2
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Ethical Statement
	Declaration of competing interest
	References


