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A B S T R A C T   

Therapies for epilepsy mainly provide symptomatic control of seizures since most of the available drugs do not 
target disease mechanisms. Moreover, about one-third of patients fail to achieve seizure control. To address the 
clinical need for disease-modifying therapies, research should focus on targets which permit interventions finely 
balanced between optimal efficacy and safety. One potential candidate is the brain-specific enzyme cholesterol 
24-hydroxylase. This enzyme converts cholesterol to 24S-hydroxycholesterol, a metabolite which among its 
biological roles modulates neuronal functions relevant for hyperexcitability underlying seizures. 

To study the role of cholesterol 24-hydroxylase in epileptogenesis, we administered soticlestat (TAK-935/ 
OV935), a potent and selective brain-penetrant inhibitor of the enzyme, during the early disease phase in a 
mouse model of acquired epilepsy using a clinically relevant dose. During soticlestat treatment, the onset of 
epilepsy was delayed and the number of ensuing seizures was decreased by about 3-fold compared to vehicle- 
treated mice, as assessed by EEG monitoring. Notably, the therapeutic effect was maintained 6.5 weeks after 
drug wash-out when seizure number was reduced by about 4-fold and their duration by 2-fold. Soticlestat-treated 
mice showed neuroprotection of hippocampal CA1 neurons and hilar mossy cells as assessed by post-mortem 
brain histology. 

High throughput RNA-sequencing of hippocampal neurons and glia in mice treated with soticlestat during 
epileptogenesis showed that inhibition of cholesterol 24-hydroxylase did not directly affect the epileptogenic 
transcriptional network, but rather modulated a non-overlapping set of genes that might oppose the pathogenic 
mechanisms of the disease. 

Abbreviations: AD, Alzheimer’s disease; APP, amyloid precursor protein; AQP4, acquaporin 4; CA, cornu ammonis; CH24H, cholesterol 24-hydroxylase; 24HC, 
24S-hydroxycholesterol; CYP46A1, cytochrome P450 family 46 subfamily A member 1; DAP-12, DNAX activation protein of 12 kDa; DEG, differentially expressed 
genes; EAAT2, excitatory amino acid transporter-2; GLT-1, glutamate transporter 1; GPVI, glycoprotein VI; HS, hippocampal sclerosis; KA, kainic acid; Kir4.1, inward 
rectifier potassium channel 4.1; LC-MS/MS, liquid chromatography/mass spectrometry; NMDAR, N-methyl-D-aspartate receptor; PBS, phosphate buffered saline; 
PI3K, phosphoinositide 3-kinase; PLCγ, phospholipase C-gamma; PS1, presenilin-1; TLR, toll-like receptor; Syk, tyrosine protein kinase Syk; Src, tyrosine protein 
kinase Src; TLE, temporal lobe epilepsy. 

* Corresponding author at: Department of Neuroscience, Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Via Mario Negri 2, 20156 Milano, Italy. 
E-mail address: annamaria.vezzani@marionegri.it (A. Vezzani).   

1 These authors contributed equally to this work.  
2 Present address: Stem Cell and Neurogenesis Unit, Division of Neuroscience, San Raffaele Scientific Institute, 20158, Milan, Italy.  
3 Present address: Department of Medical Translational Sciences, Federico II University, 80131, Napoli Italy.  
4 Present address: Laboratory of Cancer Pharmacolocy, IRCCS Humanitas Research Hospital, 20089 Rozzano (Milano), Italy 

Contents lists available at ScienceDirect 

Neurobiology of Disease 

journal homepage: www.elsevier.com/locate/ynbdi 

https://doi.org/10.1016/j.nbd.2022.105835 
Received 6 April 2022; Received in revised form 15 July 2022; Accepted 30 July 2022   

mailto:annamaria.vezzani@marionegri.it
www.sciencedirect.com/science/journal/09699961
https://www.elsevier.com/locate/ynbdi
https://doi.org/10.1016/j.nbd.2022.105835
https://doi.org/10.1016/j.nbd.2022.105835
https://doi.org/10.1016/j.nbd.2022.105835
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nbd.2022.105835&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Disease 173 (2022) 105835

2

In human temporal lobe epileptic foci, we determined that cholesterol 24-hydroxylase expression trends 
higher in neurons, similarly to epileptic mice, while the enzyme is ectopically induced in astrocytes compared to 
control specimens. Soticlestat reduced significantly the number of spontaneous seizures in chronic epileptic mice 
when was administered during established epilepsy. 

Data show that cholesterol 24-hydroxylase contributes to spontaneous seizures and is involved in disease 
progression, thus it represents a novel target for chronic seizures inhibition and disease-modification therapy in 
epilepsy.   

1. Introduction 

Epilepsy affects about 65 million people worldwide and is associated 
with increased mortality, significant co-morbidities, unique stigmati-
zation, and high societal cost. Current therapies mainly provide symp-
tomatic control of seizures but they are ineffective in about one-third of 
patients and impose several adverse effects (Kwan et al., 2010). 
Importantly, available drugs do not interfere with epileptogenesis, the 
pathological process underlying the onset and progression of the disease 
(Pitkanen et al., 2015). New treatments are urgently required to delay or 
prevent epilepsy, to reduce seizure burden and provide neuroprotection 
(Varvel et al., 2015). Ideally, an antiepileptogenic treatment should be 
devoid of side effects which are often observed with conventional anti- 
seizure medications (Akyüz et al., 2021). The novel investigational drug 
soticlestat, identified as a brain penetrant, potent and selective inhibitor 
of cholesterol 24-hydroxylase (CYP46A1 also known as CH24H) (Koike 
et al., 2021), has previously demonstrated a therapeutic potential in 
Dravet mouse models by enhancing the threshold to hyperthermia- 
induced seizures and reducing spontaneous seizure frequency and 
death (Hawkins et al., 2021). In particular, soticlestat was also tested in 
acute seizure models such as maximal electroshock, subcutaneous pen-
tylentetrazol (PTZ), 6 Hz (32/44 mA) where it was found ineffective, 
and on Frings audiogenic seizures where it reduced tonic extension 
duration in mice (Nishi et al., 2022). In amygdala and PTZ kindling, 
soticlestat delayed kindling acquisition in correlation with CH24H 
enzyme inhibition in the brain (Nishi et al., 2022). This drug does not 
cause adverse events common to anti-seizure medications, such as 
sedation and motor impairment (Nishi et al., 2020). 

The validity of soticlestat as a specific CH24H inhibitor was 
demonstrated through multiple methodologies which include autora-
diography and X-ray crystallography (Koike et al., 2021; Nishi et al., 
2020). Of note, [3H]soticlestat mouse brain autoradiography agrees 
with immunohistochemical CH24H enzyme expression, and showed 
lack of signal in CH24H knock-out vs wild-type mouse brain, at a soti-
clestat concentration saturating CH24H inhibition (300 nmol/L) (Nishi 
et al., 2020). Importantly, CH24H knockout mice develop normally 
(Lund et al., 2003). 

Thus, we set out to assess whether CH24H is a relevant therapeutic 
target for developing an antiepileptogenic therapy and for reducing 
established chronic seizures using a mouse model of acquired epilepsy. 
The CH24H enzyme represents the dominant pathway for cholesterol 
catabolism in the brain (Lund et al., 2003; Xie et al., 2003) by converting 
cholesterol to 24S-hydroxycholesterol (24HC), which then exits the 
brain into the blood circulation and is cleared by the liver (Lütjohann, 
2006). One major advantage for inhibiting CH24H enzyme activity as a 
drug target is that the pharmacodynamics of enzyme inhibition can be 
indirectly assessed by measuring the plasma level of 24HC due to its 
predominant cerebral origin (Lund et al., 2003; Ramirez et al., 2008). 
Noteworthy, plasma 24HC was shown to be a clinically monitorable 
biomarker of CH24H enzyme inhibition in the brain (Bialer et al., 2018; 
Halford et al., 2021). CH24H is constitutively expressed by neurons in 
the endoplasmic reticulum of postsynaptic compartments such as soma 
and dendrites (Ramirez et al., 2008) whereas it is inducible in activated 
astrocytes, as shown in Alzheimer’s disease (AD) brain (Bogdanovic 
et al., 2001; Brown et al., 2004). 

A potential link between CH24H enzyme and epilepsy was initially 

based on the observation that sudden death caused by convulsive sei-
zures in the APP/PS1 transgenic murine model of AD was prevented by 
soticlestat (Nishi et al., 2020). Further support for a role of CH24H in 
epilepsy stems from evidence that 24HC promotes oxidative stress (Nury 
et al., 2015) which contributes to epileptogenesis (Pauletti et al., 2019; 
Puttachary et al., 2016; Rowley and Patel, 2013; Shekh-Ahmad et al., 
2018; Terrone et al., 2020), and deregulation of brain cholesterol 
metabolism may result in the generation of oxidation products in models 
of glutamate-mediated excitotoxicity (During and Spencer, 1993; Ong 
et al., 2010; Ong et al., 2003; Sodero et al., 2012). Moreover, 24HC acts 
as a potent allosteric modulator of the N-methyl-D-aspartate receptor 
(NMDAR) by interacting with the protein at identified modulatory sites 
(Wei et al., 2019). This interaction promotes neuronal Ca2+ influx and 
enhances glutamatergic transmission (Paul et al., 2013; Sun et al., 2016) 
that is involved in seizure generation (Ghasemi and Schachter, 2011). 
Moreover, the induction of CH24H enzyme expression in rat primary 
astrocyte cultures disrupts the association of EAAT2 (GLT-1) glutamate 
transporter with lipid rafts thus reducing extracellular glutamate re- 
uptake (Tian et al., 2010). This condition leads to extracellular gluta-
mate accumulation which is one main cause of synchronous neuronal 
firing leading to seizures (During and Spencer, 1993; Kong et al., 2012). 
Accordingly, soticlestat was shown to reduce extracellular glutamate 
level increased by high K+ in vivo by promoting astrocytic re-uptake of 
glutamate (Nishi et al., 2020). 

Based on this premise, we used a murine model of acquired epilepsy 
mimicking temporal lobe epilepsy (TLE), to study whether inhibition of 
CH24H enzyme activity by soticlestat (Nishi et al., 2020) prevents or 
reduces spontaneous seizures and exerts neuroprotection. Soticlestat is 
the only drug with this mechanism of action in clinical development and 
is now being tested for rare pediatric epilepsy syndromes (Hahn et al., 
2020; Halford et al., 2021), therefore its therapeutic effects in a murine 
model of symptomatic epilepsy could enable clinical translation to 
common forms of adult epilepsy. 

2. Materials and methods 

2.1. Animals 

C57BL/6N male mice (8 week-old; 25 ± 5 g; Charles River, Calco, 
Italy) were maintained in SPF facilities and housed at a constant room 
temperature (23 ± 1 ◦C) and relative humidity (60 ± 5%) with free 
access to food and water and a fixed 12 h light/dark cycle. Five mice/ 
cage were housed until stereotaxic surgery, then each mouse was indi-
vidually housed in the presence of environmental enrichment (i.e., toilet 
paper, straw, nesting material) (Hutchinson et al., 2005). Animal ex-
periments were designed in accordance with ARRIVE guidelines (Kil-
kenny et al., 2010). All efforts were made to minimize the number of 
animals used and their suffering according to the principles of the 3Rs 
(https://www.nc3rs.org.uk/the-3rs). Experimental procedures were con-
ducted in conformity with institutional guidelines that are in compliance 
with national (D.L. n.26, G.U. March 4, 2014) and international guide-
lines and laws (EEC Council Directive 86/609, OJ L 358, 1, December 
12, 1987, Guide for the Care and Use of Laboratory Animals, U.S. Na-
tional Research Council, 1996), and were reviewed and approved by the 
intramural ethical committee. 
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2.2. Study design 

We investigated the therapeutic effects of pharmacological blockade 
of CH24H enzyme activity by soticlestat using an established mouse 
model of acquired epilepsy (Frigerio et al., 2018; Iori et al., 2017; Mouri 
et al., 2008). The drug was injected in mice according to a treatment 
schedule based on pharmacokinetic and pharmacodynamic data, as 
specified in the treatment protocol; the study design is depicted in 
Supplementary Fig. 1. 

In each experiment, simple randomization with 1:1 allocation ratio 
was used; mice were randomized to vehicle or drug treatment group 
after the onset of status epilepticus (SE), and the individual mouse 
represented the experimental unit. Blinding was applied to treatment 
administration, outcome assessment and data analysis. No animal was 
excluded from the spontaneous seizures analysis except for mice that 
died after SE and before the EEG monitoring end point (as detailed in the 
result section). The number of mice in each experiment is indicated by n 
values in the text, figure legends and supplementary material. 

2.3. Induction of status epilepticus 

Mice were surgically implanted under general gas anesthesia (1–3% 
isoflurane in O2) and stereotaxic guidance (Franklin and Paxinos, 2008). 
A 23-gauge guide cannula was unilaterally positioned on top of the dura 
mater for the intra-amygdala injection of kainic acid (KA) (from bregma: 
nose bar 0 mm; anteroposterior, − 0.8 mm; lateral, − 3.1 mm). A 
nichrome-insulated bipolar depth electrode (60 μm outer diameter) was 
implanted in the dorsal hippocampus (from bregma: nose bar 0 mm; 
anteroposterior − 1.8 mm, lateral − 1.5 mm and 2.0 mm below dura 
mater) ipsilateral to the injected amygdala and a cortical electrode was 
placed onto the somatosensory cortex in the contralateral hemisphere 
(Supplementary Fig. 1 A,B). At the end of stereotaxic surgery, we carried 
out perioperative analgesia by treating mice with buprenorphine 
(Bupaq, 0.1 mg/kg, s.c; Alcyon Italia S.p.a., Cherasco, CN, Italy) once-a- 
day for 3 consecutive days. 

One week after surgery, KA (0.3 μg/0.2 μl) was injected into the 
basolateral amygdala in freely moving mice using a needle protruding 
3.9 mm below the implanted cannula. SE developed after approximately 
10 min from KA injection, and was defined by the appearance of 
continuous spikes with a frequency > 1.0 Hz, as previously described 
(Frigerio et al., 2018; Iori et al., 2017; Terrone et al., 2018). Spikes were 
defined as sharp waves with an amplitude at least 2.5-fold higher than 
the standard deviation of the EEG baseline, and a duration of <100 
msec, or as a spike-and-wave with a duration of <200 msec. The end of 
SE was determined by inter-spike interval > 1 s. After 40 min from SE 
onset, mice were injected with a sedative dose of diazepam (10 mg/kg, i. 
p.) to prevent generalized seizures thus improving mice survival, how-
ever, electrographic SE was unaltered by diazepam, as previously 
described (Frigerio et al., 2018; Iori et al., 2017; Terrone et al., 2018). 
Digitized EEG data were processed using the twin record and review 
software. SE duration and spiking activity were quantified using 
clampfit 10.7 program (Axon Instruments, Perth, Australia). 

2.4. Spontaneous seizures detection and quantification 

Spontaneous seizure development in this murine model of epilepsy 
has been described before (Iori et al., 2017; Di Sapia et al., 2021; Di 
Nunzio et al., 2021). Spontaneous seizures consist of EEG paroxysmal 
events lasting 30–60 s and simultaneously occurring in hippocampus 
and fronto-parietal cortex, bilaterally (exemplified in Figs. 2E and 5D). 
EEG activity was recorded using the Twin EEG Recording System 
(version 4.5.3.23) connected with a Comet AS-40 32/8 Amplifier 
(sampling rate 400 Hz, high-pass filter 0.3 Hz, low-pass filter 70 Hz, 
sensitivity 2000 mV/cm; Grass-Telefactor, West Warwick, R.I., USA). 
EEG seizures were accompanied by generalized motor convulsions 
assessed using WFL-II/LED15W infrared video-cameras (Videor 

Technical, GmbH, Germany) synchronized with the EEG recording sys-
tem. Epilepsy onset was defined by the appearance of spontaneous sei-
zures after at least 48 h from the end of SE (to exclude acute 
symptomatic seizures). 

We reckoned the total number of EEG seizures during the recording 
period in the drug-treated and vehicle-injected mice. Seizure frequency 
was estimated by dividing the total number of seizures by the number of 
recording days. Digitized video-EEG data were processed using the Twin 
record and review software. EEG analysis of seizures was done by two 
independent investigators blinded to the treatment who reviewed all the 
EEG tracings in the electronic files of each mouse. Deviation of ≤5% 
from concordance was considered acceptable; otherwise, EEG tracing 
was additionally analyzed by a third person to look for consensus. 

One additional experimental group consisted of mice implanted with 
electrode and guide cannula as experimental mice. These mice were 
injected intra-amygdala with vehicle (phosphate buffered saline, PBS, 
pH = 7.4) and were used as sham controls for histological or biochem-
ical analysis of brain tissue. None of these mice developed spontaneous 
seizures. 

2.5. Drug treatment schedule 

Soticlestat was synthesized and provided by Takeda Pharmaceutical 
Company Limited. Soticlestat was suspended in 0.5% methylcellulose in 
distilled water. The drug or its vehicle was administered subcutaneously 
(s.c., 30 mg/kg; 100 μl/10 g body weight). The dose is the highest 
pharmacological dose which achieves nearly 100% CH24H enzyme in-
hibition around Cmax after a bolus administration, and provides systemic 
exposure levels relevant to those observed in clinical trials (Bialer et al., 
2018). 

2.6. Pharmacodynamic and pharmacokinetic analysis of soticlestat 

Soticlestat dose and treatment schedule were based on previous 
pharmacokinetic and pharmacodynamic measures (Nishi et al., 2020). 
To confirm that therapeutic drug levels were attained in the brain in our 
experimental conditions, mice were injected 30 mg/kg soticlestat, s.c., 
and killed 1 h, 8 h and 24 h (n = 3 each time point) after the injection. 
After decapitation under deep anesthesia (carbon dioxide inhalation), 
brain and blood were harvested in each mouse and soticlestat levels 
were determined in plasma and brain homogenate by LC-MS/MS 
following the previously reported method (Nishi et al., 2020). 

Another group of mice was exposed to SE (n = 15) or sham-operated 
(n = 15), then treated daily for 7 days with 30 mg/kg soticlestat, s.c. (SE, 
n = 8; sham, n = 7), or vehicle (SE, n = 7; sham, n = 8) (Supplementary 
Fig. 1D). Then, mice were killed as above, their hippocampi dissected 
out and blood was harvested for measuring brain and plasma 24HC 
levels, respectively, following the previously published LC-MS/MS 
method (Nishi et al., 2020). 

2.7. Epileptogenesis 

To study the effect of soticlestat administered during epileptogenesis 
on spontaneous seizures and neurodegeneration, mice were video-EEG 
recorded (24/7) the day before the induction of SE (baseline activity), 
during SE (acute epileptogenic event), and for 14 days thereafter (during 
soticlestat treatment). Soticlestat (30 mg/kg, s.c., n = 16) or its vehicle (n 
= 15) was injected once daily for 14 days, starting 1 h after SE onset, to 
encompass both the epileptogenesis phase that precedes spontaneous 
seizure onset and the early phase of disease development, then treat-
ment was discontinued (Supplementary Fig. 1C). At the end of treat-
ment, mice were disconnected from the EEG set up and left in their home 
cage until they were again monitored (24/7) from day 60 until day 74 
post-SE to quantify spontaneous seizures in the chronic epilepsy phase. 
At the end of EEG recording, mice were sacrificed for histological 
assessment of neuronal cell loss. 
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To investigate the mechanism underlying the therapeutic effect of 
soticlestat, SE-exposed mice (n = 14) and the respective sham mice (n =
13) were treated with drug (SE, n = 7; sham, n = 6) or vehicle (SE, n = 7; 
sham, n = 7) as above for 7 days and used for western blot analysis, and 
additional mice treated as above were used for immunohistochemical 
analysis (sham, n = 6; SE + vehicle, n = 8–9; SE + soticlestat, n = 8) 
(Supplementary Fig. 1D). Finally, an additional cohort of mice was 
prepared for differential gene expression analysis (RNAseq analysis) 
(sham±soticlestat, n = 9 each group; SE ± soticlestat, n = 13–15; Sup-
plementary Fig. 1F). 

2.8. Chronic epilepsy 

To study the effect of soticlestat on established seizures in chronic 
epileptic mice, an additional group of mice was exposed to SE and video- 
EEG recorded for 14 days to determine disease onset. Then, mice were 
disconnected from EEG and returned to their home cages until day 60 at 
which time they were again video-EEG recorded for 14 days to deter-
mine their individual baseline of spontaneous seizures. Subsequently, 
mice under continuous video-EEG monitoring were injected with either 
soticlestat (30 mg/kg, s.c., n = 6) or its vehicle (n = 5) once daily for 14 
days. Mice were killed at the end of EEG recording (Supplementary 
Fig. 1E). 

2.9. Statistical analysis of data 

Sample size was a priori determined based on previous experience 
with this animal model (Di Nunzio et al., 2021; Di Sapia et al., 2021; Iori 
et al., 2017). 

Statistical analysis was performed by GraphPad Prism 6 Software 
(USA) for Windows using raw data. For the SE experiment depicted in 
Supplementary Fig. 2 (n = 31 mice/group) the choice between para-
metric and non-parametric test depended on passing the Shapiro-Wilk 
normality test. For the other experiments, non-parametric tests were 
chosen due to the low power of normality tests when the sample size is 
small (Patrício et al., 2017). In each experiment, statistical analysis of 
data is reported in the respective figure legends and in supplementary 

information where appropriate. Data are presented as box-and-whisker 
plots depicting median, interquartile interval, minimum and maximum 
(n = number of individual mice or samples). Differences between groups 
were considered significant for values of P < 0.05. 

2.10. Data availability 

The authors declare that the data will be available upon reasonable 
request. Sequencing data have been uploaded to the Array Express 
database and the European Nucleotide Archive (ENA) repositories (ID: 
E-MTAB-9943; open access), in compliance with the MINSEQE 
guidelines. 

3. Results 

3.1. Pharmacokinetic and pharmacodynamic analyses of soticlestat 

Soticlestat (TAK-935/OV935) was previously characterized as a 
brain penetrant, potent, and specific inhibitor of CH24H enzyme activity 
(Nishi et al., 2020). We measured the concentration of free drug in 
plasma and brain 1 h, 8 h and 24 h after administration of soticlestat (30 
mg/kg, s.c.) in naïve mice (n = 3, each time point; Fig. 1A,B). The drug 
reached the maximum plasma concentration (Cmax = 576 ng/ml) 1 h 
after administration, then its level decreased significantly by 8 h and the 
drug was undetectable at 24 h (Fig. 1A). Similar to plasma, the drug 
reached its maximum concentration (Cmax = 99.0 ng/g) in the brain 1 h 
after administration (Fig. 1B). However, the persistence of soticlestat in 
the brain was longer than in plasma since the 24 h trough level of drug 
was still measurable (15.7 ng/g). The trough level of soticlestat in brain, 
including protein-bound and unbound fractions, was roughly equal to 
42 nM, a level about 10-times higher than its IC50 (4.5 nM) (Nishi et al., 
2020). 

Using the treatment schedule of soticlestat (30 mg/kg, s.c.) once 
daily for 7 days in naïve and SE-exposed mice, the plasma levels of 24HC 
were reduce by half (mean ± S.E.M.; sham mice, vehicle: 8.52 ± 0.25 
ng/ml, n = 5, soticlestat 4.45 ± 0.27 ng/ml, n = 4; SE mice, vehicle: 9.27 
± 0.53 ng/ml, n = 6, soticlestat 4.32 ± 0.17 ng/ml, n = 6, Fig. 1C). A 

Fig. 1. Pharmacokinetic and pharmacodynamic pro-
file of soticlestat. 
(A) Total concentration of soticlestat in plasma and 
(B) in brain following subcutaneous (s.c) administra-
tion of 30 mg/kg of compound, determined at indi-
cated time points by LC/MS/MS (n = 3 mice/time 
point). (C) and (D) show the plasma and hippocampal 
concentration of 24-hydroxycholesterol (24HC), 
respectively, following s.c administration of 30 mg/ 
kg soticlestat once daily for 7 days. SE and sham mice 
were sacrificed 2 h after the last drug dose 
(sham+vehicle, n = 8; sham+soticlestat, n = 7; SE +
vehicle, n = 7; SE + soticlestat, n = 8). In some mice 
(Sham ± drug = 3/group; SE + vehicle, n = 1; SE +
soticlestat, n = 2), plasma aliquotes were insufficient 
for analysis, therefore, 24HC was not measured in 
those samples. Data are presented as box-and-whisker 
plots depicting single values, median, interquartile 
interval, minimum and maximum. *P < 0.05; ** P <
0.01 vs respective vehicle by Mann-Whitney U test.   
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similar reduction was measured in the hippocampi of mice (mean ± S.E. 
M.; sham mice, vehicle: 37.10 ± 1.06 ng/mg, n = 8; soticlestat 17.58 ±
1.33 ng/mg, n = 7; SE mice, vehicle: 33.01 ± 1.17 ng/mg, n = 7, soti-
clestat 13.27 ± 0.56 ng/mg, n = 8, Fig. 1D).The extent of inhibition of 
the enzyme activity was relevant to that measured in phase I clinical 
study in healthy volunteers and is compatible with target engagement at 
non-toxic doses (Bialer et al., 2018; Hahn et al., 2020). 

3.2. Cholesterol 24-hydroxylase inhibition during status epilepticus 

We first determined whether soticlestat affects SE, which is the 
trigger of epileptogenesis in this murine model (Supplementary Fig. 2). 
EEG analysis showed that SE develops in vehicle-injected mice after 9.8 
± 1.7 min (n = 62) from intra-amygdala KA injection and persists for 
about 10 h (Frigerio et al., 2018; Iori et al., 2017; Terrone et al., 2018) 
(Supplementary Fig. 2A,B; representative tracings in panel C). The 
treatment of mice with a single drug dose of 30 mg/kg, s.c., adminis-
tered 1 h after SE onset did not modify SE duration nor the frequency of 
spikes over 10 h, as quantified by continuous EEG analysis (n = 31 mice/ 
group; Supplementary Fig. 2A,B). Spectral analysis of SE (Supplemen-
tary Fig. 2D) was also done by measuring the average power spectral 
density during three subsequent temporal phases of SE, namely, from 
drug or vehicle injection (1 h after SE onset) until 4 h post-SE onset 
(representing the phase of higher spiking activity), from 5 to 7 h (rep-
resenting the declining phase of spiking activity) and from 8 to 10 h 
representing the terminal phase of SE. Data (μV2/Hz) show no signifi-
cant differences between vehicle and soticlestat groups. Moreover, 
power spectral density during the first hour of SE, corresponding to the 
time preceding drug or vehicle injection, was similar in mice of the two 
experimental groups (Supplementary Fig. 2D). 

3.3. Cholesterol 24-hydroxylase inhibition during epileptogenesis 

Since SE was unaffected by soticlestat treatment schedule, we set out 
to study the drug effect on the ensuing epilepsy (Fig. 2). SE-exposed mice 
were treated once daily with 30 mg/kg, s.c., soticlestat for 14 days to 
encompass the initial phase of epileptogenesis and early disease devel-
opment, then treatment was stopped (Supplementary Fig. 1C). Animals 
did not show behavioral signs of toxicity during drug treatment, as 
assessed by observation of their motor activity and behavioral reactivity 
to touch or tail pinch in the recording cage. Body weight growth also did 
not differ among the drug-treated and vehicle-injected experimental 
groups (not shown). 

During 14 days of soticlestat treatment, mice showed a significant 
delay in the onset time of spontaneous seizures (mean ± S.E.M., vehicle, 
6.0 ± 0.7 days, n = 15; soticlestat, 9.2 ± 0.8 days, n = 16, P < 0.05). 
According to the Kaplan-Meier survival curve, 95% of vehicle-injected 
mice developed the first spontaneous seizure by day 8 post-SE while 
75% of drug-treated mice by day 14 (Fig. 2A). Soticlestat also signifi-
cantly reduced by almost 3.0-fold the total number of seizures occurring 
during 14 days treatment (mean ± S.E.M., vehicle, 19.2 ± 5.3; soticle-
stat, 7.1 ± 2.0, P < 0.05, n = 15–16; Fig. 2B) without modifying the 
average duration of individual seizures (Fig. 2C). The cumulative 
duration of seizures experienced during 14 day-treatment was conse-
quently reduced (mean ± S.E.M., vehicle, 640.1 ± 175.9 s; soticlestat, 
227.3 ± 61.4 s, P < 0.05). Notably, this therapeutic effect persisted 6.5 
weeks after drug wash-out (day 60–74 post-SE): mice treated with 
soticlestat during epileptogenesis displayed an average 4-fold reduction 
in the total number of spontaneous seizures vs vehicle-injected mice 
(mean ± S.E.M., vehicle, 41.6 ± 12.7, n = 12; soticlestat, 10.2 ± 4.7; P 
< 0.05; n = 16) (Fig. 2B). The average duration of individual seizures 
was also significantly reduced (mean ± S.E.M., vehicle, 40.4 ± 3.9 s; 
soticlestat, 24.2 ± 5.3 s, P < 0.01) (Fig. 2C,E). As a consequence of the 
reduced number and duration of seizures, soticlestat-treated mice dis-
played a 5-fold reduction in the total time spent in chronic seizures 
(mean ± S.E.M., vehicle, 1870 ± 591.8 s; soticlestat, 371.4 ± 175.9 s, P 

< 0.05). In mouse brain, t1/2 of soticlestat is apparently close to 8 h 
under our experimental condition (Fig. 1B), thus seizure monitoring at 
day 60–74 occurred in the absence of drug in the tissue. In support, the 
brain level of 24HC, the specific pharmacodynamic index of soticlestat 
effect, returns towards control level by 64 h post-drug injection (mean 
± S.E.M., ng/mg, naïve+vehicle: 32.76 ± 2.98, n = 2; naïve+soticlestat: 
24 h, 14.72 ± 1.60, n = 3; 64 h, 26.11 ± 2.96, n = 2). 

Overall, seizure frequency (number of daily seizures) was signifi-
cantly reduced by soticlestat vs vehicle both during treatment, and after 
drug wash-out period (Fig. 2D; P < 0.01 vs vehicle by mixed-effects 
models). 

3.4. Neuroprotective effect of soticlestat 

Drug-treated and vehicle-injected mice were randomly assessed for 
histology among animals depicted in Fig. 2 at the study endpoint (day 
75; n = 8 vehicle; n = 11 soticlestat). In accordance with previous evi-
dence (Frigerio et al., 2018; Terrone et al., 2018; Di Nunzio et al., 2021; 
Di Sapia et al., 2021), vehicle-injected chronic epileptic mice (n = 8) 
showed significant neuronal cell loss in CA1, CA3/CA4 pyramidal cell 
layers and interneurons in the hilus of the hippocampus compared to 
homotypic areas in sham mice (n = 6; P < 0.05) (Fig. 3A-C). Soticlestat 
treatment during epileptogenesis exerted a neuroprotective effect by 
rescuing CA1 pyramidal cell loss (P < 0.05 vs vehicle) but did not reduce 
CA3/C4 pyramidal cell loss (Fig. 3A,B). Although, the drug did not affect 
the decrease in total number of hilar interneurons (Fig. 3A,B), it fully 
prevented the nearly 40% loss of GluR2/3-positive hilar mossy cells 
(Fujise and Kosaka, 1999) occurring in the vehicle-treated mice 
(Fig. 3C). We found a significant negative correlation between the 
number of hilar mossy cells and the duration of seizures in epileptic mice 
treated with vehicle or soticlestat (n = 8; r = − 0.88; P < 0.01 by two-tail 
Spearman correlation test; Supplementary Table 1). 

3.5. Effect of soticlestat on glia reactivity during epileptogenesis 

Reactive astrocytes and microglia are typical histological hallmarks 
of the rodent hippocampus in SE models (Aronica et al., 2012; Vezzani 
et al., 2015), and these cells are implicated in epileptogenesis (Clasa-
donte et al., 2013; Devinsky et al., 2013; Foresti et al., 2011; Ortinski 
et al., 2010; Robel et al., 2015). To assess whether their morphological 
activation was affected by CH24H enzyme inhibition during epilepto-
genesis, we used a new cohort of SE-exposed mice treated with soticle-
stat (n = 8) or vehicle (n = 8–9) for 7 days post-SE, and their sham 
controls (n = 6) (Fig. 4). Stellate-shaped astrocytes with thin processes 
and microglia with small cell bodies and extensive ramifications were 
observed in control sections (Fig. 4A,C). During epileptogenesis, S100β 
immunostaining was enhanced in astrocytes with hypertrophic cell body 
and thick processes (Fig. 4A,B; SE + vehicle vs sham), and we detected 
increased density of Iba-1-positive microglia with round to oval shape 
and hypertrophic processes (Fig. 4C,D; SE + vehicle vs sham). These 
morphological features of cell reactivity were not significantly altered 
by soticlestat (Fig. 4B,D). 

Based on the evidence that 24HC reduces glutamate re-uptake by 
astrocytes (Tian et al., 2010), we studied whether CH24H inhibition 
affects the levels of the astrocytic proteins GLT-1, Kir4.1 and AQP4 that 
are involved in seizures and cell loss (Coulter and Steinhäuser, 2015; 
Devinsky et al., 2013; Hubbard et al., 2018). Western blot analysis of 
hippocampal tissue (Supplementary Fig. 3) showed that soticlestat 
treatment for 7 days did not prevent the reduction in GLT-1, Kir4.1 and 
AQP4 measured in SE mice treated with vehicle vs sham controls. 
Moreover, soticlestat did not affect GFAP increase, a marker of reactive 
astrocytes (Supplementary Fig. 3, n = 7 each group, except for 
sham+soticlestat, n = 6). 
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Fig. 2. Antiepileptogenic effects of soticlestat. 
(A) The Kaplan-Meyer survival curve reports the percent of mice developing the first spontaneous seizure as a function of days post-SE. In the vehicle group (n = 15), 
100% mice developed the first spontaneous seizure by day 8 vs day 12 in soticlestat group (n = 16) (P < 0.05 by Log-rank test). Onset time of seizures was attributed 
a default value of 14 days (end of soticlestat treatment). 
(B, C) Bargrams depict the total number of spontaneous recurrent seizures (SRS) (B) and the average duration of individual seizures (C) during 1–14 days post-SE 
(soticlestat or vehicle treatment period) and from 60 to 74 days post-SE (6.5 weeks after soticlestat or vehicle discontinuation) in vehicle- and drug-treated mice. Data 
are presented as box-and-whisker plots depicting single values, median, interquartile interval, minimum and maximum. *P < 0.05; **P < 0.01 vs respective vehicle 
(at the same time point) by Mann-Whitney U test; # P < 0.05 vs vehicle at 1–14 days by Wilcoxon signed-rank test (within animal comparison). 
(D) Each bar represents the average daily number of seizures in vehicle- or soticlestat-treated mice. Soticlestat-treated mice (n = 16) show a reduction in the daily 
number of EEG recorded SRS compared to vehicle-injected mice (n = 15) during both 14 days of treatment and 6.5 weeks after drug washout (day 60-day 74; n = 12 
surviving vehicle mice; n = 16 soticlestat-treated mice). Three out of 15 mice injected with vehicle died after 14 days post-SE while no death was observed in the 
soticlestat group. The dead mice were excluded from seizure analysis between day 60 and day 74. Data are presented as box-and-whisker plots depicting single 
values, median, interquartile interval, minimum and maximum. **P < 0.01 vs vehicle by a negative binomial mixed-effects model for repeated measures (Wang and 
Goonewardene, 2004); P < 0.01 for interaction effect between treatment and time: P < 0.05 vs vehicle between days 1–14; P < 0.01 vs vehicle between days 
60–75). 
(E) Typical EEG spontaneous seizures recorded at 74 days post-SE in epileptic mice injected with vehicle or soticlestat. Arrows indicate the beginning and the end of 
the seizure. LCTX (left cortex), RHP (right hippocampus). 
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Fig. 3. Histological analysis and quantification of neuronal cell loss in the hippocampus of epileptic mice. 
(A) Representative microphotographs of Nissl-stained hippocampi, and the various subfields (CA1 and CA3 pyramidal neurons; hilus) in control (sham) and chronic 
epileptic mice injected with vehicle or soticlestat during epileptogenesis. Scale bar: 500 μm (top row); 200 μm (CA1), 50 μm (CA3), 100 μm (hilus, h). 
(B) Quantification of neuronal loss in the hippocampus of SE-exposed mice injected for 14 days with soticlestat (n = 11) or vehicle (n = 8) vs sham mice (not exposed 
to SE, n = 6). Mice were randomly taken from the corresponding experimental groups (same mice of Fig. 2) at the end of EEG analysis (day 75). Data are presented as 
box-and-whisker plots depicting single values, median, interquartile interval, minimum and maximum. *P < 0.05, **P < 0.01 vs sham; #P < 0.01 vs vehicle by 
Kruskal-Wallis test with Dunn’s post hoc correction. 
(C) Representative micrographs of GluR2/3-positive hilar mossy cells in the various experimental groups, and their respective quantification. Soticlestat administered 
during epileptogenesis prevented hilar mossy cells loss in chronic epileptic mice. Data are presented as box-and-whisker plots depicting single values, median, 
interquartile interval, minimum and maximum (sham, n = 5; n = 4 in vehicle and soticlestat groups). Mice were randomly taken from mice depicted in panel B. 
*P < 0.05 vs sham; #P < 0.05 vs vehicle by Kruskal-Wallis test with Dunn’s post hoc correction. Scale bar: 50 μm. A-C refer to the hippocampus ipsilateral to KA- 
injected amygdala. 
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Fig. 4. Soticlestat does not affect astrocyte or microglia activation in the hippocampus during epileptogenesis. 
(A) Micrographs depict representative images of S100β-positive astrocytes in CA1 pyramidal cell layer of SE-exposed mice treated with vehicle or soticlestat for 7 
days during epileptogenesis, and of sham controls not exposed to SE. (B) Bargrams show the quantification of S100β immunoreactivity in the hippocampal CA1 
region (the area extending between subiculum and CA1/CA2 border and including the strata oriens and radiatum) ipsilateral to the KA-injected amygdala. One mouse 
in the SE + vehicle was not included in the analysis due to low quality of immunostaining. (C) Micrographs depict representative images of Iba-1-positive microglia 
and bargrams (D) show the respective quantification of Iba-1 immunoreactivity in CA1 region. 
Data are presented as box-and-whisker plots depicting single values, median, interquartile interval, minimum and maximum (sham, n = 6; SE + vehicle, n = 8–9; SE 
+ soticlestat, n = 8). **P < 0.01 vs sham by Kruskal-Wallis test with Dunn’s post hoc correction. Scale bar: A,C: 100 μm; insets 50 μm. Similar modifications, as 
reported for CA1, were detected in the other hippocampal regions (not shown). 
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3.6. Cholesterol 24-hydroxylase inhibition in chronic epilepsy 

In a new cohort of chronic epileptic mice, we studied whether 
CH24H enzyme inhibition decreases the burden of established sponta-
neous seizures since this therapeutic effect may carry implications for 
clinical benefit in patients with chronic drug-resistant epilepsy. Fig. 5 
reports the effect of soticlestat on spontaneous seizures in chronic 
epileptic mice. Panel A shows that soticlestat significantly reduced by 
44% on average the total number of seizures in epileptic mice compared 
to their respective pre-injection baseline during the recording period 
(Number of seizures/2 weeks, mean ± S.E.M., baseline, 50.5 ± 12.3; 
soticlestat, 28.3 ± 10.0; P < 0.05, n = 6). No changes were found in the 
average duration of individual seizures (mean ± S.E.M., baseline, 51.3 ±
3.9 s; soticlestat, 49.9 ± 2.7 s) (Fig. 5B). Fig. 5C depicts the average 
number of daily seizures during baseline and drug treatment in mice 
(cumulative data are presented in panel A). The number and duration of 
seizures was not significantly modifed in vehicle-injected chronic 
epileptic mice monitored during a corresponding time window (mean ±
S.E.M., Number of seizures/2 weeks, baseline, 52.8 ± 17.5; vehicle, 51.8 
± 15.0; average duration, baseline, 52.1 ± 2.3 s; vehicle, 50.3 ± 2.9 s; 
Supplementary Fig. 4). Typical EEG-recorded spontaneous seizures in a 
representative epileptic mouse during baseline and soticlestat treatment 
are displayed in panel D. 

3.7. Cholesterol 24-hydroxylase protein expression in human epilepsy 

We studied the expression of CH24H enzyme in human epileptogenic 
foci by analysing surgically resected brain specimens from TLE patients 
with chronic drug-resistant seizures (Fig. 6; Supplementary Table 2). In 
control homotypic autopsy tissue (n = 6), CH24H expression was pre-
dominantly detected in CA1 pyramidal cells and granule cells (GC) of the 
dentate gyrus, and hilar interneurons (Fig. 6A,D,G). In patients with TLE 
and hippocampal sclerosis (TLE-HS, n = 9), the CH24H expression was 
increased in CA1 pyramidal neurons and GC (Fig. 6B,E) and in hilar 
interneurons (Fig. 6H). In these specimens, CH24H expression was also 
increased in scattered glutamine synthase (GS)-positive astrocytes 
(Fig. 6B, insets B1,B2) whereas astrocytes do not express the enzyme in 
control tissue (Fig. 6A,D,G). Differently, in TLE patients without HS 
(TLE-noHS, n = 5), CH24H expression was enhanced in CA1 neurons 
(Fig. 6C) while it was similar to control tissue in GC and hilar in-
terneurons (Fig. 6F,I) and no staining was detected in astrocytes 
(Fig. 6C,F,I). A semiquantitative analysis of the specific CH24H staining 
is reported in Fig. 6J. Like human tissue, CH24H enzyme expression in 
epileptic mice was predominantly increased in CA1 pyramidal cells and 
hilar interneurons relative to sham mice (Fig. 7) while it was not 
detected in GFAP-positive astrocytes. 

3.8. Differentially expressed genes in the mouse hippocampus 

To get insights into potential transcriptomic changes induced by 
soticlestat which may contribute to its antiepileptogenic effects, we 
explored genome-wide gene expression changes by high throughput 
RNA-sequencing (RNA-seq) in neurons and glial cells isolated by 
immunomagnetic separation from mouse hippocampi ipsilateral to the 
injected amygdala (workflow in Supplementary Fig. 5). For this purpose, 
new cohorts of SE-exposed mice (vehicle, n = 15; soticlestat, n = 13), 
and their respective sham controls (n = 9/group), were killed after 
vehicle or drug treatment termination (14 days post-SE) following the 
same treatment schedule used for the antiepileptogenesis study (proto-
col in Supplementary Fig. 1F). 

Following elimination of myelin (Myelin Removal Beads II, Miltenyi 
Biotec), astrocytes and microglia were captured using anti-ACSA-2 and 
anti-CD11b positive magnetic microbeads, respectively (Miltenyi Bio-
tec). Subsequently, neurons were isolated using the Neuron Isolation Kit 
(Miltenyi Biotec) (details in Supplementary information). Heatmap 
(Supplementary Fig. 6) depicts the expression of specific marker genes in 

each cell population: these genes showed their highest expression level 
in the corresponding cell population, which was congruent with a cor-
rect separation of neurons, astrocytes and microglia. 

3.9. Differentially expressed genes in neurons 

We focused our attention on neurons (Fig. 8) because of the promi-
nent neuronal expression of CH24H enzyme in mouse epilepsy tissue 
(Fig. 7) and in human TLE (Fig. 6). Comparison of sham+vehicle vs 
sham+soticlestat groups (mice not exposed to SE) yielded a relatively 
small number of DEGs with no significant functional enrichment (56 
genes, Supplementary Table 3), consistent with a limited functional 
response to soticlestat in the context of a healthy brain. Individual 
comparison of SE-exposed mice treated with soticlestat (SE + soticlestat) 
or injected with vehicle (SE + vehicle) with the corresponding sham 
mice (not exposed to SE) with/without soticlestat showed: 299 DEGs in 
SE + soticlestat (165 down- and 134 up-regulated genes) (Fig. 8A; 
Supplementary Table 4a) and 247 DEGs in SE + vehicle (117 down- and 
130 up-regulated genes) (Fig. 8A; Supplementary Table 5a). The Venn 
diagram (Fig. 8B) shows genes with a known annotation: 7% of SE- 
related genes were shared by the two experimental groups, and these 
genes were unaltered by inhibition of CH24H enzyme activity with 
soticlestat. We also detected genes exclusively expressed in SE + soti-
clestat (51% of total DEGs) or SE + vehicle (41% of total DEGs) mice, 
suggesting largely distinct functional responses in the two experimental 
groups. Indeed, functional enrichment analysis of DEGs (Fig. 8C) 
revealed differing pathway enrichment in SE + soticlestat and SE +
vehicle groups, as well as for SE-related genes unaltered by soticlestat 
(shared genes) (Supplementary Tables 6a-8a). 

3.10. Differentially expressed genes in astrocytes and microglia 

We investigated gene expression in glial cells (Supplementary 
Figs. 7,8) which do not express CH24H enzyme at detectable levels in 
mice (Fig. 7) since these cells may also be affected by 24HC metabolite 
reduction due to CH24H enzyme inhibition. Comparison of SE-exposed 
mice treated with soticlestat (SE + soticlestat) vs sham+soticlestat 
showed 601 DEGs in astrocytes (110 down- and 491 up-regulated genes; 
Supplementary Fig. 7A) and 593 DEGs in microglia (210 down- and 383 
up-regulated genes; Supplementary Fig. 8A). Comparison of SE +
vehicle mice with the corresponding sham+vehicle mice showed 172 
DEGs in astrocytes (43 down- and 129 up-regulated genes; Supple-
mentary Fig. 7A) and 1248 DEGs in microglia (294 down- and 954 up- 
regulated genes; Supplementary Fig. 8A). Venn diagram of annotated 
genes shows that: 8% of SE-related genes in astrocytes (Supplementary 
Fig. 7B) and 24% of SE-related genes in microglia (Supplementary 
Fig. 8B) were shared by the two experimental groups, and these genes 
were unaltered by inhibition of CH24H enzyme activity with soticlestat. 
Similarly to neurons, we detected genes exclusively expressed in SE +
soticlestat (76% in astrocytes; 16% in microglia of total DEGs; Supple-
mentary Table 4b,c) or in SE + vehicle mice (16% in astrocytes; 60% in 
microglia of total DEGs; Supplementary Table 5b,c). Functional 
enrichment analysis in astrocyte DEGs (Supplementary Fig. 7C) revealed 
differing pathway enrichment in SE + soticlestat and SE + vehicle 
groups, as well as for SE-related genes unaltered by soticlestat (shared 
genes) (Supplementary Tables 6b-8b). The same analysis for microglia 
DEGs showed pathway enrichment only for genes expressed in SE +
vehicle mice and for shared genes, but not for SE + soticlestat mice 
(Supplementary Fig. 8C; Supplementary Tables 6c-8c). Comparison of 
gene expression in sham+soticlestat vs sham+vehicle (mice not exposed 
to SE) did not show any DEG either in astroctytes or in microglia. 

Supplementary Information includes: Supplementary Tables 1-8; 
Supplementary Figs. 1–8; Soticlestat and 24HC measurements in brain 
and blood; Status epilepticus analysis; Clinical information on human 
subjects; Immunohistochemistry in human tissue and semiquantitative 
evaluation; Brain tissue preparation for histological analysis in mice; 
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Fig. 5. Anticonvulsive effect of soticlestat in chronic epileptic mice. 
(A) Total number and (B) average duration of spontaneous recurrent seizures (SRS) (box-and-whisker plots depicting single values, median, interquartile interval, 
minimum and maximum) in chronic epileptic mice during baseline and drug-treatment period. Epileptic mice were EEG monitored (24/7) from 60 to 87 days after 
SE. The baseline of SRS was assessed in each mouse for 2 weeks before injecting soticlestat (30 mg/kg, s.c. once daily) for 2 consecutive weeks. *P < 0.05 vs baseline 
by Wilcoxon signed-rank test. 
(C) Bargram depicts the number of daily seizures during the EEG recording time (60–87 days post-SE). White bars represent baseline recording (before soticlestat 
injection) while grey bars represent recording during soticlestat administration in the same mice. Data are presented as box-and-whisker plots depicting single values, 
median, interquartile interval, minimum and maximum (n = 6 mice). *P < 0.05 vs baseline in days 74, 75, 76, 77, 79, 81, 82, 83, 85 while no difference vs baseline 
was observed in days 78 (P = 0.21), 80 (P = 0.18), 84 and 86 (P = 0.21), 87 (P = 0.11) by Wilcoxon signed-rank test. (D) Typical EEG-recorded spontaneous seizures 
in an epileptic mouse during baseline or during treatment with soticlestat. Arrows indicate the beginning and the end of the seizure. LCTX (left cortex), RHP (right 
hippocampus). 
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Western Blot; Workflow for differential gene expression; Isolation of 
hippocampal cells; RNA extraction and gene expression data analysis. 

4. Discussion 

The present study identifies a novel role for CH24H, a brain specific 
enzyme converting cholesterol to 24HC, in the generation of epileptic 
seizures in a well-established mouse model (Frigerio et al., 2018; Iori 
et al., 2017; Mouri et al., 2008; Di Nunzio et al., 2021; Di Sapia et al., 
2021) mimicking human TLE with HS, one of the most drug-refractory 
forms of epilepsy (Asadi-Pooya et al., 2017). By using soticlestat, we 
demonstrated that CH24H enzyme activity is a previously unknown 
pathological factor underlying epileptogenesis. The critical role of 
CH24H enzyme in epileptogenesis is demonstrated by the significant 
disease-modification effects of soticlestat, a novel selective and potent 

inhibitor of CH24H (Nishi et al., 2020), when transiently administered 
during early disease development in the murine TLE model. Soticlestat 
therapeutic effects in mice treated during the early disease phase were 
associated with 50% reduction of 24HC in brain and blood, a pharma-
codynamic and clinically monitorable biomarker of CH24H inhibition in 
the brain (Hahn et al., 2020; Halford et al., 2021). Soticlestat also pro-
vided anti-ictogenic effects in chronic epileptic mice by reducing 
established seizures by about 44%. In terms of CH24H enzyme inhibi-
tion required for soticlestat’s therapeutic effects, the present data are 
consistent with our previous observations that soticlestat delayed 
kindling development in association with 24HC lowering (Nishi et al., 
2022). Given the specific affinity to CH24H (Nishi et al., 2020), it is 
safely inferred that soticlestat benefits shown in the TLE mouse model 
are related to CH24H enzyme inhibition. 

Fig. 6. Cholesterol 24-hydroxylase expression in human epilepsy. 
Representative images of CH24H immunostaining in autoptic control hippocampus (A,D,G) and surgical hippocampal specimens from temporal lobe epilepsy (TLE) 
patients with hippocampal sclerosis (TLE-HS; B,E,H) or without HS (TLE-noHS; C,F,I). In autoptic control tissue, CH24H expression is detected in neurons with higher 
expression in CA1 pyramidal cell layer (A), granule cell layer (GC; D) of the dentate gyrus, and the hilus (h, G). In TLE-HS, CH24H is highly expressed in CA1 
pyramidal neurons (B), GC (E), hilar interneurons (H), and is ectopically expressed in reactive astrocytes depicted in inserts B1, B2. Glutamine synthase (GS)-positive 
astrocytes are shown in B2. In TLE-noHS, CH24H expression was higher than control tissue in CA1 pyramidal neurons (C) while it was similar to control specimens in 
GC (F) and in the hilus (I); CH24H staining was undetectable in astrocytes similar to control specimens. Sections were counterstained with hematoxylin. Scale bar: 
100 μm in A-I, 20 μm in B1, 30 μm in B2. Bargrams in J depict the respective quantification (single values, mean ± S.E.M). **P < 0.01 vs control by Kruskal-Wallis 
followed by Dunn’s post-hoc test for multiple comparisons. 
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4.1. Epileptogenesis 

4.1.1. Seizure outcomes 
We showed that transient administration of soticlestat to mice 

starting treatment before epilepsy onset and continuing for one addi-
tional week thereafter, delays the occurrence of spontaneous seizures 
and drastically reduces both their frequency and duration. In particular, 
spontaneous seizures number was reduced about 3-fold in mice under 
treatment during the early disease phase, and this therapeutic effect was 
maintained and magnified several weeks after drug discontinuation. In 
addition, the drug administered during early disease development pre-
vented the increase in seizure duration observed in vehicle-treated mice 
during epilepsy development (60–74 days vs 1–14 days post-SE). These 
data suggest that soticlestat interfered with the mechanisms underlying 

the progression of seizures. 
These therapeutic effects do not require a sustained reduction of 

24HC since our data show that brain 24HC level (reduced by nearly 
50%) return to baseline value within 3 days after soticlestat adminis-
tration. In agreement, soticlestat reduced plasma 24HC by ~80% in the 
phase 1a/2b clinical trial, and following drug washout 24HC recovered 
to pretreatment levels within a month (Halford et al., 2021). 

It is unlikely that therapeutic effects of soticlestat are merely due to a 
modification of KA convulsive activity for the following reasons: 1. we 
did not detect significant changes in the acute SE evoked by KA; 2. at the 
time of soticlestat peak concentration in the brain (2 h after KA injec-
tion) >50% of KA is eliminated by the brain tissue (Scherer-Singler and 
McGeer, 1979); 3. under the dosing condition, the highest concentration 
of soticlestat in the brain is expected to be <300 nM (Fig. 1B) while 

Fig. 7. Cholesterol 24-hydroxylase expression in epileptic mice. 
Representative images of CH24H immunostaining in the hippocampus of sham (A,C,E) and epileptic (B,D,F) mice (vehicle-treated mice, n = 5; Supplementary 
Fig. 1E). In control tissue, CH24H was expressed in CA1 (A) and CA3 (C) pyramidal neurons and in the hilus (h) of the dentate gyrus (E). In epileptic mice, CH24H 
expression was increased in CA1 and CA3 pyramidal neurons (B,D) and hilar interneurons (F). Sections were counterstained with hematoxylin. Arrows depict 
immunoreactive neurons. Scale bar: 25 μm. 
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Fig. 8. Differential gene expression in neurons from SE-exposed mice treated with soticlestat or vehicle. 
SE-exposed mice (vehicle, n = 15; soticlestat, n = 13), and their respective sham controls (n = 9 in each group) were killed after vehicle or drug treatment termination 
(14 days post-SE) following the same treatment schedule used for the antiepileptogenesis study (Supplementary Fig. 1F). 
(A) Volcano plots showing differential gene expression (DEGs with and without known annotation) derived from individual comparison of SE-exposed mice treated 
with soticlestat (SE + soticlestat) or injected with vehicle (SE + vehicle) with the corresponding sham mice (not exposed to SE) treated with soticlestat or vehicle. 
Red, up-regulated genes; green, down-regulated genes. Differential expression analysis was performed with DESeq2; raw p-values from the comparison were corrected 
with the Benjamini-Hochberg method (Benjamini and Hochberg, 1995), and genes were called differentially expressed if their adjusted P-value (q-value) was equal or 
lower than 0.05. 
(B) Venn diagram comparing DEGs with known annotation in SE + soticlestat and SE + vehicle groups. The color scale indicates the number of genes belonging to 
each category. 
(C) Bar plots related to pathway enrichment analysis showing the number of up- and down-regulated DEGs in SE + soticlestat and SE + vehicle mice, and DEGs 
common to SE-exposed mice injected with either vehicle or soticlestat (shared gene unaltered by soticlestat). DEGs were used for pathway functional enrichment 
using the Reactome pathway database (Jassal et al., 2020) and the Fisher’s Exact Test. Raw P-values from the analysis were corrected with the Benjamini-Hochberg 
method (Benjamini and Hochberg, 1995) and only pathways with a q-value lower or equal than 0.01 were called significant. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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soticlestat activity to antagonize KA receptors is almost negligible at 30- 
times higher concentration (2% inhibition at 10 μM, data not shown). 
These observations, and the therapeutic effects of soticlestat on seizures 
that persist after drug discontinuation, largely support a disease- 
modification effect. 

4.1.2. Histopathological outcomes 
Previous evidence showed dynamic changes in cholesterol and 24HC 

levels in mouse hippocampus by mass chromatography-mass spec-
trometry after SE induced by KA (Hanin et al., 2021; Heverin et al., 
2012). In particular, the authors reported a transient decrease in 
cholesterol and 24HC levels in the hippocampus lasting for 5 days post- 
SE, and associated with neuronal cell loss, then these levels returned to 
control values by 15 days at which time mice developed spontaneous 
seizures. These tissue changes support that CH24H enzyme is decreased 
in our murine model due to neuronal cell loss which develops during the 
first week post-SE (Frigerio et al., 2018; Iori et al., 2017), likely 
compensated for by the enhanced enzyme expression in surviving neu-
rons, as we detected in epileptic mice and in human TLE hippocampi. It 
is therefore conceivable that the local hippocampal 24HC increase 
resulting from enzyme upregulation in surviving neurons is not reflected 
in blood level changes in diseased mice (Fig. 1C,D). 

We explored the downstream consequences of CH24H enzyme in-
hibition during epileptogenesis by studying specific neuronal and glial 
cell hallmarks of brain pathology with potential relevance for disease 
outcomes (Devinsky et al., 2018). Histopathological assessment of 
hippocampi from epileptic mice treated with soticlestat during epi-
leptogenesis showed that CA1 pyramidal neurons and hilar mossy cells 
degeneration was prevented. CA1 neurons are enriched of NMDAR 
while hilar mossy cells are glutamatergic interneurons expressing 
GLUR2/3 AMPA receptors, and both cell populations are very sensitive 
to glutamate excitotoxicity (Chung et al., 2016; Clasadonte et al., 2013; 
Coultrap et al., 2005; Scharfman, 2016). Moreover, 24HC enhanced the 
activity of GluN2B-containing extra-synaptic NMDAR (Paul et al., 2013; 
Sun et al., 2016), which are implicated in cell loss in various neuro-
logical conditions (Gonzalez et al., 2015). CH24H enzyme over-
expression was also shown to reduce glutamate re-uptake by astrocytes 
(Tian et al., 2010). This evidence suggests that soticlestat protected CA1 
neurons and hilar mossy cells by reducing 24HC levels, thereby limiting 
glutamate-mediated excitotoxicity (Gonzalez et al., 2015; Kong et al., 
2012). As far as the consequences of soticlestat neuroprotective effects 
for seizure outcomes, hilar mossy cells are implicated in spontaneous 
ictal activity since real-time optogenetic inhibition of mossy cells during 
spontaneous hippocampal seizures, increased electrographic seizure 
duration (Bui et al., 2018). Therefore, the rescue of hilar mossy cells, 
which degenerate during early epileptogenesis in our model (Volz et al., 
2011), by soticlestat is likely implicated in the reduction of seizure 
duration in hippocampus and cortex in our murine epilepsy model. In 
support, we found a significant negative correlation between the num-
ber of hilar mossy cells and the duration of seizures in epileptic mice. On 
the contrary, the rescue of CA1 pyramidal neurons is unlikely to affect 
seizures since neuroprotection of principal hippocampal cells does not 
appear to affect the generation of spontaneous seizures in acquired ep-
ilepsy models (Nehlig, 2007). However, the extent of CA1 pyramidal 
neuron loss correlates with performance of spatial memory tasks (Volpe 
et al., 1992), and soticlestat ameliorated working memory in APP/PS1 
transgenic mouse model (Nishi et al., 2020). These observations suggest 
that memory deficits, a major epilepsy comorbidity (Keezer et al., 2016; 
Mazarati and Sankar, 2016), might be improved by CH24H enzyme 
inhibition. 

CH24H inhibition during epileptogenesis did not reduce microglia or 
astrocyte reactivity in the hippocampus, including the CA1 region where 
significant neuroprotection by soticlestat was found, nor prevented the 
associated reduction in the astrocytic proteins Kir4.1, AQP4, GLT-1 
which govern extracellular K+, water and glutamate homeostasis 
(Kucheryavykh et al., 2007; Nagelhus et al., 2004). Results do not rule 

out, however, that soticlestat by reducing 24HC improved the function 
of the residual GLT-1, Kir4.1 and AQP4 proteins, thus limiting cell loss 
and seizures (Binder et al., 2006; David et al., 2009; Zeng et al., 2010). 

4.1.3. Transcriptomic changes 
We further explored the mechanisms underlying the anti-

epileptogenic effect of soticlestat by studying differential changes in 
gene expression in neurons and glial cells by RNA-seq during drug 
treatment vs vehicle-injected SE mice and sham controls. We found 
genes that were similarly expressed (shared genes) in mice under either 
vehicle or soticlestat administration during epileptogenesis, therefore 
highlighting pathways that are unlikely to mediate soticlestat’s thera-
peutic effects. Notably, we also detected soticlestat exclusive DEGs in 
both neurons and astrocytes of mice undergoing epileptogenesis that are 
associated with the glycoprotein VI (GPVI)-mediated activation cascade. 
This is a highly pleiotropic signalling first described in platelets, hence, 
the platelet activation signalling and aggregation pathway is included in the 
functional enrichment analysis. GPVI-mediated signalling was also 
described in immune competent cells. It includes a complex cascade of 
protein kinases (e.g. Syk, Srk family of protein tyrosine kinases, PI3K, 
PLCγ) and RHO-GTPase effectors (Akkerman et al., 2019). Toll-like 
(TLR) and FCγ immune receptors as well as collagen, a component of 
the extracellular matrix, are among the various initiators of this pathway 
activation, and these proteins are induced in epilepsy (Dong et al., 2020; 
Fälker et al., 2014; Ichinohe et al., 1997; Veznedaroglu et al., 2002). 
Since activation of GPVI-mediated cascade has not been previously 
described in neurons or astrocytes, the pathophysiological consequences 
of this activation remain unknown. However, the upregulation of this 
complex signalling induced by soticlestat during epileptogenesis sup-
ports its potential involvement in drug’s therapeutic effects. 

In astrocytes, DAP-12 interactions is an enriched pathway in 
soticlestat-treated mice during epileptogenesis, which includes activa-
tion of genes classically linked to this immune adaptor protein with dual 
roles in potentiating or attenuating leukocyte activation. Notably, DAP- 
12-deficient macrophages produce higher concentrations of inflamma-
tory cytokines in response to various inflammatory stimuli, suggesting 
that one or more DAP-12-pairing receptors negatively regulate signal-
ling mediated by TLRs (Hamerman et al., 2005). TLRs are overexpressed 
by astrocytes epilepsy where they play a key role in the inflammatory 
response and contribute to seizures and cell loss (Gross et al., 2017; Iori 
et al., 2013; Maroso et al., 2010; Vezzani et al., 2019). It is therefore 
possible that activation of DAP-12 signalling may lead to TLRs inhibition 
in epileptogenesis. Additional enriched pathways in astrocytes are 
related to kinetochores, a protein complex involved in cell division 
(Cheeseman, 2014), and to immune related signalings and interleukins. 

In microglia, no significant pathway enrichment was found among 
the set of soticlestat-exclusive DEGs in mice undergoing epileptogenesis, 
suggesting that these genes cannot be associated with the currently 
annotated biological pathways from the Reactome database. 

Overall, the data indicate that during drug treatment the enriched 
pathways in neurons and astrocytes substantially differ from those 
related to epileptogenesis itself, thus suggesting that soticlestat does not 
directly affect the epileptogenic transcriptional network, but it rather 
activates a novel set of genes which might oppose the pathogenic effects 
of the disease-related network. A limitation of our transcriptomic anal-
ysis is that it was not carried out also during the drug washout period, 
therefore we cannot exclude that enriched pathways in soticlestat- 
treated vs vehicle-injected mice could change as compared to what 
was found during drug treatment. 

Although 24HC was shown to influence the expression of liver X 
receptor, estrogen receptors and retinoic acid receptor-related orphan 
receptor target genes (reviewed in Ma and Nelson, 2019), our data 
indicate that genes relevant to these nuclear receptors are not differ-
entially expressed by the drug in the mouse brain, therefore they are 
unlikely to explain the therapeutic effects of CH24H enzyme inhibition 
in our model. Moreover, soticlestat does not affect the transcriptome in 

A. Salamone et al.                                                                                                                                                                                                                              



Neurobiology of Disease 173 (2022) 105835

15

sham mice but it does so in diseased mice, suggesting that enzyme in-
hibition specifically impacts still unknown disease-related pathways 
which in turn affect the transcriptome. 

Although the role of pathways associated with soticlestat induced 
reduction in seizures remains to be validated, gene expression modifi-
cations in treated mice provide interesting insights for further mecha-
nistic studies, and for the discovery of novel potential therapeutic 
targets. 

4.2. Chronic epilepsy 

Our findings also support that CH24H enzyme inhibition is a phar-
macological strategy with potential benefits for patients with estab-
lished chronic seizures. In fact, soticlestat reduced by ~44% the total 
burden of seizures when administered to chronic epileptic mice 
(Fig. 5A). Although the animal sample size was reduced as compared to 
the epileptogenesis experiment (Fig. 2), the possibility of monitoring 
seizure number in the same mouse before and after treatment limits the 
impact of inherent variability of the epilepsy model. Data on chronic 
seizure reduction by soticlestat are also in agreement with the reduced 
number of seizures observed during drug treatment in the early epi-
leptogenesis phase (during day 1–14 post-SE; Fig. 2). The average 
seizure duration was not affected by soticlestat in epileptic mice at 
variance with the reduction in seizure duration observed when the drug 
was administered during early disease development (Fig. 2C). This is 
compatible with the evidence that mossy cells (which are involved in 
modulation of seizure duration; Bui et al., 2018) degenerate to 
completion within 14 days after SE (Volz et al., 2011), therefore, these 
cells can be rescued by soticlestat only during early treatment (day 1–14 
post-SE) but not when the drug is administered in the chronic disease 
phase. 

The increased CH24H enzyme expression in surgically resected brain 
specimens from drug-resistant TLE patients is of important translational 
utility. We provide the new findings that the cellular pattern of CH24H 
expression in the human hippocampus is similar to that reported in 
mouse brain (Ramirez et al., 2008, and our data), and this pattern is 
modified in epileptogenic foci compared to homotypic control tissue. In 
human TLE and in the mouse model, we found that the enzyme 
expression was increased in pyramidal neurons and hilar interneurons. 
In human specimens only, we detected ectopic expression of CH24H in 
activated astrocytes, similar to astrocytic enzyme expression in AD brain 
(Bogdanovic et al., 2001; Brown et al., 2004). This set of evidence, 
together with the involvement of this enzyme in both epileptogenesis 
and established chronic seizures in mice, supports a role of CH24H in 
neuronal network hyperexcitability in human epilepsy. 

4.3. Clinical relevance 

Of relevance for the clinical translation of our findings, there is a 
recent Phase 1b/2a clinical study in adults with developmental epileptic 
encephalopathies [NCT03166215 (Halford et al., 2021)], rare progres-
sive epilepsies with drug-resistant seizures (Auvin et al., 2016), showing 
that soticlestat met primary end points of safety and tolerability. Since 
CH24H enzyme is expressed almost exclusively in brain, peripheral 
adverse events are unlikely to arise due to its inhibition. In the latest 
Phase 2 clinical study in Dravet syndrome and Lennox Gastaut pediatric 
population, analysis of seizure frequency in patients showed a signifi-
cant reduction from baseline during the treatment period 
[NCT03650452 (Hahn et al., 2020; Halford et al., 2021)]. 

The CNS-exclusive expression pattern of CH24H allows to use plasma 
24HC as a monitorable biomarker indicative of brain enzyme inhibition 
by soticlestat, representing an important advantage for clinical studies. 
Animal studies showed that an approximate 50% reduction of brain 
24HC levels is required to exert therapeutic effects in epilepsy while 
soticlestat can reduce plasma 24HC nearly by 80% in humans with a 
good tolerability (Halford et al., 2021). As shown previously, soticlestat 

does not inhibit major drug metabolising CYP enzymes even at con-
centrations 1000–10,000 higher than its IC50 for CH24H enzyme inhi-
bition (Nishi et al., 2020). This is a sufficiently wide therapeutic margin 
to avoid a drug-drug-interaction risk, which is another important factor 
contributing to the overall safety profile especially in epilepsy where 
polytherapy is a common medical practice. It is interesting to note that 
soticlestat does not cause sedation or disturbance in motor coordination 
even when CH24H is nearly fully inhibited (Nishi et al., 2020). 

Our preclinical and clinical data prompt the investigation of soti-
clestat in treatment of common forms of adult drug-resistant focal epi-
lepsies, such as symptomatic/structural epilepsies (Scheffer et al., 
2017). Additionally, our findings indicate that CH24H enzyme inhibi-
tion represents a novel pharmacological target for improving the clinical 
course of the disease. In this instance, favorable modification of the 
disease course may be attainable if the therapeutic intervention is done 
in the early disease phase as suggested by animal model findings. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2022.105835. 
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Gonzalez, J., Jurado-Coronel, J.C., Ávila, M.F., Sabogal, A., Capani, F., Barreto, G.E., 
2015. NMDARs in neurological diseases: a potential therapeutic target. Int. J. 
Neurosci. 125, 315–327. 

Gross, A., Benninger, F., Madar, R., Illouz, T., Griffioen, K., Steiner, I., Offen, D., Oku, E., 
2017. Toll-like receptor 3 deficiency decreases epileptogenesis in a pilocarpine 
model of SE-induced epilepsy in mice. Epilepsia 58, 586–596. 

Hahn, C., Jiang, Y., Villanueva, V., Zolnowska, M., Arkilo, D., Tsai, J., Asgharnejad, M., 
Yan, Y., Dlugos, D., 2020. Efficacy, safety and tolerability of soticlestat (TAK-935/ 
OV935) as adjunctive therapy in pediatric patients with Dravet syndrome and 
Lennox Gasteau syndrome (ELEKTRA). Am. Epilepsy Soc. Abstr. 851. 

Halford, J.J., Sperling, M.R., Arkilo, D., Asgharnejad, M., Zinger, C., Xu, R., During, M., 
French, J.A., 2021. A phase 1b/2a study of soticlestat as adjunctive therapy in 
participants with developmental and/or epileptic encephalopathies. Epilepsy Res. 
174, 106646. 

Hamerman, J.A., Tchao, N.K., Lowell, C.A., Lanier, L.L., 2005. Enhanced toll-like 
receptor responses in the absence of signaling adaptor DAP12. Nat. Immunol. 6, 
579–586. 

Hanin, A., Baudin, P., Demeret, S., Roussel, D., Lecas, S., Teyssou, E., Damiano, M., 
Luis, D., Lambrecq, V., Frazzini, V., Decavèle, M., Plu, I., Bonnefont-Rousselot, D., 
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