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Dravet syndrome is a rare and severe encephalopathy that first presents in infancy with seizures refractory to
conventional antiepileptic drugs. Forty-five percent of patients report four or more tonic–clonic seizures per
month despite multidrug regimens. Fenfluramine, an amphetamine derivative, was initially developed as an ap-
petite suppressant with a serotonergic mechanism of action. Clinical observation of a potential antiepileptic ac-
tivity in a small homogeneous cohort of patients combined with a genetic workup of these patients led to the
hypothesis of fenfluramine as a treatment for seizures in Dravet syndrome. This concept was successfully evalu-
ated in a zebrafish model and led to a Phase 3 trial of fenfluramine to treat seizures in children with Dravet syn-
drome. Preliminary results of the trial suggest that fenfluramine may be a highly effective, well-tolerated
treatment for patients with Dravet syndrome. This short review summarizes the history of use of fenfluramine
from the initial clinical observations followed by preclinical studies and subsequent successful clinical trial.
This article is part of the Special Issue "Individualized Epilepsy Management: Medicines, Surgery and
Beyond."
This is an
©2018 The Author. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

Fenfluramine (3-trifluoromethyl-N-ethylamphetamine) is a deriva-
tive of amphetamine that was originally developed as an appetite sup-
pressant and was marketed globally for that indication from the mid-
1970s to 1997. Its anorectic mechanism of action was believed to in-
volve serotonin because it was known to disrupt vesicular storage of
this neurotransmitter as well as inhibit its neuronal reuptake [1].

Early reports began to emerge in the 1980s of the potential utility of
fenfluramine in epilepsywhen investigators reported its use in intracta-
ble self-induced neurological disorders. For example, Aicardi and
Gastaut described three cases of children with self-induced photosensi-
tive epilepsy in whom fenfluramine at 60 mg/day reduced the fre-
quency of seizures [2]. Gastaut and Zifkin conducted a pilot study of
fenfluramine at 0.5 to 1.5 mg/kg/day in 33 patients with intractable ep-
ilepsy and reported that about half of the patients experienced a ≥50%
reduction in seizure frequency [3]. Gastaut and colleagues [4] reported
that fenfluramine at 1.5–3.0 mg/kg/day was successful in reducing
compulsive respiratory stereotypies in children with autism. Based on
these observations, Boel and Casaer [5] treated a group of 11 children
who were institutionalized with refractory epilepsy and self-induced
seizures, most of them with photosensitive or pattern-sensitive sei-
zures. They reported that fenfluramine at 0.5 to 1.0 mg/kg/day added
open access article under t
to their current antiepilepsy drug regimen resulted in complete seizure
control in 7 patients and N75% reduction in seizure frequency in the re-
maining 4 patients during a follow-up of 3 years to 8.5 years (median:
5.08 years). Other case reports and small case series demonstrating an
antiseizure action of fenfluramine were reported through 1996 (for re-
view see [6]).
2. Fenfluramine and Dravet syndrome

The patient group treated by Boel and Casaer [5] showed some typ-
ical features of patients with Dravet syndrome. Dravet syndrome is a
rare, severe, and intractable developmental and epileptic encephalopa-
thy typically beginning with prolonged tonic–clonic or hemiclonic fe-
brile seizures in the first year of life [7,8]. Typical features are seizures
provoked by temperature, photic or pattern stimulation, or emotion.
Nearly all children are cognitively impaired, sometimes with behavioral
abnormalities such as self-provocation of seizures.With currently avail-
able antiepileptic drugs (AEDs), complete seizure control is rare [9]. In
2001, a group from the Department of Genetics of Antwerp [10] pro-
posed that mutations in SCN1A, the gene coding for the α-subunit of a
neuronal voltage-gated sodium channel, were a cause of Dravet syn-
drome. Boel and Casaer had treated the above reported group of 11 pa-
tientswith extraordinary good response to fenfluramine in theCenter of
Puderbols, near Antwerp, and 5 of the 11 patients from this cohort were
proven to carry amutation in SCN1A. Ceulemans et al. reported on these
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5 patients as part of a cohort of 12 patients with confirmed Dravet syn-
drome who had been treated with fenfluramine added to their current
antiepileptic regimen for a mean duration of 11.3 years (range: 1 to 22
years) at a mean dosage of 0.34 mg/kg/day (range: 0.12 to 0.90 mg/kg/
day) [11]. At the time of their initial report, two patients had withdrawn
from the study: one because of lack of efficacy and one whose seizures
did not return during a withdrawal of fenfluramine caused by a drug
shortage. Three other patients had recurrence of seizures during the
drug shortage and were controlled again after reintroduction of fenflur-
amine, supporting a beneficial effect of the drug against their seizures.
Of the remaining 10 patients, seven had been seizure-free at their most
recent study visit and had demonstrated a mean seizure-free interval of
6.6 years; one had experienced a 75% reduction in seizure frequency;
and the remaining two had no change in seizure frequency. The most re-
cent report from this cohort of 10 remaining patients describes an addi-
tional 5 years of follow-up, during which three patients were seizure-
free and four additional patients had seizure-free intervals of at least 2
years [12]. No clinical and/or echocardiographic signs consistentwith pul-
monary hypertension or valvulopathy have emerged. These investigators
initiated a second cohort of patients with Dravet syndrome treated with
fenfluramine in 2011 [13]. Each patient in this cohort started with a 3-
month observation period to establish baseline seizure frequency. In the
initial report from the cohort, nine patients had been treatedwith fenflur-
amine for aperiodof 0.3 to 5.1 years (median: 1.5 years) at ameandosage
of 0.35 mg/kg/day at the most recent study visit. Within 3 months of
starting fenfluramine, median major motor seizure frequency decreased
from 15.0 per month to 1.5 per month, representing a median 75% de-
crease in frequency. The benefit was sustained in the 6 patients who
were treated for at least 1 year. The patients in this prospective observa-
tion study received regular echocardiographic examinations before and
during treatment with fenfluramine. No changes in valve structure or
function were observed in any patient. The clinical profile that has
emergedwith fenfluramine use in this cohort of patientswithDravet syn-
drome, a group of patients with seizures that are historically refractory to
AED treatment, is unique both in terms of themagnitude of seizure reduc-
tion and the durability of effect over long periods of time.

The antiseizure efficacy observed in the two studies above has led to
the development of fenfluramine as adjunctive treatment in Dravet syn-
drome in an ongoing Phase 3 program. Preliminary results of the first,
randomized, double-blind, placebo-controlled clinical trial of ZX008
(an oral solution of fenfluramine HCl) have been recently reported
[14]. A total of 119 patients with Dravet syndrome aged 2 to 18 years
were randomized to placebo, ZX008 0.2 mg/kg/day, or ZX008 0.8 mg/
kg/day (1:1:1) and were treated for 14 weeks. Daily dosages were di-
vided in half and administered twice daily with food about 12 h apart.
The study met its primary endpoint. Compared with placebo, patients
in the ZX008 0.8mg/kg/day group demonstrated a 63.9% greater reduc-
tion in monthly frequency of major motor seizures (tonic, clonic, tonic–
atonic, generalized tonic–clonic, hemiclonic, and focal with clear ob-
servable motor signs) (P b 0.001). Patients in the 0.2 mg/kg/day group
also experienced an antiseizure benefit with a 33.7% greater reduction
in seizure frequency compared with placebo. A ≥50% reduction in
monthly convulsive seizure frequency was seen by 70% of patients in
the ZX008 0.8 mg/kg/day (P b 0.001) and in 41% of patients in the
ZX008 0.2 mg/kg/day (P = 0.001) compared with 7.5% of patients in
the placebo group. The incidence of serious adverse events was similar
in each group ranging from 10.0% in the placebo group to 12.5% in the
ZX008 0.8 mg/kg/day group. Regular echocardiographic examinations
before and during treatment revealed no evidence of cardiac
valvulopathy of pulmonary hypertension.

3. Antiseizure mechanism of action of fenfluramine in Dravet
syndrome

The potential association between elevated central nervous system
serotonin levels and inhibition of epilepsy was first described by
Bonnycastle and colleagues in 1957whodescribed elevation in brain se-
rotonin levels in rats that had been treated with anticonvulsant com-
pounds [15]. Other investigations have shown that agents that
increase CNS serotonin levels, like selective serotonin reuptake inhibi-
tors, inhibit seizures in a variety of animal models [16,17] and that de-
pletion of brain levels of serotonin reduces the threshold for evoking
seizures in animals [18]. The results of a few small open-label clinical
studies have suggested that selective serotonin reuptake inhibitors
may reduce seizure frequency [19,20]; however, no randomized clinical
trials have been reported, and the reported magnitude of effect in the
small studies has been modest compared with that reported with fen-
fluramine suggesting that additional mechanisms may be involved
with fenfluramine's antiepileptic effects.

About 75%–85% of patients with Dravet syndrome have a mutation
in the SCN1A gene, which codes for a neuronal voltage-gated sodium
channel subunit and has been proposed as the cause of Dravet syn-
drome [21]. Zebrafish larvae that are homozygous for mutant scn1Lab,
the zebrafish ortholog of human SCN1A, exhibit epileptiform motor ac-
tivity that is attenuated in the presence of fenfluramine [22]. In large-
scale screening of over 1000 compounds, only fenfluramine and
dimethadione, a T-type calcium channel antagonist, had antiseizure ac-
tivity in this model [23]. Pharmacologic interrogation of the model has
suggested that fenfluramine's antiepileptiform activity is mediated by
5-HT1D and 5-HT2C (and possible 5-HT2A) receptors [22]. The sigma-1
receptor has also been implicated in the activity of fenfluramine in
this model [22].

The interaction of fenfluramine with the sigma-1 receptor has been
further characterized using the dizocilpine-induced learning impair-
ment mouse model of spontaneous alternation in a Y-maze. In this
model, both fenfluramine and the specific sigma-1 agonist PRE-084 at-
tenuated the learning deficit in a dose-related manner [24]. Of interest
was the observation that the combination of ineffective doses of fenflur-
amine and PRE-084 resulted in a response that was similar to the max-
imal response to higher doses of either agent alone, suggesting a
synergistic interaction.
4. Cardiovascular safety and fenfluramine

When fenfluramine was used in adults with obesity, it was associ-
atedwith an increased risk of primary pulmonary hypertension and car-
diac valvulopathy [25,26]. The same type of cardiac morbidity can be
seen in patients with carcinoid tumors, suggesting a relevant role of
high serotonin levels, which have been shown to interact via the 5-
HT2B-receptor [27]. A recent review of controlled studies of patients
treated with fenfluramine reported that the prevalence of mild or
greater aortic valve regurgitation increased from3.9% in control patients
or at baseline (n= 1721) to 9.6% in adult patients treated with fenflur-
amine for obesity (n= 3268) [28]. Similarly, the prevalence of moder-
ate or greater mitral valve regurgitation was 2.5% in control patients
and 3.1% in patients treated with fenfluramine. As the 5-HT2B receptor
is thought to be responsible for this drug-induced valve disease [29], it
is important to note that fenfluramine has no direct action at the 5-
HT2B receptor and its antiepileptiform activity in the zebrafish model
is not blocked by a 5-HT2B-antagonist [22,30]. However, its metabolite
D-norfenfluramine is a potent and full agonist at this receptor [29,30]
and has been implicated in cardiac valve disease in patients treated
with benfluorex [31].

The published experience of the treatment of Dravet syndrome now
includes nearly 100 patients who have been treated for 3 months to 28
years without the emergence of cardiac valve dysfunction [12–14]. The
daily dosages of fenfluramine used to treat Dravet syndromewere 5mg
to b30mg/day, which is below the threshold of 60mg/day that was as-
sociated with a 9-fold higher risk compared with b40 mg/day when
used to treat adults with obesity [32] and below the dosages of 60–
120 mg/day that were often prescribed to treat adult patients with
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obesity. These observations suggest a positive benefit–risk profile for
the use of lower dose fenfluramine in children and young adults treated
for Dravet syndrome compared with its use at higher doses in an adult
population with obesity.

4.1. Other fenfluramine safety reports

In the two cohorts of patients with Dravet syndrome treated with
open-label fenfluramine, the most commonly reported adverse events
were somnolence, fatigue, and anorexia or loss of appetite [11–13].
The latter adverse eventswere expected based on fenfluramine's history
as a weight loss treatment. Although loss of body weight was not re-
ported in these cohorts, it was noted that several patients exhibited
body mass indices substantially below the normal range [12]. In the re-
cently completed Phase3 clinical trial [14], themost commonly reported
adverse events in patients with Dravet syndrome treated with fenflur-
amine compared with those patients treated with placebo were diar-
rhea, decreased appetite, fatigue, lethargy, and weight decrease [14].

5. Summary: fenfluramine and precision medicine

The story of fenfluramine as a treatment of refractory seizures in pa-
tients with Dravet syndrome started with the idea of treating compul-
sive behavior that provoked seizures. The clinical observation of an
unexpected suppression of a photoparoxysmal response led to the
treatment of a homogeneous group of patients with fenfluramine.
Some of these original patients were later found to have a mutation of
SCN1A, which is found in about 85% of patients with Dravet syndrome.
The use of the zebrafish model suggested that fenfluramine may be
uniquely effective in the treatment of Dravet syndrome.

Dravet syndrome is associated with reduced quality of life [33], and
caring for a patientwithDravet syndromeextracts an elevated caregiver
burden and high health-related costs [34,35], in part due to the ineffec-
tiveness of currently available AEDs in controlling the disease. Reducing
seizure frequency with an effective new AED may reduce some health-
related costs of treating Dravet syndrome, particularly those associated
with hospitalizations [36], and will likely improve quality of life for pa-
tients and caregivers. The development of fenfluramine has combined
“old”meticulous clinical observations with a “new” precision medicine
approach, which has led to a successful Phase 3 clinical trial with pa-
tients with Dravet syndrome in which fenfluramine demonstrated a
dose-related reduction in the frequency of convulsive seizures com-
pared with placebo and was generally well-tolerated. Importantly, no
cases of cardiac valve dysfunction or pulmonary hypertension have
been observed, consistent with data reported from long-term use in a
cohort of patients in Belgium. These results combined with the long-
term observations of the Belgian cohorts suggest that fenfluramine
may represent a novel and effective treatment for Dravet syndrome.
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