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Abstract  

 
The understanding of the excitotoxic processes associated with a severe status epilepticus 

(SE) is of major importance.  

Changes of brain cholesterol homeostasis is an emerging candidate for excitotoxicity. We 

conducted an overall analysis of the cholesterol homeostasis both (i) in fluids and tissues from 

patients with SE: blood (n=63, n=87 controls), CSF (n=32, n=60 controls), and post-mortem 

brain tissues (n=8, n=8 controls) and (ii) in a mouse model of SE induced by an 

intrahippocampal injection of kainic acid.  

24-hydroxycholesterol levels were decreased in kainic acid mouse hippocampus and in 

human plasma and post-mortem brain tissues of patients with SE when compared with 

controls. The decrease of 24-hydroxycholesterol levels was followed by increased cholesterol 

levels and by an increase of the cholesterol synthesis. Desmosterol levels were higher in 

human CSF and in mice and human hippocampus after SE. Lanosterol and dihydrolanosterol 

levels were higher in plasma from SE patients.  

Our results suggest that a CYP46A1 inhibition could occur after SE and is followed by a brain 

cholesterol accumulation. The excess of cholesterol is known to be excitotoxic for neuronal 

cells and may participate to neurological sequelae observed after SE. This study highlights a 

new pathophysiological pathway involved in SE excitotoxicity.  
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Abbreviations 

24-OHc 24-hydroxycholesterol 

25-OHc 25-hydroxycholesterol 

ABC ATP-binding cassette 

AED antiepileptic drug 

ApoA1 apolipoprotein A1 

ApoE apolipoprotein E 

ARDS acute respiratory distress syndrome 

BBB blood-brain barrier 

CI confidence intervals 

CONT controls 

EC esterified cholesterol 

EPI epileptic patients 

f female 

FC free cholesterol 

FCONT functional controls 

HDL-c HDL-cholesterol 

HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A 

Hpc hippocampus 

ICU intensive care unit 

KA kainic acid 

LDL Low-density lipoprotein 

Lp-PLA2 lipoprotein-associated phospholipase A2 

LXR Liver X receptor 

m male 

NORSE new-onset refractory status epilepticus 

NRSE non-refractory status epilepticus 

PBS phosphate-buffered solution 

PSRSE prolonged super-refractory status epilepticus 

RSE refractory status epilepticus 

SD standard deviation 

SE status epilepticus 

SEM standard error of the mean 

TC total cholesterol 

TG triglycerides 

UPLC-MS/MS ultra-performance liquid chromatography-

tandem mass spectrometer. 
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1. Introduction  

Status epilepticus (SE) is a life-threatening prolonged epileptic seizure (Trinka et al., 2015). 

In 25% of cases, SE is refractory (RSE) to antiepileptic drugs (AED) and requires anesthetics 

(Rossetti and Lowenstein, 2011). The excessive and sustained activation of neurons can 

induce excitotoxic processes. As a result, patients may present brain atrophy on MRI, 

especially in hippocampal structures, with subsequent severe neurologic sequelae, such as 

cognitive disorders (memory impairment) and a further development of epilepsy (Rossetti et 

al., 2006).  

The understanding of the pathophysiological mechanisms underlying the excitotoxic 

processes is crucial to better manage the SE by identifying new neuroprotective therapeutics 

and prevent neurological sequelae that may impact the patient’s life quality. We focused on 

an emerging pathway, the brain cholesterol homeostasis (de Freitas et al., 2010). Brain 

cholesterol plays a major role in brain development, synaptogenesis and neuronal activity by 

inhibition or potentiation of voltage-dependent and ligand-gated ion channels activity 

(Björkhem and Meaney, 2004; Dietschy and Turley, 2004; Korinek et al., 2015; Levitan et al., 

2014). Brain cholesterol is synthetized de novo, mostly by astrocytes through the Bloch 

pathway and to a lesser extent in neurons through the Kandutsch-Russel pathway (Mitsche et 

al., 2015; Zhang and Liu, 2015). Then, cholesterol is transported by apolipoprotein E (ApoE) 

to neurons. Cholesterol can’t freely cross the intact blood-brain barrier (BBB) (Dietschy and 

Turley, 2004). Cholesterol is metabolized into 24-hydroxycholesterol (24-OHc) by the 

neuron-specific cholesterol-24 hydroxylase enzyme, encoded by the CYP46A1 gene 

(Björkhem et al., 1998; Ramirez et al., 2008). In contrast to cholesterol, 24-OHc can be 

exported across the BBB and regulates the synthesis and the transport of cholesterol by a 

negative feedback (Leoni and Caccia, 2013).  

Disturbances in brain cholesterol homeostasis were reported in neurodegenerative disorders 

where excitotoxicity plays a major role (Boussicault et al., 2016; Djelti et al., 2015; Martins et 

al., 2009). Especially, brain cholesterol accumulation, secondary to CYP46A1 

downregulation, was found excitotoxic and responsible of neuronal death (Boussicault et al., 

2016; Djelti et al., 2015; Martins et al., 2009). We also reported that blocking CYP46A1 

expression in mouse hippocampus resulted in cholesterol accumulation, secondary epileptic 

abnormalities and progressive neuronal loss (Chali et al., 2015). These cellular and 

electrographic changes were similar to those observed: (i) in patients who presented with a 

RSE after the control of the SE and (ii) in animal models of SE two weeks after the induction 

of SE by kainic acid (KA). It suggests that disturbances in brain cholesterol homeostasis may 
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occur during SE and participate to the excitotoxic processes. Especially, we wondered if a 

CYP46A1 inhibition may occur during SE, and be followed by a decrease of 24-OHc levels 

and accumulation of cholesterol. 

Preliminary data on changes of sterol levels in rodents treated by KA are conflicting (Chali et 

al., 2019; Heverin et al., 2012; Kim et al., 2010; Ong et al., 2010). This may be explained by 

the large variabilities in methodological processes: different time point assessments and 

different anatomical sources. The relation between brain and peripheral compartments were 

rarely studied. To date, the brain cholesterol homeostasis has never been explored in SE 

patients. 

 

For the first time we aim to characterize the changes in sterol levels both in SE patients and in 

KA mouse model of SE. To study the kinetic changes, we evaluated sterol levels at different 

time points after SE onset. In addition, to assess the relationship between the brain and the 

peripheral compartments, we performed analysis in blood, CSF and brain tissues. 

Firstly, we investigated if a CYP46A1 inhibition occurs after SE and if it is followed by a 

decrease of 24-OHc levels.  

Secondly, as 24-OHc regulates cholesterol synthesis, we studied the impact of decreased 24-

OHc levels on brain and peripheral cholesterol synthesis.  

Thirdly, we studied several ways of exchange between the brain and the peripheral 

compartments, such as blood-brain barrier permeability, and lipid transport.  

 

2. Materials and methods 

 

2.1. Human fluid study 

 

2.1.1. Study design, settings and participants 

We prospectively enrolled both men and women patients from intensive care unit (ICU) and 

neurology units of Pitié-Salpêtrière Hospital, from February 2013 to May 2019. The protocol 

was approved by our local (2012, CPP Paris-VI) and by the INSERM ethic committees (C16-

16, 20152482). Patients or relatives were informed and no one has opposed. The study design 

and report are in accordance with the STROBE statement (Cuschieri, 2019).  
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We included patients aged of 16 years or over and admitted to ICU with an ongoing SE. SE 

was diagnosed according to the International League Against Epilepsy (Trinka and 

Kälviäinen, 2017). Patients with post-anoxic SE or with an associated neurodegenerative 

disease were excluded. SE patients were divided into three groups: non-refractory status 

epilepticus (NRSE), refractory status epilepticus (RSE) and prolonged super refractory status 

epilepticus (PSRSE) (Hirsch et al., 2018). RSE is defined as a failure of at least two 

appropriately selected and dosed parenteral medications including a benzodiazepine, with no 

specific seizure duration required (Hirsch et al., 2018). PSRSE is defined as a RSE that 

persists for at least 7 days, including ongoing need for anesthetics (Hirsch et al., 2018).  

We included control patients (CONT), who were hospitalized in neurology units of Pitié-

Salpêtrière Hospital, aged of 16 years or over. They were divided into two groups: (i) 

functional controls (FCONT) if they had functional neurological disorder, based on normality 

of clinical examination and lumbar puncture, and (ii) epileptic controls (EPI) including 

patients with epilepsy but no SE. Patients with a neurodegenerative disease were also 

excluded. 

 

2.1.2. Variables 

The primary objective was to characterize the cholesterol homeostasis disturbances related to 

SE with regards to blood, CSF and brain tissues. Venous blood and CSF samples were drawn 

to measure lipid parameters, hydroxycholesterols, FC and cholesterol synthesis precursors 

levels with protocols described below. Analyses were performed on blood from 63 SE 

patients and 87 CONT. Lumbar punctures were only done for diagnostic purpose and 

concerned 32 SE patients and 60 CONT (Fig.1).  

 

2.1.3. Study size 

This is the first human study conducted to evaluate brain cholesterol homeostasis disturbances 

induced by SE. Nevertheless, on the basis of animal literature, we estimated that SE patients 

were four times more likely to present disturbances in lipid homeostasis (OR=4) and those 

disturbances could be observed in 10% of control patients. Therefore, a total sample size of 

136 participants was required for the study (alpha=5%, beta=20%). An interim analysis 

showed a higher rate of the endpoint than expected (OR=4.5), which reduced the required 

sample size to 112 participants.  

 

2.2. Human tissues extract 
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Post-mortem human frozen samples and paraffin tissues of hippocampus, lateral temporal 

cortex and frontal cortex were obtained from eight controls with no history of acute 

neurological or psychiatric disorders (delay post death=33 hours), and eight patients with SE 

diagnosed clinically or based on EEG (delay post death=48 hours). The Table1 gives patient’s 

gender and age, delay of examination post death, cause of death and which frozen and/or 

paraffin tissues were available for each patient. 

 

2.3. Mouse model of epilepsy 

All experimental studies were performed in accordance with the European Committee 

Council Directive (2010/63/UE) and approved by the local ethics committee (A75-13-19; 

8302-2017). Experiments were performed on C57BL/6J male mice, aged of 2 months of age 

and weighing 20-25g (n=99).  

 

2.3.1. Kainate injection and intracranial surgery 

Mice were anesthetized with 2-4% isoflurane performed with analgesia (Buprecare) and 

placed in a stereotaxic frame. Kainic acid (KA, 50nL; 20mM in PBS) or phosphate-buffered-

solution (PBS, 50nL) for control mice, were injected into the right hippocampus (anterior-

posterior, -1.8mm; medio-lateral, -1.8mm; dorso-ventral, -1.8mm, with respect to the 

bregma). This site corresponds to distal dendritic regions of CA1 pyramidal cells (Le Duigou 

et al., 2008). After injection, 7 mice (2 PBS, 5 KA) were directly implanted with two bipolar 

stainless-steel electrodes inserted respectively into the right and left hippocampus. A 

reference electrode was placed on the cerebellum of each mouse. All coordinates were 

derived and adjusted from Paxinos and Watson mice brain atlas (Paxinos et al., 1985).  

 

2.3.2. Video-EEG recordings 

Implanted mice were freely moving and connected to an ADC amplifier, part of a video-EEG 

acquisition system (Deltamed, Natus). EEG signals were acquired at 4096Hz and band pass 

filtered (0.5-70Hz). Continuous video-EEG recordings were performed during 72 hours after 

surgery, then at 6-7 days and at 14-15 days after surgery. Signal analyses were achieved using 

Deltamed software.  

 

2.3.3. Mice brain tissues preparation  

Animals were euthanized, at 1, 3, 7 or 15 days after KA-injection or PBS-injection, by an 

intraperitoneal injection of pentobarbital. For biochemical analyses, ipsi- and contralateral 
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hippocampus (n=26 KA-injected mice and n=26 PBS-injected mice; 6 mice per group at 3 

and 7 days and 7 mice per group at 1 and 15 days) were dissected. For immunohistochemistry 

studies, mice (n=20 KA-injected mice and n=20 PBS-injected mice; 5 mice per group, per 

time) were perfused intracardially with 4% paraformaldehyde.  

 

2.4. Histology and immunohistochemistry  

Mouse and human post-mortem brain slices were washed in PBS, and exposed to citrate 

buffer and Triton. Primary antibodies were applied overnight at 4°C (NeuN, 1:500, MAB377 

Merck-Millipore; CYP46A1, 1:500, ab82814 abcam). Secondary antibodies were applied for 

1-hour at room temperature (Alexa fluor-555-donkey-anti-mouse, 1:500 for NeuN; Alexa 

fluor-488-donkey-anti-rabbit, 1:500 for CYP46A1). Images were acquired with Zen software 

(Zeiss) and fluorescence intensities were quantified using ImageJ software (NIH).  

 

2.5. Biochemical analyses for hydroxycholesterols and cholesterol precursors 

Human and mouse tissues were put in an HEPES buffer and homogenized. Homogenates 

were centrifuged and supernatants were collected. Sterol concentrations were normalized by 

total protein concentration, evaluated by the bicinchoninic acid assay (Sigma-Aldrich).   

An ultra-performance liquid chromatography-tandem mass spectrometer (UPLC-MS/MS) 

with isotopic dilution method was used to measure hydroxycholesterols (24-

hydroxycholesterol and 25-hydroxycholesterol) in plasma, CSF and homogenate brain tissues 

(Marelli et al., 2018). A similar protocol was applied for sterols (cholesterol, lanosterol, 

dihydrolanosterol and desmosterol) measurements, with an incubation at room temperature 

during 45-min.  

We measured sitosterol levels, by UPLC-MS/MS, to assess BBB permeability. Sitosterol is a 

plant sterol only provided via food uptake which was proposed to reflect BBB integrity 

(Heverin et al., 2004; Saeed et al., 2015). 

 

2.6. Lipid parameters 

Venous blood samples were collected and centrifuged to obtain serum. Total cholesterol (TC), 

triglycerides (TG), HDL-cholesterol (HDL-c) were analyzed by enzymatic methods and 

apolipoprotein A1 (ApoA1) and apolipoprotein B100 (ApoB) by immunoturbidimetric 

method on Cobas analyzer (Roche). Free cholesterol (FC) was analyzed by colorimetric 

method on Konelab 30i analyzer (Thermo Fisher Scientifics). Esterified cholesterol (EC) was 
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calculated by difference (EC=TC-FC). Apolipoprotein E (ApoE) was measured by 

immunonephelemetric method on BNII analyzer (Siemens).  

 

2.7. ApoE phenotyping 

ApoE isoforms were identified with the Hydragel 18 ApoE Isofocusing (Sebia). A ready-to-

use agarose gel containing ampholytes was used to perform a semi-automatic electrophoresis, 

followed by a specific immunofixation, on Hydrasys2 scan instrument(Bittar et al., 2020). 

Isoforms bands were compared to specific controls.  

 

2.8. Western-blot analyses 

Human post-mortem frozen tissues were homogenized in a Tris buffer, completed with a 

protease inhibitor and a benzonase nuclease and incubated at 37°C for 30-min. Sodium 

dodecyl sulfate was added to 2%. Protein extracts were centrifuged and supernatants protein 

concentration was evaluated using the bicinchoninic acid assay. Proteins were separated on 

NuPAGE
TM

 Bis-Tris Gel (Thermo Fisher Scientific) and electrophoretically transferred to 

nitrocellulose membranes (PROTAN
TM

, Whatman Gmbh). Primary antibody against 

CYP46A1 (1:1000) was applied over 3-hours and secondary antibody (1:5000) over 1-hour at 

room temperature. Signals were detected using ECL
TM

 Prime Western Blotting Detection 

Reagent (GE Healthcare). Signal intensities were analyzed, on a blinded fashion, with 

MultiGauge 3.0 software. CYP46A1 concentrations were found by densitometry analysis. 

 

2.9. Statistical analysis 

Analyses were performed with R Software (R.3.5.0).  

We first performed one-way ANOVA tests to evaluate subgroups impact. Then, pairwise 

comparisons were performed using Student, Mann-Whitney, or Chi
2
 tests when appropriate. 

The sequential rejective Benjamini-Hochberg test procedure was used to correct for multiple 

comparisons. Shapiro-Wilk test was performed to assess normality of data distribution. 

Correlations were evaluated calculating respective Spearman’s rho values and their level of 

significance. Results were considered significant when P<0.05.  

 

3. Results 

 

3.1. Study participants 
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The number of patients for each subgroup and each biological compartment are summarized 

in Fig.1. Main demographic and biological characteristics are summarized in Table2. NRSE 

patients were included more quickly after SE onset than those with RSE (P=0.028).  

 

3.2. Time course of epileptic activities and neuronal death in mice after KA 

injection 

 

3.2.1. Electrophysiological features 

Following KA injection, EEG recordings showed SE, defined by intermittent seizures without 

recovery of normal background between successive seizures, which began after 30-min and 

lasted for 3 days (Fig.2A-B). At 6-7 days post-injection, we observed an interictal activity 

including spike-and-wave discharges in both hippocampi. After 2 weeks, we observed 

spontaneous clonic seizures followed by prolonged postictal depression with EEG flattening 

(Fig.2A-B).  

 

3.2.2. Histological analyses 

A severe progressive neuronal loss was seen in CA1 region (Fig.2C), starting at the 3
rd

 day 

and almost total at the 15
th
 day (Fig.2D).  

 

3.3. SE induces a decrease of 24-OHc levels both in humans and mice 

 

3.3.1. 24-OHc levels in human post-mortem brain tissues  

24-OHc levels were measured in subiculum, lateral temporal cortex and frontal cortex from 

frozen extracts of post-mortem patients (SE patients n=2, CONT n=3), and normalized by 

CYP46A1 concentration. In subiculum, we found a higher 24-OHc/CYP46A1 ratio for one 

patient when compared with CONT (Fig.3A). This patient died after 106 days of a New Onset 

Refractory Status Epilepticus (NORSE, new onset refractory status epilepticus without a clear 

acute or active structural, toxic or metabolic cause in a patient without active epilepsy or other 

preexisting relevant neurological disorder (Hirsch et al., 2018)) and presented with 

hippocampal atrophy at brain examination. In contrast, there was a decrease of the ratio for 

the second patient who died only 9 days after SE onset and also suffering from a NORSE 

(Fig.3A). In temporal cortex and frontal cortex, we found decreased ratio for both patients 

(Fig.3B-C).   
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3.3.2. 24-OHc levels in human plasma and CSF 

We measured 24-OHc levels in CSF and plasma of CONT and SE patients (Table2). No 

significant change in CSF 24-OHc levels were found in SE patients, as compared to CONT. 

However, plasma 24-OHc levels were significantly lower in SE patients when compared with 

CONT (P=0.00064), FCONT (P=0.018) and EPI (P=0.00087). No difference was found 

between FCONT and EPI (P=0.25), suggesting that reduced 24-OHc levels are not related to 

sporadic seizures (Fig.3D). Among SE patients, only NRSE patients had significantly reduced 

24-OHc levels when compared with CONT (P<0.001). NRSE patients showed also lower 24-

OHc levels than RSE patients (P=0.043) (Fig.3D). In contrast to 24-OHc, we found increased 

25-hydroxycholesterol (25-OHc) plasma levels for SE patients when compared with FCONT 

(P=0.043). RSE patients showed also higher 25-OHc levels than CONT patients (P=0.035) 

(Fig.3E). We studied the relationship between plasma 24-OHc levels and the time between SE 

onset and blood sampling: patients who were enrolled quickly after SE onset had significantly 

lower 24-OHc levels, than those enrolled later (rho=0.25; P=0.047) (Fig.3F).  

 

3.3.3. 24-OHc levels in the hippocampus of KA-induced SE mice 

We then measured 24-OHc levels both in ipsilateral and contralateral hippocampi from KA 

mice. Levels were normalized by the total protein concentration, and expressed as the ratio of 

24-OHc levels for KA mice and for PBS mice (Fig.3G). We observed a significant decrease 

of the ratio the first day after injection in the ipsilateral hippocampus (P=0.047). At the third 

day, ratios were decreased in ipsilateral (P=0.0015) and contralateral hippocampi (P=0.047). 

There was no difference between KA and PBS mice during the latent period (D7) and at the 

time of spontaneous seizures (D15). Decreased 24-OHc levels in KA mice preceded the 

decrease in NeuN+ cells (Fig.2D), indicating that the reduced 24-OHc production by the 

CYP46A1 is not merely related to the neuronal death.  

 

3.3.4. CYP46A1 expression levels in human post-mortem brain tissues  

As we found decreased 24-OHc levels, we studied the expression of the CYP46A1. In CONT 

post-mortem tissues (n=3), we found CYP46A1 expression in all cell bodies of subiculum 

pyramidal cells (Fig.3H). In post-mortem tissues from SE patients (n=7), we did not identify 

changes in the intensity or the localization of CYP46A1 fluorescence (Fig.3H).  

Then, we analyzed CYP46A1 protein expression levels in humans’ frozen post-mortem 

subiculum (CONT n=3, SE patients n=2), lateral temporal cortex (CONT n=8, SE patients 
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n=2) and frontal cortex (CONT n=8, SE patients n=2). Immunoblots of CYP46A1 showed no 

significant modifications in CYP46A1 levels in subiculum, lateral temporal cortex and frontal 

cortex of SE patients when compared with CONT (Fig.3I).  

 

3.4. SE induces an abnormal increase in brain cholesterol synthesis 

As our previous results suggest a functional blockage of the CYP46A1, we then studied the 

substrate of this enzyme: the cholesterol and its precursors. Cholesterol synthesis from acetyl-

CoA requires a lengthy biosynthesis and two parallel pathways: the Bloch pathway—which 

involves desmosterol synthesis—and the Kandutsch-Russel pathway—which involves 

dihydrolanosterol synthesis (Fig.4A).  

 

3.4.1. Sterol levels in human post-mortem brain tissues  

We first measured sterol levels in the homogenates of subiculum, lateral temporal cortex and 

frontal cortex extracts. We found increased cholesterol and desmosterol levels in the 

subiculum of SE patients when compared with CONT (Fig.4B). Levels were higher for the 

patient who had a lower 24-OHc/CYP46A1 ratio (Fig.3A). In the temporal cortex, we found 

no modification in cholesterol levels for SE patients when compared with CONT (Fig.4C). 

Nevertheless, as observed in the subiculum, we found increased desmosterol levels in SE 

patients (Fig.4C). Similar results were obtained in the frontal cortex (Fig.4D). No 

modification was found for lanosterol and dihydrolanosterol levels (data not shown).  

 

3.4.2. Sterol levels in human CSF 

Sterol levels were then measured in CSF from CONT and SE patients (Fig.4E-G). CSF 

cholesterol levels were increased in SE patients when compared with CONT (P=0.036) 

(Fig.4E). To identify the synthesis pathway, we measured desmosterol and dihydrolanosterol 

levels. No modification of dihydrolanosterol levels was found (Fig.4F), while a significant 

increase of desmosterol levels was observed for SE patients when compared with CONT 

(P=0.0027) (Fig.4G).  

 

3.4.3. Sterol levels in mice KA model hippocampus  

Next, sterol levels were measured in ipsilateral and contralateral hippocampi from KA and 

PBS mice (Fig.4H-I). We observed a progressive increase in KA/PBS desmosterol ratios with 

a peak at 3 days (1.68, P=0.015) for the contralateral hippocampus and at 7 days (1.45, 

P=0.025) for the ipsilateral. We also observed a progressive increase in KA/PBS cholesterol 
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ratio with a peak at 7 days (P=0.15) (Fig.4I). No modification was found for lanosterol and 

dihydrolanosterol levels (data not shown).  

 

Altogether these data indicate that SE induces an abnormal increase of brain cholesterol 

synthesis through the Bloch pathway. 

 

3.5. SE induces disturbances in peripheral cholesterol homeostasis 

 

3.5.1. Total cholesterol, free cholesterol and esterified cholesterol 

SE patients had significantly lower total cholesterol (TC) levels when compared with CONT 

patients (P<0.001). No difference was found between levels of FCONT and EPI (Fig.5A). TC 

levels were lower for NRSE patients and PSRSE patients. Nevertheless, TC decrease hides 

different trends from the two subtypes of cholesterol: the free or unesterified cholesterol (FC), 

which is metabolically active, and the esterified cholesterol (EC), an inactive form stored in 

the liver. SE patients had lower EC levels when compared with CONT patients (P<0.001). 

Notably, EC levels were lower for NRSE patients and PSRSE patients when compared to 

FCONT and EPI (Fig.5B). The cholesterol esterification ratio, obtained as EC/TC, was also 

lower for SE patients (P<0.001). In contrast, FC levels tend to rise in SE patients, especially 

for PSRSE patients (P=0.055). We also observed a correlation between serum FC levels and 

the time between SE onset and blood sampling (rho=0.44; P<0.001) (Fig.5C).  

 

3.5.2. Lipoproteins and apolipoproteins 

We then studied changes in the lipid complexes. SE patients showed a decrease of HDL-c 

levels which was even stronger if SE was sustained (P=0.020 for RSE patients versus 

FCONT; P<0.001 for PSRSE patients versus FCONT and RSE patients) (Fig.5D). Contrary to 

HDL-c, triglyceride levels increased in SE patients (P=0.0016 for PSRSE patients versus 

CONT and P=0.019 for PSRSE patients versus RSE patients). No correlation was observed 

between HDL-c and triglyceride levels (up to 2.5 g/L) in SE patients, indicating that lower 

HDL-c levels were not merely related to high triglyceride levels (Fig.5E). ApoA1 levels were 

decreased in SE patients when compared with CONT (P<0.001). No significant change was 

observed for ApoB levels.   

 

3.5.3. Sterol levels in human plasma 
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The increase of FC levels could be linked to an increase of lanosterol (P=0.04) (Fig.5F), and 

dihydrolanosterol (P=0.0076) (Fig.5G) levels in PSRSE patients when compared with CONT. 

In contrast to the brain findings, no modification in desmosterol levels was found in plasma of 

SE patients (Fig.5H).  

 

Altogether these data indicate that SE induces an abnormal increase of peripheral cholesterol 

synthesis through the Kandutsch-Russel pathway and disturbs cholesterol and lipoproteins 

homeostasis.  

 

3.6. Blood – brain handover in SE  

In order to understand relationship between the brain and the peripheral compartments, we 

further studied several ways of communication between them. 

 

3.6.1. Blood-brain barrier permeability 

To study BBB integrity, we measured sitosterol levels in humans and mice. SE patients 

showed increased CSF sitosterol levels when compared with CONT patients (P=0.0019) 

(Fig.6A), and an increased percentage of diffusion through the BBB (i.e. 

[Sitosterol]CSF/[Sitosterol]CSF+plasma) (P<0.001). Moreover, hippocampus sitosterol levels were 

doubled, one day after injection, in KA mice when compared with control animals (P=0.029) 

(Fig.6B).  

 

3.6.2. Lipid transport and ApoE 

As ApoE is involved in the lipid transport from liver to peripheral compartments and from 

astrocytes to neurons, we measured its serum and CSF levels in patients. CSF ApoE levels 

tend to decrease in SE patients when compared with CONT (P=0.15) (Fig.6C). SE patients 

showed significantly higher serum ApoE levels when compared with CONT (P=0.0016). We 

observed increased serum ApoE levels with SE duration (Fig.6D). In addition, we observed a 

trend to an increase of hippocampal ApoE+ cells 7 days after KA injection (data not shown). 

Altogether these data suggest an increase of ApoE brain levels.  

We further phenotyped ApoE in SE patients and CONT patients (Fig.6E). The E3/E3 

phenotype was the most common both in SE patients (63%) and CONT (73%) (Fig.6F). We 

did not observe any difference between phenotype frequencies in both groups.  
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4. Discussion and Conclusions 

The availability of metabolites measurable in brain, blood or CSF may facilitate the 

understanding of cellular changes that occur during SE and the implementation of further 

prospective therapeutic studies. Even if several fluid biomarkers were proposed in SE, none 

have yet been validated for clinical use (Hanin et al., 2020).     

Disturbances in brain cholesterol homeostasis were reported in several neurological disorders 

such as Alzheimer’s disease (Djelti et al., 2015; Martins et al., 2009) or Huntington’s disease 

(Boussicault et al., 2016) and suggested in SE animal models (Chali et al., 2019; Heverin et 

al., 2012; Kim et al., 2010; Ong et al., 2010). Nevertheless, findings were conflicting and 

brain cholesterol homeostasis has never been explored in SE patients. We therefore aimed to 

evaluate more accurately brain cholesterol homeostasis disturbances induced by SE in both 

patients and animal model.  

 

4.1. CYP46A1 expression is maintained but 24-OHc levels decrease during SE 

We did not observe a decrease of CYP46A1 expression in the brain of patients with SE 

(Fig.3H-I). Nevertheless, in lines with previous studies conducted on neurodegenerative 

diseases, we observed two-step changes of 24-OHc levels—an initial decrease (Leoni et al., 

2008; Solomon et al., 2009), followed by an increase (Lütjohann et al., 2000).  

Indeed, the 24-OHc/CYP46A1 ratio was lower than that of controls in subiculum for the 

patient who died early (9 days) after SE onset (Fig.3A). We observed decreased 24-OHc 

levels in mouse hippocampi, 1 and 3 days after KA injection (Fig.3G), as well as in plasma 

from patients who were enrolled shortly after SE onset (Fig.3D-F). SE may induce a 

CYP46A1 functional inhibition, possibly related to (i) a dysfunction of the CYP46A1 

intracellular transfer between endoplasmic reticulum and membranes (Sodero et al., 2012), 

(ii) an increased requirement for brain cholesterol after injury or (iii) a protective mechanism 

against 24-OHc neurotoxicity (Noguchi et al., 2015, 2014; Paul et al., 2013; Yamanaka et al., 

2011). Decreased 24-OHc production could induce an increased production of 25-OHc, via an 

alternative way of hydroxylation. Increased levels of 25-OHc are involved in inflammation 

pathways (Pokharel et al., 2019) and may participate to SE excitotoxicity. No difference of 

24-OHc levels was found in CSF. Measurement of 24-OHc in CSF was previously shown to 

give less accurate findings: the CSF compartment may accumulate compounds and reflect an 

averaged production and release, and repeated measures are difficult to obtain (Leoni and 

Caccia, 2011).  
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The secondary increase in 24-OHc levels was reported to result from neuronal loss and a wide 

release of molecules from the brain into the blood (Leoni and Caccia, 2011; Lütjohann et al., 

2000). We showed an increase of the subiculum 24-OHc/CYP46A1 ratio for the patient who 

presented with hippocampal atrophy at brain examination, highlighting a focal neuronal death 

(Fig.3A). No increase was shown in both cortex (Fig.3B-C), possibly explained by the lack of 

cortical atrophy. We also reported increased 24-OHc levels for SE patients who were enrolled 

later after SE onset (Fig.3D-F). These patients presented with SE for several days; therefore, 

we may hypothesize that neuronal death had already begun.  

This two-stage evolution of 24-OHc emphasizes the need of a precise timing of blood 

sampling, referred to SE onset to correctly interpret this variable (Fig.7). We can identify 

three periods: (1) first hours/days after SE onset, 24-OHc levels decrease; (2) several days 

after, 24-OHc levels normalize; (3) in patients and/or animals with sustained SE, suffering 

from secondary neuronal death, 24-OHc is finally released from the brain into the blood.  

 

4.2. 24-OHc decreased levels are followed by an abnormal increase of cholesterol 

synthesis 

The cholesterol synthesis and the 24-OHc production are closely related (Fig.7). Accordingly, 

we showed that decreased 24-OHc levels were associated with increased cholesterol levels. 

Furthermore, we showed that increased cholesterol levels did not merely result from the 

blockage of the CYP46A1 enzymatic activity, but also resulted from an increase of the 

cholesterol synthesis. Desmosterol and cholesterol levels were higher in the subiculum of the 

patient who had the lowest 24-OHc/CYP46A1 ratio (Fig.4B). Increased cholesterol synthesis 

could reflect the lack of a negative feedback mechanism triggered by 24-OHc on the 

cholesterol synthesis enzymes (Boussicault et al., 2016; Chali et al., 2019; Leoni and Caccia, 

2013).  The activation of cholesterol enzymes by transcription-traduction occurred after 

several days, which could explain why only PSRSE patients presented with higher FC levels 

(Fig.5C, period 2 Fig.7C). A too early blood sampling does not measure the increase in the 

cholesterol synthesis (period 1 Fig.7C). 

Two alternative pathways for cholesterol synthesis exist downstream of lanosterol: the Bloch 

and the Kandutsch-Russel pathway (Mitsche et al., 2015). Interestingly, we observed an 

increase of the cholesterol synthesis through two different pathways according to the 

compartment: (i) in brain, an increase of desmosterol levels both in human and mouse brains 

and in human CSF, through the Bloch pathway (Fig.4); and (ii) in the peripheral 

compartment, an increase of lanosterol and dihydrolanosterol levels in human plasma, 
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through the Kandutsch-Russel pathway (Fig.5F-G). Adult neurons essentially rely on 

astrocytes for cholesterol synthesis, which could explain the increase in the brain Bloch 

pathway activity. Altogether these data suggest that SE induces an abnormal increase of 

cholesterol synthesis in brain and in peripheral compartment.  

 

4.3. Disturbances in peripheral cholesterol homeostasis and lipid transport 

When low-density lipoprotein (LDL) particles are overloaded in the blood stream, lipids 

synthetized in the liver are transported thanks to ApoE/ApoB to the peripheral compartments. 

In contrast, high-density lipoprotein (HDL) particles transport cholesterol back to the liver 

after esterification by LCAT enzyme (Zhang and Liu, 2015). Brain transcripts for 

esterification enzymes increased persistently after SE onset in mice (Chali et al., 2019). 

However, we observed a decrease of serum EC and cholesterol esterification ratio in patients, 

which may result in a default to eliminate FC stored in peripheral compartments (Fig.5B).  

After an injury, increased mobilization of cholesterol may be required for repair, growth and 

maintenance of myelin and neurons membranes (Wang et al., 2010). We observed increased 

sitosterol levels both in mouse hippocampi and human CSF. These data suggest that BBB is 

altered after SE and so, a cholesterol blood-brain handover could happen. We showed that 

PSRSE patients presented with the highest serum ApoE and ApoB levels, the lowest EC 

levels and the highest sitosterol CSF levels. We can speculate that the non-esterified 

cholesterol could be transported by apolipoproteins to the brain through an altered BBB 

(Fig.7).  

 

Altogether, these data may suggest that cholesterol may be actively concentrated after SE. 

This may first be beneficial for the restoration of lipid membranes. On the other hand, in case 

of sustained SE, the excess of cholesterol may be excitotoxic for neuronal cells, as shown by 

the complete blockage of the CYP46A1 (Chali et al, 2015). The cholesterol accumulation 

could result in an increase of membrane viscosity and a decrease of neurotransmitter receptors 

mobility out of synapses, thereby increasing excitotoxicity and focal neuronal death. It may 

explain the neurologic sequels observed in SE patients and promote the use of cholesterol-

lowering drugs that have previously shown their capability to reduce the association of 

NMDA receptor to lipid rafts in neuronal cultures, thereby decreasing the neurotoxicity 

(Ponce et al., 2008). Excitotoxicity could also be related to a direct regulation of numerous 

voltage-dependent and ligand-gated ion channels by cholesterol (Korinek et al., 2015; Paul et 

al., 2013).  
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In summary, our findings reveal disturbances in cholesterol homeostasis, similar in humans 

and in mouse model of SE, both in brain and in peripheral compartments (summarized in 

Fig.7A-B). The accumulation of cholesterol was previously shown to be responsible for 

neuronal death in animal models and in vitro. In this study, we demonstrated that SE induces 

an increase of the cholesterol synthesis both in humans and mice. Nevertheless, the prognosis 

significance of the increase of cholesterol synthesis remain to be explored in SE patients. If 

we demonstrate that disturbances of cholesterol homeostasis are associated with higher 

morbidity, the deleterious increase of brain cholesterol synthesis could be targeted by statins.  

Simvastatin has the highest BBB permeability (Sierra et al., 2011; Xie et al., 2011). Some 

studies conducted in rodents suggested a neuroprotective effect of simvastatin (Ponce et al., 

2008; Xie et al., 2011; Zacco et al., 2003). Nonetheless, mechanisms underlying the 

neuroprotective effect of simvastatin are unknown (Omar et al., 2017; Quintana-Pájaro et al., 

2018), and other studies did not report any effect (Funck et al., 2011; Trivedi et al., 2018).   

Our study paves the way for research on statins as therapeutic intervention, in order to prevent 

the excitotoxicity and possibly subsequent neurological sequels of SE patients.  

There are some limitations for this study: it was conducted in a single center, with various SE 

etiologies and treatments. Lumbar puncture was not performed for all patients and CSF was 

obtained more commonly for the patients with the most severe disease. Due to the smaller 

number of patients, we were not able to perform pairwise comparisons for CSF, and statistical 

analysis for the post-mortem samples. The interpretation of human post-mortem findings is 

limited by the small number of patients.  

Nonetheless, the strengths of our study were the translational approach showing similar 

results for humans and KA mice, and the detailed analysis of lipid homeostasis by 

complementary methods. In addition, it was seemingly the first study demonstrating 

disturbances of cholesterol homeostasis in SE patients.  
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Figures legends 

 

Fig.1: Flow chart of the study population 

 

Fig.2: Time course of epileptic activities and neuronal death after kainate injection 

(A) KA injection is followed by three periods: SE for 3 days, a latent period, and emergence 

of spontaneous seizures at 15 days. Mice were euthanized 1, 3, 7 or 15 days after injection. 

(B) Extract of an EEG of ipsilateral (right) and contralateral (left) hippocampus, from a KA 

mouse, at 1 day after the injection showing continuous polyspikes starting in the ipsilateral 

and spreading in the contralateral hippocampus (top), at 7 days showing interictal 

epileptiform discharges (middle) and at 15 days showing a spontaneous seizure followed by 

prolonged postictal depression with flattening of the EEG (down). Time frequency analysis of 

each EEG pattern is presented below the EEG extract. (C) NeuN (magenta) neuronal staining 

of the hippocampus shows a progressive reduction of neuronal density in CA1 region of KA 

injected mice at 7 days (D7) and 15 days (D15) in comparison with PBS injected mice and 

KA injected mice at 1 day (D1). Scale bar = 200µm. (D) Kinetics of disappearance of NeuN+ 

cells in CA1 region from the 1
st
 day to the 15

th
 day after intrahippocampal injection. Data are 

represented with the ratio of KA to PBS mice (mean ± SEM density; 5 animals; statistical 

analyses: Mann-Whitney test). The * indicates significant decrease (P=0.027) of the 

fluorescence intensity between D1 and D15.  

 

Fig.3: Status epilepticus induces a decrease of 24-OHc levels both in humans and mice 

(A-C) 24-OHc levels were measured respectively in the homogenates of subiculum from 

CONT (n=3) and SE patients (n=2) post-mortem tissues (A), lateral temporal cortex from 

CONT (n=8) and SE patients (n=2) post-mortem tissues (B) and frontal cortex from CONT 

(n=8) and SE patients (n=2) post-mortem tissues (C). Data were normalized by the 

concentration of the CYP46A1 in the extracts. (D) 24-OHc levels in the plasma of CONT and 

SE patients. Values of the different subgroups (FCONT, EPI, NRSE patients, RSE patients 

and PSRSE patients) are presented. We performed pairwise comparisons after a one-way 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Hanin et al. 

 

ANOVA test. (E) 25-OHc levels in the plasma of CONT and SE patients. Values of the 

different subgroups (FCONT, EPI, NRSE patients, RSE patients and PSRSE patients) are 

presented. We performed pairwise comparisons after a one-way ANOVA test. (F) 24-OHc 

plasma levels were correlated with the time between SE onset and blood sampling (days). The 

degree of correlation was evaluated with the Spearman test (rho 0.25; P=0.047). (G) 24-OHc 

levels were measured in both ipsilateral hippocampus (black bars) and contralateral 

hippocampus (grey bars) from mice at the four time points after KA injection (n=6-7 per time, 

per group). Data were normalized to those of PBS mice at each time. (H) Human paraffin 

post-mortem slices were stained with the monoclonal antibody against the CYP46A1 (blue). 

Strong expression was detected in the subiculum region, in which CYP46A1 staining was 

polarized and visible in the cell bodies and dendrites of pyramidal neurons, from both CONT 

and SE post-mortem tissues (top). Co-labelling of CYP46A1 and NeuN (magenta) 

immunostaining in hippocampus subiculum region shows a strong co-localization (down). No 

variation of intensity was found between CONT (n=3) and SE post-mortem patients (n=7). 

Scale bar=50 µm. (I) Examples of frozen post-mortem subiculum, lateral temporal cortex and 

frontal cortex from CONT and SE patients which were processed for western blotting with 

antibodies directed against CYP46A1 and GAPDH (top). Quantification of CYP46A1 levels 

normalized to GAPDH from CONT (n=3 and 8 respectively for subiculum and cortex) and 

SE patients (n=2) extracts (down).  

All data are represented as mean ± SEM; statistical analyses: Student t test and Mann-

Whitney test when appropriate. *P<0.05; **P<0.01; ***P<0.001 for NRSE patients or RSE 

patients versus CONT or KA-mice versus PBS-mice. #P<0.05 when compared with RSE 

patients.  

 

Fig.4: Status epilepticus induces an abnormal increase in brain cholesterol synthesis. 

(A) Schematic representation of the two enzymatic pathways for the conversion of squalene 

to cholesterol: Bloch and Kandutsch-Russel pathways, respectively shown on the left and on 

the right side. Sterols in bold were measured by UPLC-MS/MS. (B, C and D) Cholesterol 

and desmosterol levels were measured respectively in subiculum homogenates from CONT 

(n=3) and SE patients (n=2) post-mortem tissues (B), in homogenates of lateral temporal 

cortex from CONT (n=8) and SE patients (n=2) post-mortem tissues (C) and in homogenates 

of frontal cortex from CONT (n=8) and SE patients (n=2) post-mortem tissues (D).  Data 

were normalized by the total protein concentration in the extracts. (E-G) Sterols were 

measured in the CSF of CONT patients and SE patients. (H) Desmosterol levels were 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Hanin et al. 

 

measured in both ipsilateral hippocampus (black bars) and contralateral hippocampus (grey 

bars) from KA injected mice at the four time points (n=6-7 per time, per group). Data were 

normalized to those of PBS mice at each corresponding time points. (I) Cholesterol levels 

were measured in both ipsilateral hippocampus (black bars) and contralateral hippocampus 

(grey bars) from mice at the four time points after KA injection (n=6-7 per time, per group). 

Data were normalized to those of PBS mice at each corresponding time points.  

All data are represented as mean ± SEM; statistical analyses: Mann-Whitney test. *P<0.05; 

**P<0.01 for SE patients versus CONT or KA-mice versus PBS-mice. 

 

Fig.5: Status epilepticus induces modifications in peripheral cholesterol homeostasis.  

Total cholesterol (A) and esterified cholesterol (B) were measured in the serum of FCONT, 

EPI, NRSE patients, RSE patients and PSRSE patients. (C) Free cholesterol levels were 

correlated with the time between SE onset and blood sampling (days). The degree of 

correlation was evaluated with the Spearman test (rho 0.44; P=0.00030). (D-E) HDL-

cholesterol levels were measured by enzymatic method (D) and levels were correlated with 

the triglyceride’s concentration, in patients showing a hypertriglyceridemia (TG > 2.5 g/L). 

No correlation was observed using the Spearman test (rho -0.116; P=0.70) (E). (F-H) 

Lanosterol, dihydrolanosterol and desmosterol levels were measured in the plasma of 

FCONT, EPI, NRSE patients, RSE patients and PSRSE patients.  

Data are represented as mean ± SEM; statistical analyses: Student t test and Mann-Whitney 

test when appropriate. *P<0.05; **P<0.01; ***P<0.001 when compared with FCONT or 

CONT. △P<0.05; △△P<0.01; △△△P<0.001 when compared with EPI. #P<0.05; ##P<0.01; 

###P<0.001 when compared with RSE patients. 

 

Fig.6: Blood – brain handover in status epilepticus 

(A) CSF sitosterol levels were measured in SE patients and CONT. (B) Sitosterol levels were 

measured in both ipsilateral hippocampus (black bars) and contralateral hippocampus (grey 

bars) from KA injected mice at the two first time points (n=6-7 per time, per group). Data 

were normalized to those of PBS mice at each corresponding time points. (C) CSF ApoE 

levels were measured in CONT and SE patients. (D) Serum ApoE levels were measured in 

FCONT, EPI, NRSE patients, RSE patients and PSRSE patients. (E) ApoE phenotype: 

examples of isoforms of ApoE for eight patients, by isoelectric focusing gel, followed by 

immunoprecipitation on Hydragel 18 ApoE isofocusing. Results are indicated below the gel. 

(F) ApoE phenotype frequencies were determined for all FCONT, EPI and SE patients.  
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Data are represented as mean ± SEM; statistical analyses: Mann-Whitney test. *P<0.05; 

**P<0.01; ***P<0.001 when compared with CONT or FCONT. △△△P<0.001 when compared 

with EPI. #P<0.05 when compared with RSE patients. 

 

Fig.7: Cholesterol homeostasis is modified in status epilepticus.  

(A) Schema of cholesterol homeostasis regulation by the CYP46A1 in normal situation. 24-

OHc controls the synthesis of cholesterol both in the brain and in the liver. Lipids synthetized 

in the liver are transported thanks to ApoE and ApoB to the peripheral compartments to be 

stored and used for biosynthesis. Free cholesterol must be esterified by LCAT enzyme to go 

back to the liver. (B) Cholesterol homeostasis is dysregulated in SE. Due to CYP46A1 

inhibition, an increase of cholesterol synthesis occurs in the brain via the Bloch pathway 

stimulation and in the peripheral compartment via the Kandutsch-Russel pathway stimulation. 

The increase of serum apolipoprotein E (ApoE) could allow the transport of lipids from the 

liver into the brain via an altered blood-brain barrier.  (C) Proposed time-evolution of free 

cholesterol (FC) and 24-OHc levels after SE. We distinguish three periods: (1) during the first 

hours/days after SE onset, we found a decrease of 24-OHc levels, probably related to the 

transitory CYP46A1 inhibition, and normal FC levels; (2) several days after SE onset, we 

showed increased FC levels due to the lack of negative feedback mechanism triggered by 24-

OHc on the cholesterol synthesis enzymes and normalization of 24-OHc levels; (3) in case of 

sustained SE, patients or animals suffered from neuronal death which induces an increase of 

24-OHc release.  

 

 

 

 

 

Table 1: Clinical data from post-mortem patients 

Patient

: 

gender

, age, 

Grou

p 

Delay of 

brain 

examinatio

n post 

death, 

hours 

Frozen 

tissues 

Paraffin 

tissues 

SE 

etiology 

Cause of 

death 

Prior 

history 

of 

epileps

y 

(Yes / 

No) 

SE 

duratio

n, days 

1. m, 

60 

Contro

l 
18 

Frontal Ctx 

Temporal 

Ctx 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

- 
Hemorrhagi

c shock 
No - 

2. f, 66 
Contro

l 
54 

Frontal Ctx 

Temporal 

Ctx 

Frontal Ctx 

Temporal 

Ctx 

- 
Multiorgan 

failure 
No - 
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Hippocamp

us 

3. f, 66 
Contro

l 
36 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

- 
Pulmonary 

emboli 
No - 

4. m, 

66 

Contro

l 
26 

Frontal Ctx 

Temporal 

Ctx 

- - 
Septic 

shock 
No - 

5. m, 

55 

Contro

l 
48 

Frontal Ctx 

Temporal 
Ctx 

- - ARDS No - 

6. f, 29 
Contro

l 
32 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

- - 
Septic 

Shock 
No - 

7. m, 

85 

Contro

l 

Not 

precised 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

- - 

Exacerbatio

n of 

diabetes 

No - 

8. f, 46 
Contro

l 
17 

Frontal Ctx 

Temporal 

Ctx 

- - 
Multiorgan 

failure 
Yes - 

1. m, 

31 
SE 22 

Frontal Ctx 

Temporal 
Ctx 

Hippocamp

us 

Frontal Ctx 

Temporal 
Ctx 

Hippocamp

us 

NORSE 

Withdrawal 
of life 

sustaining 

therapy 

No 106 

2. f, 27 SE 22 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

Frontal Ctx 

Hippocamp

us 

NORSE 
Multiorgan 

failure 
No 9 

3. m, 

70 
SE 74 - 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

NORSE 
Not 

available 
No 55 

4. f, 56 SE 46 - 

Frontal Ctx 
Temporal 

Ctx 

Hippocamp

us 

AED 

withdraw

al 

Multiorgan 

failure 
Yes 44 

5. f, 39 SE 67 - 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp

us 

NORSE 

NORSE / 

Septic 

Shock 

No 34 

6. f, 41 SE 70 - 

Frontal Ctx 

Temporal 

Ctx 

Hippocamp
us 

NORSE 
Not 

available 
No 14 

7. m, 

29 
SE 

Not 

precised 
- 

Ammon’s 

horn 

Alcohol 

induced 

Septic 

Shock 
Yes 13 

8. f, 70 SE 36 - 
Frontal Ctx 

Hippocamp
Unknown 

Pulmonary 

emboli 
Yes 17 
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us 

Abbreviations: AED = antiepileptic drug; ARDS = Acute Respiratory Distress Syndrome; f = 

female; m = male; NORSE = New-Onset Refractory Status Epilepticus; SE = status 

epilepticus 

 

Table2:  Biological and demographic characteristics of the study cohort. 
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 SE  NRSE  RSE  PSRSE  
CONT 

patients 
FCONT  EPI  

Blood, N (%) 63 17 (27%) 26 (41%) 20 (32%) 87 43 (49%) 44 (51%) 

Age, years [CI 

95%] 

50.3  

[45.6 – 54.9] 
59.1  

[51.6 – 66.7] 

50.2  

[42.7 – 57.7] 

42.8  

[34.0 – 51.6] 

46.3  

[42.2 – 
50.3] 

53.7 

 [47.5 – 
60.0] 

39.0 

 [34.7 – 
43.2] 

Sex (m/f %) 63 71 73 45 41 47 36 

ASAT/ALAT, AU 

 [CI 95%]  

1.59  

[1.24 – 1.94] 

2.40  

[1.23 – 3.56] 

1.49 

 [0.99 – 1.98] 

1.14  

[0.96 – 1.32] 

1.26  

[1.11 – 
1.41] 

1.17  

[0.99 – 
1.34] 

1.40  

[1.13 – 1.67] 

Creatinine, 

µmol/L [CI 95%]  

72.3  

[56.6 – 87.9] 

101.4  

[46.9 – 
155.7] 

65.2  

[56.0 – 74.3] 

55.6  

[42.8 – 68.4] 

71.2  

[66.9 – 
75.5] 

71.5 

 [66.0 – 
77.0] 

70.8  

[63.4 – 78.1] 

24-OHc, µg/L 

 [CI 95%] 

37.2  

[32.5 – 41.9] 

28.4  

[23.6 – 33.2] 

40.6  

[32.7 – 48.5] 

40.2  

[30.3 – 50.2] 

44.2  

[41.1 – 
47.3] 

42.4  

[37.9 – 
46.9] 

46.0  

[41.7 – 50.3] 

25-OHc, µg/L  

[CI 95%] 

23.8  

[16.1 – 31.5] 

14.6  

[11.0 – 18.2] 

24.9  

[17.3 – 32.5] 

30.2  

[7.58 – 52.9] 

18.8  

[15.5 – 
22.2] 

17.7  

[12.5 – 
22.8] 

20.1  

[15.6 – 24.5] 

TC, g/L  

[CI 95%] 

1.59  

[1.48 – 1.71] 

1.42  

[1.19 – 1.65] 

1.76 

 [1.58 – 1.94] 

1.53 

 [1.34 – 
1.72] 

1.94  

[1.85 – 
2.03] 

1.88 

 [1.74 – 
2.02] 

2.00  

[1.88 – 2.12] 

FC, g/L  

[CI 95%] 

0.60  

[0.54 – 0.66] 

0.50  

[0.38 – 0.63] 

0.56  

[0.51 – 0.62] 

0.72  

[0.57 – 0.86] 

0.57 

 [0.54 – 
0.59] 

0.55  

[0.52 – 
0.58] 

0.59 

 [0.55 – 
0.62] 

EC, g/L  

[CI 95%] 

1.01  

[0.91 – 1.11] 

0.92  

[0.75 – 1.08] 

1.22  

[1.08 – 1.36] 

0.82  

[0.62 – 1.02] 

1.37 

 [1.30 – 
1.44] 

1.29 

 [1.19 – 
1.38] 

1.45  

[1.35 – 1.55] 

EC/TC, AU  

[CI 95%] 

0.62  

[0.58 – 0.65] 

0.64  

[0.60 – 0.69] 

0.68  

[0.65 – 0.70] 

0.52  

[0.42 – 0.61] 

0.70  

[0.70 – 
0.71] 

0.70 

 [0.69 – 
0.71] 

0.71 

 [0.70 – 
0.72] 

HDL-c, g/L 

 [CI 95%] 

0.37  

[0.32 – 0.42] 

0.45  

[0.33 – 0.58] 

0.42  

[0.35 – 0.49] 

0.23  

[0.16 – 0.29] 

0.54  

[0.51 – 
0.58] 

0.53 

 [0.48 – 
0.58] 

0.56 

 [0.50 – 
0.61] 

TG, g/L  

[CI 95%] 

1.78  

[1.39 – 2.17] 

1.25 

 [0.84 – 
1.65] 

1.45  

[0.97 – 1.92] 

2.67  

[1.72 – 3.62] 

1.26  

[1.09 – 
1.44] 

1.31  

[1.10 – 
1.52] 

1.21  

[0.93 – 1.50] 

ApoA1, g/L  

[CI 95%] 

1.05  

[0.96 – 1.15] 

1.16 

 [0.92 – 
1.41] 

1.16  

[1.05 – 1.26] 

0.81  

[0.66 – 0.96] 

1.42 

 [1.36 – 
1.48] 

1.39  

[1.30 – 
1.47] 

1.46 

 [1.37 – 
1.54] 

ApoB, g/L  

[CI 95%] 

0.92  

[0.83 – 1.00] 

0.66  

[0.53 – 0.79] 

1.00 

 [0.86 – 1.13] 

1.03  

[0.89 – 1.17] 

0.94  

[0.89 – 
1.00] 

0.90  

[0.83 – 
0.97] 

0.99  

[0.90 – 1.07] 

Lanosterol, µg/L 

 [CI 95%] 

42.5  

[30.3 – 54.7] 

24.7  

[17.7 – 31.7] 

38.5  

[25.0 – 52.1] 

61.7 

 [29.5 – 
94.0] 

30.0  

[19.9 – 
39.6] 

27.7  

[14.9 – 
40.5] 

31.5  

[15.7 – 47.3] 

Dihydrolanosterol, 

µg/L [CI 95%] 

19.0  

[13.1 – 25.0] 

12.0 

 [-1.15 – 
25.1] 

13.7  

[7.72 – 19.7] 

29.5 

 [17.1 – 
41.8] 

9.99  

[8.19 – 
11.8] 

9.49  

[6.81 – 
12.2] 

10.4  

[7.90 – 13.0] 

Desmosterol, µg/L 

 [CI 95%] 

362.6  

[301.8 – 
423.4] 

373.4  

[132.5 – 
614.3] 

358.5 

[294.4 – 
422.5] 

363.2  

[218.2 – 
508.1] 

425.9  

[358.3 –
493.4] 

461.4  

[350.8 -

572.0] 

387.1 

 [309.2 – 
465.0] 

Sitosterol, µg/L  

[CI 95%] 

2309.4  

[1154.6 – 
3464.2] 

896.2  

[-37.4 – 
1829.9] 

1018.7  

[564.2 – 
1473.1] 

5580.8  

[2018.7 -

9142.8] 

540.2  

[448.9 – 
631.5] 

524.0  

[379.0 - 

669.0] 

558.1  

[444.7 – 
617.6] 

ApoE, mg/dL  

[CI 95%] 

5.67  

[5.00 – 6.34] 

5.00  

[3.44 – 6.55] 

4.92 

 [4.46 – 5.37] 

7.31  

[5.82 – 8.80] 

4.37  

[4.06 – 
4.68] 

4.22 [3.73 

– 4.70] 

4.51  

[4.11 – 4.91] 

CSF, N (%) 32  4 (12%) 13 (41%) 15 (47%) 60 43 (72%) 17 (28%) 

Age, years  

[CI 95%] 

52.5 

 [45.8 – 59.2] 

57.0  

[40.9 – 73.1] 

58.2  

[47.5 – 68.8] 

46,4  

[35.4 – 57.4] 

51.0  

[45.9 – 
56.0] 

53.7  

[47.5 – 
60.0] 

43.9  

[35.5 – 52.4] 

Sex (M/F %) 56 100 69 33 45 47 41 

24-OHc, µg/L 

 [CI 95%] 

1.74  

[1.55 – 1.94] 

1.60  

[1.04 – 2.17] 

1.72  

[1.38 – 2.05] 

1.80 

 [1.47 – 
2.13] 

1.60  

[1.49 – 
1.70] 

1.61  

[1.46 – 
1.75] 

1.57 

 [1.45 – 
1.69] 

Cholesterol, mg/L  

[CI 95%] 

2.36  

[1.71 – 3.01] 

3.83  

[-0.82 – 
8.48] 

1.94  

[1.35 – 2.53] 

2.44  

[1.22 – 3.66] 

1.65  

[1.22 – 
2.07] 

1.42  

[1.01 – 
1.84] 

2.19 

 [1.06 – 
3.32] 
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Data are represented as percentages or mean [CI 95%]. 

 
 

Graphical abstract 

 

Highlights 
 Excitotoxic processes can follow a refractory status epilepticus (SE) 

 SE induces CYP46A1 inhibition and a decrease of 24-OHc levels 

 24-OHc decreased levels is followed by an increase of cholesterol synthesis 

 SE induces disturbances in cholesterol esterification and lipid transport  

 Cholesterol is actively accumulated in brain after SE causing neuronal death 

Desmosterol, µg/L  

[CI 95%] 

2.38  

[2.05 – 2.70] 

2.27  

[2.19 – 2.34] 

2.41 

 [1.95 – 2.87] 

2.37  

[1.77 – 2.97] 

1.82  

[1.66 – 
1.98] 

1.79  

[1.60 – 
1.98] 

1.89  

[1.56 – 2.21] 

Lanosterol, µg/L  

[CI 95%] 

4.19  

[0.29 – 8.09] 
<< 1.2 

4.69  

[0.09 – 9.30] 

2.51  

[1.64 – 
3.38] 

2.69  

[1.59 – 
3.80] 

2.06  

[0.32 – 3.79] 

Dihydrolanosterol, 

µg/L [CI 95%] 

0.36  

[0.09 – 0.62] 
<< 

0.31  

[0 – 0.63] 

0.39  

[-0.18 – 
0.96] 

0.36  

[0.30 – 
0.43] 

0.35  

[0.26 – 
0.43] 

0.41  

[0.28 – 0.53] 

Sitosterol, µg/L  

[CI 95%] 

3.53  

[1.00 – 6.06] 

3.30  

[-8.14 – 
14.7] 

1.21  

[0.48 – 1.95] 

5.20 

 [ 0.28 – 
10.12] 

0.74 

 [0.52 – 
0.97] 

0.69  

[0.47 – 
0.90] 

0.89  

[0.20 – 1.58] 

Sitosterol 

diffusion 

CSF/(blood+CSF), 

AU [CI 95%] 

0.0073  

[-0.0016 – 
0.016] 

0.0063  

[-0.062 – 
0.074] 

0.0042  

[0 – 0.0086] 

0.011 

 [-0.013 – 
0.034] 

0.0040  

[0 – 0.0073] 

0.0044  

[0 – 
0.0092] 

0.0028  

[0 – 0.0062] 

ApoE, mg/dL  

[CI 95%] 

0.34 

 [0.29 – 0.40] 

0.35  

[0.04 – 0.65] 

0.32  

[0.24 – 0.39] 

0.36  

[0.26 – 0.46] 

0.38  

[0.34 – 
0.42] 

0.40  

[0.35 – 
0.45] 

0.33  

[0.28 – 0.39] 
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