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Background and Purpose: Liver X receptors (LXRs) are promising therapeutic targets
for alleviating Alzheimer's disease (AD) symptoms. We assessed the impact of the
semi-synthetic LXR agonist 22-ketositosterol on disease progression in an AD mouse
model.

Experimental Approach: From 5.5 months of age, APPswePS1AE9 (AD) mice and
wild-type (WT) littermates received a regular or 22-ketositosterol-supplemented diet
(0.017% w/w). Cognition was assessed with object location and recognition tasks and
a spontaneous alternation Y-maze test. Amyloid B was quantified using immunohisto-
chemistry (IHC) and enzyme-linked immunosorbent assay (ELISA), microglia (Ibail,
CDé68) and astrocyte (GFAP) markers using IHC. Sterols were determined in food,
serum, liver and cerebellum.

Key Results: 22-Ketositosterol activated both liver X receptors-a and -p and pro-

moted cholesterol efflux in cell cultures. Diet supplementation with 22-ketositosterol

Abbreviations: Ap, Amyloid p; AD, Alzheimer's Disease; ApoA-l, Apolipoprotein A-I; CDé68, Cluster of Differentiation 68; FCS, Foetal Calf Serum; G0S2, GO/G1 Switch Gene 2; GFAP, Glial
Fibrillary Acidic Protein; Ibal, lonized Calcium-Binding Adaptor Molecule 1; LXR, Liver X Receptor; OLT, Object Location Task; ORT, Object Recognition Task; SREBP, Sterol Regulatory Element-
Binding Protein; VLDL, Very-Low-Density Lipoprotein; 24-OHC, 24-Hydroxycholesterol; 27-OHC, 27-Hydroxycholesterol; 7a-OHC, 7a-Hydroxycholesterol.
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prevented a decline in the performance of APPswePS1AE9 mice in the object loca-
tion task but not in the other two tasks. Without affecting amyloid  deposition,
22-ketositosterol decreased microglia (Ibal, CD68) and astrocyte (GFAP) markers in
the cortex and hippocampus of APPswePS1AE9, suggesting potential anti-
inflammatory effects. No lipid accumulation was detected in the liver or serum upon
22-ketositosterol supplementation.

Conclusions and Implications: Diet supplementation with 22-ketositosterol pre-
vented the decline in spatial memory of APPswePS1AE9 mice. Our data suggest ther-
apeutic benefits of 22-ketositosterol possibly by enhancing cholesterol efflux and
mitigating inflammatory responses, without inducing hepatosteatosis or

hypertriglyceridemia.

KEYWORDS

1 | INTRODUCTION

Alzheimer's disease (AD) is the most prevalent form of dementia. It is
a progressive neurodegenerative disorder characterised by a complex
interplay of genetic and environmental factors. Neuropathological
characteristics of AD are amyloid B (Ap) plaques, aggregated hyper-
phosphorylated tau, progressive loss of synapses and neurons, and
neuroinflammation (Blennow et al., 2006; Hardy & Selkoe, 2002).
Emerging research demonstrates an imbalance in cholesterol homeo-
stasis in the brain of AD patients, which is thought to contribute to
synaptic and neuronal loss (Marchi et al., 2019; Yassine et al., 2016).
The global increase in the prevalence of AD, driven by the ageing pop-
ulation, has underscored the urgent need for the discovery of novel
therapeutic targets and underlying mechanisms of AD.

Liver X receptors a and B (LXRa/f; NR1H3/NR1H2), nomencla-
ture as agreed by the International Union of Pharmacology (IUPHAR)/
BPS Subcommittee on Nuclear Hormone Receptors (Alexander
et al.,, 2023; McDonnell & Safi, 2023), have emerged as promising
therapeutic targets for AD. LXRs are ligand-activated transcription
factors with a pivotal role in regulating lipid and sterol metabolism and
reducing inflammatory responses (Moutinho & Landreth, 2017; Xu
et al., 2021; Zelcer & Tontonoz, 2006). In AD, there is an excessive
activation of microglia and astrocytes, which contributes to the neu-
roinflammatory component of AD-related pathology. Besides driving
cholesterol efflux, LXR activation can suppress the release of pro-
inflammatory cytokines by microglia and astrocytes, thereby mitigat-
ing their reactivity (Mouzat et al., 2019; Sandoval-Hernandez
et al., 2015; Zelcer et al, 2007). By inhibiting the inflammatory
response of glial cells and promoting cholesterol efflux, activation of
LXR has been demonstrated to beneficially impact the cognitive per-
formance in AD mouse models (Donkin et al., 2010; Jiang et al., 2008;
Moutinho & Landreth, 2017; Riddell et al., 2007; T. Vanmierlo
et al., 2011), reinforcing their neuroprotective potential.

We have recently reported that the LXR agonist 24(S)-
saringosterol prevents cognitive decline in a mouse model of AD

Alzheimer's disease, cholesterol metabolism, liver X receptors, oxysterols

What is already known?

e Liver X receptors (LXRs) are promising therapeutic targets

for the alleviation of Alzheimer's disease (AD) symptoms.

What does this study add?
e Our data suggest  therapeutic benefits of
22-ketositosterol possibly by enhancing cholesterol efflux

and mitigating inflammation.

What is the clinical significance?

o 22-Ketositosterol bypasses lipid accumulation, unlike
most synthetic liver X receptors agonists, warranting fur-
ther therapeutic research.

(Martens et al., 2021). Our data indicate that the anti-inflammatory
effects of 24(S)-saringosterol may have contributed to the cognitive
enhancement. In contrast with previously used synthetic pan LXR
agonists (Donkin et al., 2010; Jiang et al., 2008; Riddell et al., 2007,
T. Vanmierlo et al., 2011), no adverse effects, such as hepatosteatosis
and hypertriglyceridemia (Grefhorst et al., 2002; Repa et al., 2000;
Schultz et al., 2000) were observed. Because these adverse effects
have been attributed to the activation of LXRa (Quinet et al., 2006;
Schultz et al., 2000; Zhang et al., 2012), compounds selectively acti-
vating LXRB may provide opportunities for application in treatment.
Alternatively, LXR-activating oxysterols that do not induce the
lipogenesis pathway (Radhakrishnan et al., 2004), such as 24(S)-sarin-
gosterol, are promising therapeutic candidates. From a small library of
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ergosterol and stigmasterol derivatives that were designed as potential
LXR agonists, the stigmastane derivative 22-ketositosterol (PFM018 in
reference Marinozzi et al., 2017) was identified as a preferential LXRp
agonist. 22-Ketositosterol was found to induce cholesterol efflux-
related genes but hardly lipogenic genes (Marinozzi et al., 2017). Here
we assess the potential of 22-ketositosterol in ameliorating disease pro-

gression in an AD mouse model.

2 | METHODS

21 | Cell cultures

Immortalised HEK293 cells (Cat# CB-85120602; RRID: CVCL_0045;
Merck, Amsterdam, The Netherlands), human astrocytoma cells (CCF-
STTG1; Cat# CB-90021502; RRID: CVCL_1118; Merck), human neu-
roblastoma cells (SH-SY5Y; Cat# CRL-2266; RRID: CVCL_0019;
American Type Culture Collection [ATCC]) and human microglia cells
(CHMES3; a kind gift from prof. Dr. M. Tardieu, Université Paris-Sud,
France) were used for the reporter assays. CCF-STTG1 cells (Merck)
and primary human astrocytes (HA; #1800, ScienCell, Carlsbad, CA,
USA,; kindly provided by Prof. dr. B. Broux [Biomedical Research Insti-
tute, Faculty of Medicine and Life Sciences, Hasselt University,
Belgium]) were used for the gene expression experiments; human
hepatic HepG2 cells (kindly provided by professor M. Ruscica, Depart-
ment of Pharmacological and Biomolecular Sciences, University of
Milan, Italy) for the analysis of cholesterol efflux, cholesterol and cho-
lesterol precursors, and human monocyte-derived macrophages
(THP-1 cells [Cat# 88081201; RRID: CVCL_0006] from European Col-
lection of Authenticated Cell Cultures [ECACC]; purchased from
Sigma-Aldrich, St. Louis, MO, USA) were used for the analysis of cho-
lesterol efflux. The HEK293, CCF-STTG1, SH-SY5Y and CHMES cells
were cultured in DMEM/F-12 medium supplemented with 10% heat-
inactivated foetal calf serum (FCS) and 1% 10,000 U penicillin per
10,000 pg streptomycin ml~* at 37 °C and 5% CO,. The HepG2 cells
were cultured in MEM medium with Earle's salts supplemented with
1% penicillin/streptomycin, 1% L-Glutamine, 1% sodium pyruvate
(Na-Pir), 1% non-essential amino acids solution (NEAA) and 10% FCS.
The THP-1 cells (from ECACC; purchased from Sigma-Aldrich,
St. Louis, MO, USA) were cultured in RPMI 1640 medium supplemen-
ted with HEPES, 0.05 mM B-mercaptoethanol, 0.5% v/v gentamycin,
0.25 g ml~* w/v glucose, 1 mM Na-pir and 10% v/v FCS. THP-1 cells
were seeded for 72 h in the presence of 100 ng mlI~! phorbol
12-myristate 13-acetate (PMA) to allow differentiation into macro-
phages. Both HepG2 (400,000 cells per well) and THP-1 cells
(500,000 cells per well) were seeded in 24-well plates at 37°C and 5%
CO,. The primary human astrocytes were cultured at 37°C and
5% CO, in astrocyte medium (AM, #1801, ScienCell, Carlsbad, CA,
USA) supplemented with 2% FCS (#0010, ScienCell, Carlsbad, CA,
USA), 1% astrocyte growth supplement (AGS, #1852, ScienCell) and
1% penicillin/streptomycin (#0503, ScienCell, Carlsbad, CA, USA) in
flasks coated with poly-L-lysine (PLL; 1 mg ml~%, Cat. #0403, Scien-
Cell, Carlsbad, CA, USA). The human astrocytes were seeded in T-75
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flasks at a density of 3.75 x 10° cells per flask. Once a confluence
level of 70% was reached, the medium was changed every other day

until 90% confluence was achieved.

2.2 | LXRreporter assay

LXR activation was determined in a cell-based reporter assay previ-
ously described by Zwarts et al. (2019). 1.0 x 10° cells were plated in
T-25 culture flasks and transfected with 1000 ng of pcDNA3.1/V5H6
vector containing clones of the full-length cDNAs for the murine
nuclear receptors LXRa or LXRp, 1000 ng of vector encoding retinoid
X receptor-a gene (Rxra) and 4000 ng of vectors encoding LXRa
gene (Nr1h3) using FUGENE® 6 reagent (Promega, Leiden, The
Netherlands). Cells transfected with 4000 ng of the liver X receptor
response element (LXRE)-containing vector and 2000 ng of an empty
pcDNA3.1/V5-HisA vector (Invitrogen, Carlsbad, CA, USA) or
2000 ng of the RXRa-containing vector served as controls. All cells
were co-transfected with Renilla (1000 ng, pRL TK-Renilla) to normal-
ise for variations in transfection efficiency.

The transfected cells were seeded in a 96-well luminescence plate
and after 24 h incubated for 24 h in phenol red-free DMEM/F-12
medium with 22-ketositosterol (2, 5 or 10 pM), the LXRa/p agonist
T0901317 (1 uM; #293754-55-9) or ethanol. The cells were lysed
with lysis buffer, and the Firefly and Renilla luminescent signals were
measured using the Dual-Luciferase® Reporter assay system
(Promega) and a Victor X4 plate reader (PerkinElmer, Groningen, The
Netherlands). The relative receptor activity was defined as the ratio of
Firefly luminescence to Renilla luminescence. The fold change was
defined as the ratio of the relative receptor activity of
22-ketositosterol- or agonist-exposed cells to the relative receptor
activity of ethanol-exposed cells. The experiments were performed

three times in triplicate.

2.3 | Quantitative real-time PCR

CCF-STTG1 cells and primary human astrocytes were incubated for,
respectively, 24 and 48 h with 22-ketositosterol or its solvent ethanol
after which the cells were washed with cold phosphate-buffered
saline. RNA was isolated from cells or homogenised liver tissue using
Trizol (Thermo Fisher Scientific) and reverse transcribed to cDNA
using the Maxima H Minus First Strand cDNA Synthesis Kit with
dsDNase (Thermo Fisher Scientific), according to the manufacturer's
instructions. Quantitative real-time PCR (qPCR) was conducted in
duplicate with 10 ng cDNA on a CFX384 Thermal Cycler (Bio-Rad
Laboratories) using the PowerTrack™ SYBR Green Master Mix
(Applied Biosystems) and the following cycling conditions: 95°C for
2 min and 40 cycles of 95°C for 15s and 60°C for 60 s. Intron-
spanning primers were designed with Primer-BLAST. The primer
sequences are listed in Table 1. The relative quantification of gene
expression was accomplished with the comparative Ct method

(AACT). The data were normalised to stable reference genes (ACTB,
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TABLE 1 Nucleotide sequences of
Cell cultures .
primers.
Gene Gene name Primer sequence
ABCA1 ATP binding cassette subfamily A member 1 F: TCTCTGTTCGGCTGAGCTAC
R: TGCAGAGGGCATGGCTTTAT
ABCG1 ATP binding cassette subfamily G member F: GGTCGCTCCATCATTTGCAC
1 R: GCAGACTTTTCCCCGGTACA
ACTB Actin beta F: CTCCCTGGAGAAGAGCTACG
R: GAAGGAAGGCTGGAAGAGTG
APOE Apolipoprotein E F: ACCCAGGAACTGAGGGC
R: CTCCTTGGACAGCCGTG
B2M Beta-2-microglobulin F: CTCCGTGGCCTTAGCTGTG
R: TTTGGAGTACGCTGGATAGCCT
HPRT1 Hypoxanthine phosphoribosyltransferase 1 F: TGACACTGGCAAAACAATGCA
R: GGTCCTTTTCACCAGCAAGCT
SDHA Succinate dehydrogenase complex F: TGGGAACAAGAGGGCATCTG
flavoprotein subunit A R: CCACCACTGCATCAAATTCATG
TBP TATA-box binding protein F: CACGAACCACGGCACTGATT
R: TTTTCTTGCTGCCAGTCTGGAC
YWHAZ  Tyrosine 3-monooxygenase/tryptophan F: ACTTTTGGTACATTGTGGCTTCAA
5-monooxygenase activation protein zeta R: CCGCCAGGACAAACCAGTAT
Liver samples (mouse)
Acaca Acetyl-CoA carboxylase alpha F: CTCAACAGCGTACAACACCG
R: TGGGGATGTTCCCTCTGTTTG
Actb Actin beta F: TTCTTGGGTATGGAATCCTGTGG
R: GTCTTTACGGATGTCAACGTCAC
B2m Beta-2-microglobulin F: CATGGCTCGCTCGGTGACC
R: AATGTGAGGCGGGTGGAACTG
Fasn Fatty acid synthase F: GGCCCCTCTGTTAATTGGCT
R: GGGATAACAGCACCTTGGTCA
GO0s2 GO/G1 switch 2 F: CCCGAGGGAAGCTAGTGAAG
R: GCTGCACACCGTCTCAACT
Hprt1 Hypoxanthine phosphoribosyltransferase 1 F: CCTAAGATGAGCGCAAGTTGAA
R: CCACAGGACTAGAACACCTGCTAA
Scd1 Stearoyl-CoA desaturase 1 F: GGCCTGTACGGGATCATACTG
R: GGTCATGTAGTAGAAAATCCCGAAG
Sdha Succinate dehydrogenase complex F: CTTGAATGAGGCTGACTGTG
flavoprotein subunit A R: ATCACATAAGCTGGTCCTGT
Srebf1 Sterol regulatory element binding F: GCCATCGACTACATCCGCTT
transcription factor 1 R: CAGGTCCTTCAGTGATTTGCTTT
B2M, HPRT1 and SDHA) and expressed as fold change relative to 1,2-3H(N)]-cholesterol  (PerkinElmer, Waltham, MA, USA) at

ethanol-exposed cells or the vehicle-treated WT mice. Although the
gene expression levels in cells were assessed in three to four individ-
ual experiments (n < 5), the exploratory data clearly demonstrated
that 22-ketositosterol increased the expression of the selected genes
(ABCA1, ABCG1 and APOE) in a dose-dependent manner. Therefore,

no additional tests were required.

24 | Cholesterol efflux assay

Cellular cholesterol efflux was evaluated in HepG2 and THP-1 cells by
a standardised radio-isotopic technique as described previously
(Adorni et al., 2023; Zhan et al., 2023). The cells were labelled with

2 uCi mli~t in the presence of 1% FCS-containing MEM or RPMI and
2 pg ml~* Sandoz 58-035, which is an inhibitor of acyl-coenzyme A
and cholesterol acyltransferases (ACAT) that prevents the accumula-
tion of cholesteryl esters. Cell monolayers were then, in the presence
of the ACAT inhibitor, equilibrated for 20 h in 0.2% bovine serum
albumin (BSA)-containing medium supplemented with ethanol, 1 uM
of T0901317 or 22-ketositosterol (1.25, 2.5 or 5.0 uM). Cholesterol
efflux was induced by 4 (in HepG2) or 6 h (in THP-1) of incubation
with 10 pug mi~! of lipid-free human apolipoprotein A-l (ApoA-I),
12.5 ug mi~! of human high-density lipoprotein (HDL) or 2% (v/v)
serum of a pool of normolipidemic subjects. Sera were slowly thawed
in ice immediately prior to this procedure to prevent remodelling of

the lipoproteins. The cholesterol efflux was expressed as the ratio
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of radiolabelled cholesterol released into the medium over the total

radioactivity incorporated by cells (Turri et al., 2023).

2.5 | Intracellular sterols quantification

CCF-STTG1, SH-SY5Y and HepG2 cells were plated and incubated
for 24 h with 22-ketositosterol (1.25 uM) or ethanol as control. Ste-
rols were extracted from the cells, and the concentrations of
22-ketositosterol; cholesterol; and cholesterol precursors lanosterol,
desmosterol and lathosterol were determined using gas
chromatography-mass spectrometry (GC-MS), as described previ-
ously (Lutjohann et al., 2002; Mackay et al., 2014). Sterols and oxy-
sterols were extracted by cyclohexane after saponification and
neutralisation. The solvents were evaporated and the sterols and oxy-
sterols in the residue were derivatised to mono-, di- or trimethyilsilyl
(TMSi) ethers by adding 1 ml TMSi-reagent (pyridine-hexamethyldisi-
lazane-trimethylchlorsilane; 9:3:1, v/v/v)and incubated for 1h at
64°C. The solvents were evaporated under nitrogen at 65°C. The resi-
due was dissolved in 160 pl n-decane. Around 80 ul of the solution
was transferred into micro-vials for gas-liquid chromatographic-mass
spectrometric (GC-MS) analysis of cholesterol precursors, metabolites
and phytosterols. The remaining 80 ul was diluted with 400 pl
n-decane for analysis of cholesterol by gas chromatography-flame
ionisation detection. TMSi-ether of epicoprostanol was measured at
mass-to-charge ratio (m/z) 370 (MT-OTMSi), lathosterol at m/z
458 (M™), desmosterol at m/z 441 (M"-CH3), lanosterol at m/
z 393 (MT-OTMSi-CH3) and 22-ketositosterol at m/z 500 [M*]. The
concentrations of lathosterol, desmosterol and lanosterol were calcu-
lated from the standard curves using epicoprostanol (10 pl from a
stock solution epicoprostanol in cyclohexane; 100 pg ml~Y) as an
internal standard and using GC-MS-selected ion monitoring (SIM).
The concentration of cholesterol was calculated by one-point calibra-
tion using 5a-cholestane as an internal standard using GC-FID. The
peak area of cholesterol is divided by the peak area of 5a-cholestane
and multiplied by the amount of 5a-cholestane added to the sample
(50 pg).

2.6 | Animals and diet

The 22-ketositosterol-treated mice presented in this report were
included in the experiment detailed in Martens et al. (2024). In that
experiment, a shared control group comprised mice receiving a non-
supplemented, vehicle diet. This control group was utilised for com-
parison across both treatments. All animal studies are reported in
compliance with the ARRIVE guidelines (Percie du Sert et al., 2020)
and with the recommendations made by the British Journal of Pharma-
cology (Lilley et al., 2020).

Male APPswePS1AE9 (AD) and wild-type (WT) littermates were
obtained by backcrossing male APPswePS1AE9 mice (RRID:
MGI:2384432; The Jackson Laboratory, Bar Harbor, ME, USA) with
female C57BL6/J) mice (Envigo, Horst, The Netherlands). The animals
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were housed in a conventional animal facility at Hasselt University in
open cages with sufficient environmental enrichment and had ad libi-
tum access to food and water. The animals were kept at an inversed
12 h light/12 h dark cycle. The behaviour experiments were per-
formed during the dark phase of the cycle. The mice were housed
individually throughout the entire experiment. The animal procedures
were approved by the ethical committee of Hasselt University (proto-
col 1D202036) and were in accordance with institutional guidelines.
From 5.5 months of age, the mice were assigned to two treatment
groups using a balanced distribution approach, ensuring comparable
baseline performance in cognitive tests across the groups. For a
period of 12 weeks, one group received standard chow (VRF1, Ssniff
Spezialdidten GmbH, Soest, Germany) (APPswePS1AE9 n = 13,
C57BL6/J n = 13), and the other group received chow supplemented
with 22-ketositosterol (APPswePS1AE9 n = 13, C57BL6/J n = 13).
The sample size was determined by a power calculation based on data
from a prior study (Bogie et al., 2019) (« = 0.05, power = 0.80). The
mice were assigned to the treatment groups using a balanced distribu-
tion approach, ensuring groups of equal size and comparable baseline
performance in cognitive tests across all groups. 22-Ketositosterol
was mixed through the standard chow and dried to pellets overnight
at 40°C. After drying, the supplemented chow contained 166 pg g~*
(0.017% w/w) 22-ketositosterol. This dose was based on previous
experiment where animals were supplemented with 24(S)-
saringosterol (Martens et al., 2021). The non-supplemented, vehicle,
chow did not contain 22-ketositosterol. The body weight of the ani-
mals was recorded on a weekly basis. When mice exhibited more than
20% weight loss compared to the highest measured value, humane
endpoints were reached, and the animal would have been euthanized.

However, none of the animals in the study reached these endpoints.

2.7 | Cognitive tests

The object recognition task (ORT), object location task (OLT) and
spontaneous alternation Y-maze test were performed to evaluate the
object memory, spatial memory and spatial working memory, respec-
tively. Prior to the cognitive tests at baseline, the animals were habitu-
ated to the arena and study objects that were used for the cognitive
tests. A functional memory of WT and APPswePS1AE9 mice at base-
line was confirmed with the OLT (Figure S1). After the baseline tests,
diet supplementation was initiated. At the end of the treatment
period, the ORT, OLT and Y-maze were performed as previously
described (Bogie et al., 2019; Martens et al., 2021).

2.71 | Object recognition task (ORT) and object
location task (OLT)

For the ORT and OLT, the animals were exposed for 4 min to two
similar objects after which they were placed back in their home cage.
After 2.5 h (ORT) or 5 h (OLT), a second trial of 4 min was performed.
During this second trial, the animals were exposed to either one
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familiar object from trial 1 and one novel object (ORT) or to the two
objects from trial 1 of which one object was moved to another loca-
tion (OLT). The time the animals spent exploring each object during
the two trials was recorded manually by two researchers who were
blinded to the experimental groups. As a measure of object memory
(ORT) and spatial memory (OLT), a discrimination index (D2) was cal-
culated for trial 2: (exploration time of novel [ORT] or displaced [OLT]
object)—(exploration time of familiar [ORT] or stationary
[OLT] object)/(total exploration time). D2 values above O demonstrate
a preference for the novel/displaced object. To prevent olfactory
cues, the arena and study objects were cleaned with 70% ethanol
prior to each trial. Animals that did not reach a minimum of 4 s of
exploration in one of the trials and extreme values, as determined by
Dixon's exclusion principles (Dixon, 1950, 1951), were excluded from

further analyses.

2.7.2 | Spontaneous alternation Y-maze test

The spontaneous alternation Y-maze test was conducted with a maze
with three arms of equal length, separated with an angle of 120°. The
animals were placed in one of the arms and explored the maze for
2 min. Each arm entry was recorded manually. An arm entry requires
that all four limbs of the animal are within the arm. As a measure of
spatial working memory, the percentage of alternations was calculated
as follows: number of alternations/(total number of entries — 2) * 100.
The number of alternations was defined as the subsequent entry of
the three different arms. Percentages of alternation above 50% are
considered an indication of a well-functional working memory. The
Y-maze was cleaned with 70% ethanol prior to each trial to prevent
olfactory cues. Extreme values, as determined by Dixon's exclusion

principles (Dixon, 1950, 1951), were excluded from further analysis.

2.8 | Tissue sample preparation

The animals were euthanized to obtain tissues for further analysis.
The animals were anaesthetised via intraperitoneal (i.p.) injection of
(Dolethal;
(200 mg kg~* body weight) followed by a cardiac puncture to obtain a

pentobarbitone Vetoquinol,  Aartselaar, Belgium)
blood sample. The blood samples were collected in a regular Eppen-
dorf then centrifuged for 5 min at 4000 g and 4°C to obtain serum,
which was stored at —80°C until further use. Prior to the isolation of
tissue samples, we performed transcardiac perfusion with Heparin-
phosphate-buffered saline (PBS). Brains were isolated and divided into
the cerebellum and the remaining two hemispheres. The right cerebel-
lum was snap-frozen and cryopreserved for sterol analysis. The cortex
was isolated from the right hemisphere, snap-frozen and cryopre-
served for an enzyme-linked immunosorbent assay (ELISA) of ABg,.
The left hemisphere was fixed in formalin and embedded in paraffin
for immunohistochemistry. The liver was isolated, snap-frozen and
stored at —80°C for measurement of sterols and triglycerides. Part of

the left liver lobe was embedded in OCT mounting medium (VWR

International, Leuven, Belgium) for cryosection and subsequent stain-

ing of neutral lipids.

2.9 | Sterol measurements in tissues

The tissue samples were spun in a speed vacuum dryer and weighted
to relate the sterol concentrations to the dry weight of the samples.
The sterols were extracted from the tissues and their concentrations
were determined by GC-MS as previously described (Litjohann
et al., 2002; Mackay et al., 2014).

210 | Immunohistochemistry

All the Immuno-related procedures used comply with the recommen-
dations made by the British Journal of Pharmacology (Alexander
etal, 2018).

The left hemispheres of the animals were fixed in 10% formalin
and embedded in paraffin using a Thermo Scientific Excelsior ES Tis-
sue Processor (Thermo Fisher Scientific, Waltham, MA, USA) in
increasing concentrations of ethanol (70% for 1 h, 80% for 1 h, 95%
for 1 h, 100% for 1.5 h), xylene (1.5 h) and paraffin wax (2 h at 60°C).
The embedded hemispheres were sectioned with an HM
330 Motorised Rotary Microtome (Microm GmbH., Heidelberg,
Germany) to obtain 5-um sections. The sections were mounted on
glass slides, air-dried overnight at 37°C and stored at room tempera-
ture (RT) until further use.

Immunohistochemistry was performed as described previously
(Martens et al., 2021). The sections were deparaffinised by incubation
in xylene for 10 min, followed by incubation in decreasing concentra-
tions of ethanol (100% for 6 min, 96% for 3 min, 70% for 3 min). After
washing the sections in Tris-buffered saline (TBS) per 0.3% Triton
X-100, they were incubated in 10-mM citrate buffer (pH 6.0) for
10 min at 100°C. After cooling down, the sections were washed with
PBS, incubated in 3% H,O,/methanol for 10 min at RT and rinsed for
5 min with TBS/0.3% Triton X-100. The sections were incubated with
blocking solution (5 v/v% bovine serum albumin in TBS/0.3% Triton
X-100) for 1 h at RT after which the sections were incubated over-
night at 4°C with 150 pl of the primary antibody (anti-Ap: recombi-
nant mouse AB antibody [IgG1], clone 3Dé, Creative Biolabs Cat#
TAB-0809CLV; RRID: AB_3111798, provided by P. Martinez-
Martinez and M.R. Losen [School for Mental Health and Neuroscience
Institute, Maastricht University, Maastricht, The Netherlands]
[1:8000]; polyclonal rabbit Ibal antibody (IgG): Cat# 019-19741;
RRID: AB_839504; Wako Chemicals USA, Inc., Richmond, VA, USA
[1:1000]; monoclonal rat Cluster of Differentiation 68 (CD68) anti-
body [IgG2a]: Cat# MCA1957; RRID: AB_322219; Bio-Rad Laborato-
ries Inc., Hercules, CA, USA [1:100]; and polyclonal rabbit GFAP
antibody: Cat# Dako-Z0334; RRID: AB_10013382; Agilent Technolo-
gies, Glostrup, Denmark [1:2000]). The sections were washed with
TBS/0.3% Triton X-100, followed by a 30-min incubation with 150 pl
of biotinylated secondary antibodies: goat anti-human IgG antibody
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(H + L, BA-3000, RRID:AB_2336148; 1:500), goat-anti-rabbit IgG
antibody (H + L, BA-1000, RRID:AB_2313606; 1:500), goat anti-rat
IgG antibody (H 4+ L, BA-9400, RRID:AB_2336202; 1:200) and goat
anti-rabbit 1gG antibody (H + L, BA-1000, RRID:AB_2313606; 1:500)
(Vector Laboratories, Burlingame, CA, USA) for staining of A, Ibal,
CDé68 and GFAP, respectively. The antibody dilutions were freshly
made from their stocks. After washing with TBS/0.3% Triton X-100,
avidin-biotin complex reagent (ABC kit, Vector Laboratories, Newark,
CA, USA) was added to the sections and incubated for 30 min at
RT. The avidin-biotin complex reagent was washed away, and diamino-
benzidine (ImmPACT DAB, Vector Laboratories, Newark, CA, USA) was
added. Once the staining was visible, the slides were dipped in distilled
water (dH,O) and dehydrated by incubation in 70% ethanol (1 min),
100% ethanol (1 min) and xylene (1 min). The coverslips were mounted
with Entellan. Images of the sections were acquired using a Nanozoo-
mer 2.0 HT slide scanner (Hamamatsu Photonics K.K., Shizuoka, Japan).

The surface area of the A staining was quantified using Fiji Ima-
geJ software by defining the pixel intensity of the staining in the total
cortical or hippocampal area. The surface area of Ibal, CD68 and
GFAP staining was determined with Trainable Weka Segmentation in

ImageJ (Arganda-Carreras et al., 2017).

211 | ApBs;isolation and quantification (ELISA)

The cortex of the right hemisphere of APPswePS1AE9 mice was
homogenised in TBS/0.1% Triton X-100 with 2% complete protease
inhibitor cocktail (Roche Diagnostics Ltd., Mannheim, Germany)
(pH 7.2) and centrifuged at 21,000 x g for 20 min at 4°C. The super-
natant containing the extracellular soluble Ap fraction was collected
and stored at —80°C until further use. The Ap42 concentrations in
these samples were quantified using an AB42 ELISA kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instructions. The
AB42 concentrations were normalised to total protein concentrations
in the samples, determined with a BCA protein assay kit (Thermo
Fischer Scientific, Waltham, MA, USA).

212 | Triglyceride and neutral lipid quantification
The lipid extraction from homogenised liver samples was performed
as described by Bligh and Dyer (1959). The triglyceride concentrations
in these lipid extractions and the serum were determined with an
enzymatic reagent kit (DiaSys Diagnostic Systems, Holzheim,
Germany), according to the manufacturer's instructions.

Hepatic neutral lipids were quantified in the liver sections, as
described previously (Martens et al., 2021). Tissue Tek-embedded
samples of the left liver lobe were cut with a cryostat CM3050S
(Leica, Wetzlar, Germany) to obtain 12-um sections which were
mounted on SuperFrost Plus adhesion slides (Thermo Fisher Scientific,
Waltham, USA) and stored at —20°C until use. The liver sections were

fixed in 4% neutral buffered formalin, washed with tap water and
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rinsed with 60% isopropanol. The hepatic neutral lipids were stained
by incubating the sections with Qil Red O (Polysciences Inc., Warring-
ton, USA) for 15 min. The liver sections were rinsed with 60% isopro-
panol and covered with a coverslip. Digital images of the sections
were obtained with a Leica DMLB microscope (Leica Microsystems,
Rijswijk, The Netherlands) equipped with software from the Leica
Applications Suite (Leica Microsystems, Rijswijk, The Netherlands).
The surface area of the Oil Red O staining was quantified using Fiji

ImageJ software.

2.13 | Lipoprotein profile in serum

The cholesterol concentrations in very-low-density lipoproteins (VLDL),
low-density lipoproteins (LDL) and high-density lipoproteins (HDL) in
serum were determined using fast protein liquid chromatography
(FPLC), as previously described (Fedoseienko et al., 2018; Larsen
et al., 2022). The system comprised a PU4180LPG quaternary pump
with an LG-980-02 linear degasser, FP920 fluorescence and UV4075
UV/VIS detectors (Jasco, Tokyo, Japan). After injection of 25 ul of
serum (1:1 diluted in TBS [pH 7.4]), lipoproteins were separated using a
Superose 6 HR 10/30 column (GE Healthcare Hoevelaken, The
Netherlands), operating at a flow rate of 0.31 ml min~2. An additional
R-PU-4081i right extension pump (Jasco, Tokyo, Japan) was employed
for introducing cholesterol PAP enzymatic reagent (Diasys, Holzheim,
Germany) at a flow rate of 0.1 ml min—?, facilitating cholesterol detec-
tion. Chromatogram analysis was conducted using ChromNav
chromatographic software, version 2.0 (Jasco, Tokyo, Japan). For quan-
titative analysis of the separated lipoproteins, commercially available
lipid plasma standards (low, medium and high) (SKZL, Nijmegen, The
Netherlands) were employed.

214 | Statistical analyses

Statistical analyses were conducted with PRISM GraphPad 8, only
for sample sizes of at least > 5. The presented group sizes, on which
the statistical analyses were conducted, represent the number of
independent values (i.e. excluding technical replicates as indepen-
dent values). The data were analytically tested for normal distribu-
tion with the Shapiro-Wilk normality test and visually checked by
plotting the data in a histogram. For data showing a normal distribu-
tion, we performed a two-way analysis of variance (ANOVA) with
treatment and genotype as independent variables (if P < 0.05: post
hoc test: Sidak). Not normally distributed data were analysed with a
Mann-Whitney test, a Kruskal-Wallis test (if P < 0.05: post hoc:
Dunn's), or the data went through a rank transformation followed by
a two-way ANOVA with treatment and genotype as independent
variables (if P <0.05: post-hoc: Sidak). Significant differences
(a = 0.05) are indicated with an asterisk (*). Only for the behavioural
data, extreme values, as determined by Dixon's exclusion principles

(Dixon, 1950, 1951), were excluded from further analysis.
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The manuscript complies with the BJP's recommendations and
requirements on the experimental design and analysis (Curtis
et al., 2022).

2.15 | Materials

22-Ketositosterol (IUPAC: 22-ketostigmast-5-en-3p-ol; purity: 100%)
was in-house synthesised (Maura Marinozzi's lab) starting from stig-
masterol i-methyl ether. Briefly, the latter was submitted to hydro-
boration/oxidation reaction to obtain a mixture of the four C-22/C23
hydroxylated derivatives, which was directly oxidised by Dess-Martin
reagent, thus furnishing the inseparable mixture of 22- and 23-keto
derivatives. The chromatographic separation of the two regioisomers
was made possible after the conversion of the mixture into the
corresponding 3B-acetoxylated derivatives. Final hydrolysis of 3-
acetoxy-22-ketostigmast-5-en-3p-ol furnished 22-ketositosterol in
32% overall yield.

DMEM/F-12 medium, FCS, penicillin, streptomycin, gentamycin,
L-glutamine, sodium pyruvate (Na-Pir), glucose and non-essential
amino acids solution (NEAA) were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA), while phorbol 12-myristate 13-acetate
(PMA), Sandoz 58-035, bovine serum albumin (BSA), lipid-free human
apolipoprotein A-I (ApoA-1) and human high-density lipoprotein (HDL)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640
medium was obtained from Euroclone (Milan, Italy), and T091317
(#293754-55-9) was obtained from Cayman (Ann Arbor, MI, USA).
Xylene and n-decane were from Roth (Karlsruhe, Germany). Buffered
saline, 2-mercapto-ethanol, pyridine, hexamethyldisilazane, epicopros-
tanol, and 5-alpha-cholestane were obtained from Thermo Fisher Sci-
entific. Cyclohexane, trimethylchlorosilane, Triton-X100, paraffin wax
and 10% formalin were from Sigma-Aldrich.

Details of other materials and suppliers are provided in the spe-
cific sections

216 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2023/24 (Alexander
et al., 2023).

3 | RESULTS

3.1 | Cell-type specific activation of LXRx and
LXRp and up-regulation of LXR target genes

The results of the in vitro dual luciferase reporter assay demonstrated
that 22-ketositosterol activates LXRa and LXR in a cell-type-specific
manner (Figure 1). LXRa and LXRB were comparably activated in

HEK293, SH-SY5Y and CHME3 cells. In CCF-STTG1 cells,
22-ketositosterol activated LXRB slightly more than LXRa (Figure 1).

As the promotion of cholesterol efflux in astrocytes is crucial
for neuronal cholesterol supply, we assessed the effect of
22-ketositosterol on the expression of LXR-responsive cholesterol
efflux genes in CCF-STTG1 cells and human astrocytes. The explor-
atory data suggest that 22-ketositosterol increases the expression of
the LXR target genes ABCA1, ABCG1 and APOE, which are involved in
cholesterol efflux, in both cell types (Figure 2). 22-Ketositosterol dem-
onstrated no effect on the expression caveolin 1 gene (CAV1), SREBP1
or SREBP2 in primary human astrocytes (data not shown).

3.2 | Cholesterol efflux is enhanced by
22-ketositosterol

The exploratory data suggest that 22-ketositosterol enhances the
efflux of cholesterol from HepG2 cells to ApoA-I, HDL and human
serum in a concentration-dependent manner (Figure 3a-c). In
THP-1 cells, 22-ketositosterol may promote the efflux of choles-
terol to ApoA-I (Figure 3d). However, the cholesterol efflux from
THP-1 cells to HDL or human serum was only minimally affected

(Figure 3e,f).

3.3 | 22-Ketositosterol is internalised by cells and
affects cholesterol synthesis

Cellular internalisation of 22-ketositosterol was determined for the
lowest concentration that activates LXRs in vitro (1.25 uM). We dem-
onstrated internalisation of 22-ketositosterol by CCF-STTG1, SH-
SY5Y and HepG2 cells (Figure 4a). To examine the effect of
22-ketositosterol on cholesterol synthesis in these cell lines, we deter-
mined the concentrations of cholesterol and cholesterol precursors
(Figure 4b). In line with the data demonstrating an enhanced choles-
terol efflux (Figure 3), 22-ketositosterol reduced the intracellular con-
centrations of cholesterol and the cholesterol precursors, lanosterol,
desmosterol and lathosterol in CCF-STTG1 cells. In HepG2 cells,
22-ketositosterol also reduced the concentrations of cholesterol,
lanosterol and lathosterol, while the desmosterol concentration
remained unaffected (Figure 4b). The concentrations of cholesterol
and cholesterol precursors in SH-SY5Y cells were only minimally
affected by 22-ketositosterol (Figure 4b).

As a proxy of cholesterol synthesis rate, the ratios of cholesterol
precursors to cholesterol were determined (Figure 4c). We found that
in CCF-STTG1 cells 22-ketositosterol increased lanosterol/choles-
terol. 22-Ketositosterol also increased the ratios of desmosterol/
cholesterol and lathosterol/desmosterol, but it did not reach statistical
significance  (Figure 4c). In  SH-SY5Y and HepG2 cells,
22-ketositosterol also increased desmosterol/cholesterol (Figure 4c).
The ratio of lathosterol/cholesterol was also increased; however, it
did not reach statistical significance (Figure 4c). These data are indica-

tive of an increased cholesterol synthesis.

85U8017 SUOWIWIOD BAIIR.1D) 8|qeot|dde a3 Aq pausenoh ae ssppie YO ‘88N JO S8jni 10y Ariq1T 8UIIUO AB[IAN UO (SUORIPUOD-PUR-SWLBHW0D A8 | 1M Ae1q 1 U1 [UO//:SANY) SUOTIPUOD pue SWB | 38U} 88S *[5202/50/60] U0 ArIqiTauljuO AB|IM ‘Usioueuld 1sUSIQ 1esSeH 1BISBAIUN Aq TE00L Yda/TTTT OT/I0p/wWod A8 1M Aiq putuo'sgndsda/:sdiy woy pspeojumod ‘0 ‘T8ES9LYT



MARTENS ET AL

LXRa

LXRB

(a)

oo
*

Fold change

HEK293
Fold change

S S »
qg.a" ISR RS
Q' —_—
N 22-ketositosterol 22-ketositosterol
(c) .
15+ 151

SH-SY5Y
Fold change

Fold change

22-ketositosterol 22-ketositosterol

FIGURE 1

BRITISH 9
PHARMACOLOGICAL:
SOCIETY

LXRa LXRB
(b)
54 51 %
4
- *
) ° 0
= 2 3 ok x 5
o g 5
i k] °
5 :
(&
22-ketositosterol
(d) .
*
% e e
(&

22-ketositosterol 22-ketositosterol

22-Ketositosterol activates LXRa and LXRp. 22-Ketositosterol was tested for its LXRa- and LXRp-activating ability in (a) HEK293,

(b) CCF-STTGY, (c) SH-SY5Y and (d) CHMES3 cells. The data are expressed as fold change of LXRa/f activation in cells incubated with LXRa/p
agonist T0901317 or 22-ketositosterol (2, 5 or 10 uM) relative to the activation in EtOH-incubated cells. Bars represent the mean = SEM (n = 9
[22-ketositosterol] or n = 18 [T0901317]). Data were analysed with a one-way ANOVA (Kruskal-Wallis test). Values relative to 1.0: *P < 0.05.

3.4 | 22-Ketositosterol was detectable in the
cerebellum, liver, and circulation upon
supplementation in mice

The analyses of the animal tissues revealed the presence of
22-ketositosterol in the cerebellum, liver, and serum of WT and
APPswePS1AE9 mice upon its supplementation to the diet. In
APPswePS1AE9 mice compared to WT mice, the concentration of
22-ketositosterol in the serum was higher, whereas the concentration
found in the cerebellum of APPswePS1AE? mice was lower.
22-Ketositosterol was absent in the tissues of mice that received a

non-supplemented, vehicle diet (Figure S2a-c).

3.5 | Effects of 22-ketositosterol on cognitive
performance

At baseline, we confirmed a functional object location memory of
both WT and APPswePS1AE9 mice (Figure S1). Consistent with previ-
ous reports (Bogie et al., 2019; Martens et al., 2021), at the end of the
12-week treatment period, at the age of approximately 8.5 months,

non-supplemented APPswePS1AE9 mice demonstrated cognitive
deterioration  (Figure  5a-c). Diet supplementation  with
22-ketositosterol prevented the decline in the performance of
APPswePS1AE9 mice in the object location task (OLT; Figure 5a).
However, the decline in the performance of these mice in the object
recognition task (ORT; Figure 5b) and the Y-maze (Figure 5c) could
not be prevented by 22-ketositosterol  administration.
22-ketositosterol did not affect normal cognitive performance in WT

mice in any of the tasks performed (Figure 5a-c).

3.6 | No effect of 22-ketositosterol on Ap
plaque load

Administration of 22-ketositosterol did not affect A plaque load in
the cortex nor in the hippocampus of the APPswePS1AE9 mice
(Figure 6a,b,e). The Ap plaque load in the hippocampus subfields cornu
ammonis 1 (CA1), cornu ammonis 2/3 (CA2/3) and dentate gyrus
(DG) did not show an effect of 22-ketositosterol (Figure 6b). The
immunohistochemical staining of AP aggregates revealed that most

plagues were small sized (< 200 mm?), with no effect of
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FIGURE 2 22-Ketositosterol increases the RNA expression of LXR-response genes involved in cholesterol efflux in (a) CCF-STTG1 cells and
(b) primary human astrocytes. Gene expression of ABCA1, ABCG1 and APOE was determined in CCF-STTG1 cells and human astrocytes incubated
with 22-ketositosterol (1.25-5.0 pM), TO90317 (2.5 uM [CCF-STTG1] and 1 pM [human astrocytes; HA]) as a positive control, or EEOH. Gene
expression was normalised to the geometric mean of housekeeping genes ACTB, B2M, HPRT1 and SDHA (CCF-STTG1) and, additionally, YWHAZ
and TBP (human astrocytes), and expressed as fold change compared to the expression in EtOH-incubated cells. Bars represent the mean + SEM
(n = 3 [human astrocytes] or 4 [CCF-STTG1 cells] from independent experiments).

22-ketositosterol on plaque size distribution (Figure 6c-e). The corti-
cal soluble AP4, concentrations also remained unaffected by
22-ketositosterol (Figure 6f).

3.7 | 22-Ketositosterol reduced the microglia
markers ionized calcium-binding adaptor molecule
1 (Ibal) and CDé8 in the brain

The microglia markers Ibal and CDé68 were assessed by quantifying
the relative surface area (%) after immunohistochemical staining of
brain slices of WT and APPswePS1AE9 mice (Figure 7). Independent
of genotype, diet supplementation with 22-ketositosterol reduced the
Ibal expression in the cortex (Figure 7a,c) and in the hippocampus
(Figure 7b,c). 22-Ketositosterol decreased the Ibal expression in the

hippocampus of APPswePS1AE9 mice but not in WT mice
(Figure 7b). Analysis of the hippocampal areas cornu ammonis
1 (CA1), aornu ammonis 2/3 (CA2/3) and dentate gyrus
(DG) separately provided similar results, with a genotype-independent
decrease in Ibal (Figure 7b) and a significant decrease in Ibal expres-
sion in the hippocampus of APPswePS1AE9 mice but not in WT mice
(Figure 7b).

The expression of CD68, a marker that is abundantly expressed
by phagocytes including microglia and macrophages and up-regulated
with inflammation (Chistiakov et al., 2017), was significantly elevated
in the cortex and, although not significantly, in the hippocampus of
APPswePS1AE9 mice as compared to WT mice (Figure 7d-f).
22-Ketositosterol  supplementation resulted in a genotype-
independent decrease in CD68 expression in the cortex (Figure 7d).

22-Ketositosterol decreased the CD68 expression in the cortex of
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Effect of 22-ketositosterol on cholesterol efflux in HepG2 and THP-1 cells. Cholesterol efflux from (a-c) HepG2 and (d-f) THP-1

cells to ApoA-I (10 pg mi~2) (Figure 3a,d), HDL (12.5 ug mi~?) (Figure 3b,e) and human serum (2%) (Figure 3c,f) was determined after incubation
with 22-ketositosterol (1.0, 2.5 or 5.0 uM) or T0901317 (1 uM) as a positive control. The data are expressed as cholesterol efflux relative to the

efflux in EtOH-incubated cells. Bars represent the mean £ SEM (n = 9).

APPswePS1AE9 mice but did not reach statistical significance
(Figure 7d). The CD68 expression in the hippocampus was also
reduced upon 22-ketositosterol administration, but no statistical sig-

nificance was reached (Figure 7e).

3.8 | The elevated GFAP expression in the cortex
of APPswePS1AE9 mice was decreased by
22-ketositosterol

The GFAP expression in the cortex of APPswePS1AE9 mice was ele-
vated compared to WT mice, as determined by the relative surface area
(%) of immunohistochemical staining (Figure 8). Independent of geno-
type, 22-ketositosterol supplementation was demonstrated to decrease
the GFAP expression in the cortex. 22-Ketositosterol decreased the
GFAP expression in the cortex of APPswePS1AE9 mice but not in the
cortex of WT mice (Figure 8a,c). The GFAP expression in the hippocam-
pus of APPswePS1AE9 mice did not differ from that in WT mice and
was not affected by 22-ketositosterol supplementation (Figure 8b,c).

3.9 | 22-Ketositosterol supplementation affected
the sterol profiles

The concentrations of cholesterol (Figure 9), and its precursors (lanos-

terol, desmosterol and lathosterol) and metabolites
(24-hydroxycholesterol [24-OHC], 27-hydroxycholesterol [27-OHC],
7a-hydroxycholesterol [7a-OHC] and cholestanol) (Figure S3) were
determined in the cerebellum, liver and serum. As a proxy of the cho-
lesterol synthesis and oxidation, we determined the ratios of choles-
terol precursors and metabolites to cholesterol, respectively (Table 2).

The cholesterol concentration in the liver of APPswePS1AE9
mice was significantly higher compared to WT mice, while no signifi-
cant differences were observed in serum and cerebellum cholesterol
levels. In contrast, the concentration of the cholesterol precursor
lanosterol, along with its ratio to cholesterol, was significantly lower in
the cerebellum of APPswePS1AE9 mice compared to WT mice. The
lanosterol concentration in the liver and the lanosterol-to-cholesterol
ratio in the serum were elevated in APPswePS1AE9 mice. Addition-

ally, the desmosterol concentration in the liver and the desmosterol-
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FIGURE 4 The effects of 22-ketositosterol on cholesterol and cholesterol precursors. (a) Cellular internalisation of 22-ketositosterol was
determined in CCF-STTG1, SH-SY5Y and HepG2 cells incubated with 22-ketositosterol (1.25 uM) for 24 h. (b) The concentrations of cholesterol
and cholesterol precursors lanosterol, desmosterol, and lathosterol were determined in these cells after 24-h incubation with 22-ketositosterol
(1.25 uM) and expressed as fold change relative to EtOH-incubated cells. (c) The ratios of cholesterol precursors to cholesterol are also expressed
as fold change relative to EtOH-incubated cells. The bars represent the mean + SEM (n = 9). Data were analysed with a one-sample t-test to test
for significance to 0% (Figure 4a) or a Mann-Whitney test to test for significance to EtOH-incubated cells (Figure 4b,c). * P < 0.05.
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FIGURE 5 Diet supplementation with 22-ketositosterol prevents spatial memory loss but not recognition memory or spatial working memory

loss in APPswePS1AE9 mice. The effect of diet supplementation of 22-ketositosterol on cognitive performance was determined using an

(a) object location task (OLT), (b) an object recognition task (ORT), and (c) a spontaneous alternation Y-maze test. Extreme values (OLT:
APPswePS1AE9-vehicle n = 1; ORT: APPswePS1AE9-vehicle n = 1), as determined by Dixon's exclusion principles, have been excluded from the
analyses. Bars represent the mean + SEM (n = 9-13 per group). Data were analysed with a one-sample t-test compared to 0. D2 values relative

to 0: * P < 0.05, ns: no significant difference detected.

to-cholesterol ratio were elevated in APPswePS1AE9 mice compared
to WT mice.

In the cerebellum, APPswePS1AE9 mice showed significantly
higher concentrations of the cholesterol metabolite 7a-OHC and its
ratio to cholesterol, while the cholestanol concentration and its ratio
to cholesterol were lower compared to WT mice. In the liver, the con-
centrations of cholesterol metabolites 24-OHC, 27-OHC and 7a-OHC
were elevated in APPswePS1AE9 mice, along with the ratios of
24-OHC and 7a-OHC to cholesterol. In the serum, elevated ratios of
24-OHC, 70-OHC and cholestanol to cholesterol were observed in
APPswePS1AE9 as compared to the WT mice.

The cholesterol concentrations in the cerebellum remained

unaffected by  22-ketositosterol  (Figure 9a). However,
22-ketositosterol did affect the concentrations of cholesterol pre-
cursors and metabolites (Figure S3 and Table 2). In the cerebellum
of WT mice but not in APPswePS1AE9 mice, 22-ketositosterol
administration decreased the ratios of lanosterol/cholesterol, des-
mosterol/cholesterol and lathosterol/cholesterol in the cerebellum,
indicating a reduced cholesterol synthesis (Table 2). Regarding cho-
lesterol metabolites in the cerebellum, 22-ketositosterol administra-
tion increased 7a-OHC/cholesterol independent of genotype but

demonstrated no significant increase in either APPswePS1AE9 or

85U8017 SUOWIWIOD BAIIR.1D) 8|qeot|dde a3 Aq pausenoh ae ssppie YO ‘88N JO S8jni 10y Ariq1T 8UIIUO AB[IAN UO (SUORIPUOD-PUR-SWLBHW0D A8 | 1M Ae1q 1 U1 [UO//:SANY) SUOTIPUOD pue SWB | 38U} 88S *[5202/50/60] U0 ArIqiTauljuO AB|IM ‘Usioueuld 1sUSIQ 1esSeH 1BISBAIUN Aq TE00L Yda/TTTT OT/I0p/wWod A8 1M Aiq putuo'sgndsda/:sdiy woy pspeojumod ‘0 ‘T8ES9LYT



MARTENS ET AL

(a) (b)

AB AB
Cortex Hippocampus
2.5+ 44
204 *
2 . = 39
S 15- ; g
© ©
o o 2
o Q
£ 1.04 g
a o 14
0.5+
0.0- 0 =
22-ketositosterol -+ 22-ketositosterol -+ -+ -+ -+
Towl CAT CA2/3 “oG

(c) (d)

Ap plaque size

Cortex
80
® 60—
o
8
S 40
<
)
o
204
0-
22-ketositosterol -+ -+ -+
Plaque Size m m Large
(e)
Wild-type
Vehicle
1mm
O
APPswePS1AE9
Vehicle

Ap plaque size
Hippocampus

Percentage

22-ketositosterol -+ -+ -+

Plaque Size Small Medium Large

Wild-type
22-ketositosterol

APPswePS1AE9
22-ketositosterol

BRITISH 13
PHARMACOLOGICAL:
SOCIETY

()
Extracellular soluble AB4,
Cortex

N
o
]
rn

n
o
1

-
o
1

-
o
1

o
1

pg AB42 per mg total protein

0
22-ketositosterol - +

FIGURE 6 No effect of 22-ketositosterol on Ap plaque load in APPswePS1AE9 mice. After immunohistochemical staining of brain slices with
AB, the Ap plaque load in the (a) cortex and (b) hippocampus was determined as the surface area percentage of the staining (n = 10 per group,
one slice per animal). The percentage of small (< 200 um?), medium (200-450 pm?) and large (> 450 um?) plaques were calculated in the

(c) cortex and (d) hippocampus. Representative images of the Ap staining are presented in Figure 6e. (f) Extracellular soluble Ap4, was measured in
the cortex with an ELISA (n = 13 per group). Bars represent the mean + SEM. Data presented in Figure 6a,b were analysed with a Mann-Whitney
U test. Data presented in Figure 6c-e were analysed with an unpaired t-test. None of the differences between vehicle-treated and
22-ketositosterol-treated mice were statistically significant.
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22-Ketositosterol reduces microglia markers lbal and CDé68 in the cortex and the hippocampus. The cortical and hippocampal

surface area percentages of (a-c) Ibal and (d-f) CD68 staining were determined after immunohistochemical staining of brain slices of WT and
APPswePS1AE9 mice (n = 10-11 per group, three cortical images and one hippocampus image of one slice per animal). Representative images of
the Ibal and CDé8 staining are presented in Figure 7c,f, respectively. Bars represent the mean + SEM. All data in this figure were analysed with a
two-way ANOVA with a Sidak post hoc test, prior to which data presented in Figure 7b,d,e went through a rank transformation. * P < 0.05.

WT mice. 22-Ketositosterol decreased the cholestanol/cholesterol
ratio only in the cerebellum of APPswePS1AE9 mice and not in WT

mice (Table 2).

In the liver, 22-ketositosterol administration decreased the cho-

lesterol concentration

in both APPswePS1AE9 and WT mice

(Figure 9b). 22-Ketositosterol increased the ratio of desmosterol/
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FIGURE 8 Diet supplementation with 22-ketositosterol prevents the increase in astrocyte marker GFAP in the cortex of APPswePS1AE9
mice. The surface area percentages of GFAP staining in the (a) cortex and (b) hippocampus of WT and APPswePS1AE9 mice are shown.
Representative images of the GFAP staining are presented in Figure 8c. Bars represent the mean + SEM (n = 10-11 per group, three cortical
images and one hippocampus image of one slice per animal). Data were analysed with a two-way ANOVA (post hoc: Sidak).* P < 0.05.
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FIGURE 9 The concentrations of cholesterol in the (a) cerebellum, (b) liver and (c) serum of WT and APPswePS1AE9 mice after
22-ketositosterol supplementation. Bars represent the mean + SEM (n = 12-13 per group). Data were analysed with a two-way ANOVA (post
hoc: Sidak). * P < 0.05.

cholesterol in APPswePS1AE9 mice but not in WT mice. Serum cholesterol concentrations were not affected by
22-Ketositosterol supplementation increased the ratios of 24-OHC/ 22-ketositosterol (Figure 9c). However, the ratio of 27-OHC/choles-
cholesterol and 7a-OHC/cholesterol and decreased cholestanol/cho- terol was decreased in both APPswePS1AE9 and WT mice. The ratio of

lesterol, but only in WT mice (Table 2). cholestanol/cholesterol was decreased but only in WT mice (Table 2).
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TABLE 2 Ratios of cholesterol precursors, cholesterol metabolites and campesterol to cholesterol concentrations.
Cerebellum
Wild-type APPswePS1AE9 10
Vehicle 22-ketositosterol Vehicle 22-ketositosterol %
Cholesterol precursors _E
Lanosterol/cholesterol 1.00+£0.18 0.83 +0.06 * 0.75 £ 0.06 0.74 £0.10 £ 1.0
Desmosterol/cholesterol 1.00£0.15 0.86+0.10 * 0.97+0.13 0.92+0.15 2
Lathosterol/cholesterol S 1.00+0.21 0.80+0.11 * 0.89+0.14 0.86+0.18
0.1
Cholesterol metabolites
24-0OHC/cholesterol $ 1.00+0.29 0.79+0.24 0.79 £ 0.08 0.79+0.10
27-0OHC/cholesterol 1.00£0.28 1.12+0.17 1.08 £0.31 0.95+0.24
7a-0OHC/cholesterol 1.00+0.38 1.28+0.32 1.58 +0.26 1.85+0.48
Cholestanol/cholesterol S 1.00 +0.26 1.04 +0.15 0.97 +0.47 0.51+0.34 *
Liver
Wild-type APPswePS1AE9
Vehicle 22-ketositosterol Vehicle 22-ketositosterol
Cholesterol precursors
Lanosterol/cholesterol 1.00£0.36 1.02+0.41 0.99+0.30 1.30+0.48
Desmosterol/cholesterol 1.00+0.16 1.30+ 0.65 1.18+0.19 1.44 £ 0.26 *
Lathosterol/cholesterol 1.00£0.21 0.98 £0.32 0.91+0.17 1.07+0.28
Cholesterol metabolites
24-0OHC/cholesterol $ 1.00+0.18 1.53+0.44 * 2.05+0.42 2.50+0.81
27-OHC/cholesterol S 1.00+0.23 1.01+0.21 1.16 £0.21 1.06 + 0.26
7a-OHC/cholesterol $ 1.00 £ 0.33 236+1.19* 4.39+1.64
Cholestanol/cholesterol S 1.00+0.14 0.86+0.17 * 0.91+0.12 0.87+0.23
Campesterol/cholesterol 1.00+0.18 0.84+0.21 1.05+0.19 0.91+0.31
Serum
Wild-type APPswePS1AE9
Vehicle 22-ketositosterol Vehicle 22-ketositosterol
Cholesterol precursors
Lanosterol/cholesterol 1.00£0.23 1.07 £0.27 1.13+0.28 1.45+0.51
Desmosterol/cholesterol 5 1.00+£0.13 1.18+0.51 1.09 £ 0.22 1.16+0.24
Lathosterol/cholesterol 1.00+£0.21 0.98+0.20 1.00£0.19 1.16 £0.25
Cholesterol metabolites
24-OHC/cholesterol S 1.00 £0.15 0.98 £ 0.08 1.14£0.18 1.25+0.57
27-OHC/cholesterol $ 1.00+0.12 0.76 £ 0.08 * 1.02+0.12 0.83+0.17 *
7a-OHC/cholesterol S 1.00£0.32 0.96+0.12 1.12+0.28 1.04 +£0.17
Cholestanol/cholesterol 1.00+£0.13 0.81+0.11 * 1.10+0.13 0.99+0.21
Campesterol/cholesterol 1.00+0.12 0.87 +0.13 1.22+0.17 1.02+0.31*

Note: The data are relative to the ratios of vehicle-treated WT mice and presented as the mean + SD (n = 11-13 per group). Data were analysed with two-
way ANOVA (post-hoc: Sidak) prior to which the parameters indicated with $ went through a rank transformation. Significance relative to vehicle-treated

animals of the same genotype:

*P < 0.05.
3.10 | Modulatory effects of 22-ketositosterol on
phytosterols

Diet supplementation with 22-ketositosterol lowered phytosterol
concentrations in the cerebellum, liver and serum of APPswePS1AE9
and in WT mice (Figure 10a-c). 22-Ketositosterol reduced the cam-
pesterol/cholesterol ratio in the serum and liver (Table 2), which is

indicative of a reduced intestinal sterol absorption.

3.11 | No adverse effects of 22-ketositosterol on
liver and serum triglyceride concentrations

To determine if 22-ketositosterol induces lipid accumulation in the

liver and serum, as previously observed for synthetic LXRa/p

activators such as T0901317 (Grefhorst et al, 2002; Repa
et al., 2000; Schultz et al., 2000), we quantified serum and hepatic tri-
glycerides and hepatic neutral lipids. Moreover, we recorded the
daily food intake and the body weight throughout the experiment.
In line with our previous observations, APPswePS1AE9 mice
gained more weight during the experiment than WT mice
(Figure 11b,c), even though the food intake did not differ
between APPswePS1AE9 and WT (Figure 11a). APPswePS1AE9
mice also showed elevated hepatic triglycerides (Figure 11e) and
neutral lipids (Figure 11f).

The animals receiving a 22-ketositosterol-supplemented diet
showed a higher food intake compared to vehicle-treated animals
(Figure 11a). However, this was not reflected by differences in weight
as 22-ketositosterol supplementation did not result in weight gain in

the animals (Figure 11b,c). The administration of 22-ketositosterol did
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FIGURE 10 Phytosterol
concentrations in the (a) cerebellum,
(b) liver and (c) serum of WT and
APPswePS1AE9 mice after
22-ketositosterol supplementation.
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Food intake, body weight and lipid content of serum and liver after diet supplementation with 22-ketositosterol. The (a) daily

food intake, (b) body weight, (c) body weight relative to baseline, (d, e) serum and liver triglyceride (TG) concentrations, and the (f) hepatic neutral
lipid content determined by the surface area percentage of Oil Red O staining are presented (n = 11-13). The relative levels of (g) VLDL-c,

(h) LDL-c and (i) HDL-c are presented (n = 4-10 per group). Data are presented as mean + SEM and analysed with two-way ANOVA (post hoc:
Sidak), prior to which the data in Figure 11a,e,f went through a rank transformation. * P < 0.05.

not significantly affect serum triglyceride concentrations (Figure 11d)
nor liver triglyceride concentrations (Figure 11e). Likewise, no effect
was detected on the hepatic neutral lipid content (Figure 11f), nor on
the relative levels of VLDL-c, LDL-c or HDL-c (Figure 11g-i).

The expression of SREBF1 and its target genes FASN and SCD1 in
the liver remained unaffected by 22-ketositosterol supplementation
(Figure 12a-c), whereas the ACACA expression was found to
decrease, although it did not reach statistical significance in WT or
APPswePS1AE9 mice (Figure 12c). 22-Ketositosterol supplementa-
tion did not significantly alter the expression of GO/G1 Switch Gene 2
(G0S2) (Figure 12e), encoding a selective LXRa-responsive inhibitor of
intracellular lipolysis of which an up-regulation is believed to contrib-
ute to the adverse effects of LXRa activation on lipid accumulation
(Heckmann et al., 2017).

4 | DISCUSSION

We investigated the impact of the semi-synthetic LXR-activating oxy-
sterol 22-ketositosterol on Alzheimer's disease (AD)-related pathology
in APPswePS1AE9 mice. Our data demonstrate that 22-ketositosterol
administered via the diet enters the brain and may prevent the decline
in cognitive performance of APPswePS1AE9 mice. Administration of
22-ketositosterol did not influence Ap plaque load, yet it notably
reduced the expression of microglia and astrocyte inflammatory
markers lbal, CD68 and GFAP in the brain, suggesting anti-
inflammatory effects. 22-Ketositosterol administration did not induce
triglyceride accumulation in the liver or serum, unlike previously
tested synthetic agonists such as T0901317 (Grefhorst et al., 2002;
Repa et al., 2000; Schultz et al., 2000). In vitro, 22-ketositosterol was
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FIGURE 12 RNA expression of SREBF1, its target genes FASN, SCD1 and ACACA, and G0OS2 in the liver after supplementation with
22-ketositosterol. The gene expression was normalised to the most stable housekeeping genes (ACTB, B2M, HPRT1 and SDHA) and expressed as
fold change compared to the expression in vehicle-treated animals. Data are presented as mean + SEM (n = 7-8) and analysed with two-way
ANOVA (post hoc: Sidak), prior to which the data in Figure 12b-e went through a rank transformation. None of the differences between vehicle-

treated and 22-ketositosterol-treated mice were statistically significant.

found to activate LXRp slightly more than LXRa in CCF-STTG1 cells
but comparably activated LXRa and LXRf in the other cell types
tested. Besides, 22-ketositosterol was found to promote cholesterol
efflux from cultured THP1 and HepG2 cells.

22-Ketositosterol demonstrated differential effects on the cogni-
tive function of APPswePS1AE9 mice across the different tests. In
line with 24(S)-saringosterol (Martens et al., 2021), 22-ketositosterol
demonstrated a protective effect against the decline in hippocampus-
dependent spatial memory, as evaluated by the OLT. However, unlike
24(S)-saringosterol (Martens et al., 2021), 22-ketositosterol did not
prevent the decline in recognition memory and spatial working mem-
ory as evaluated with the ORT and Y-maze and involving both the hip-
pocampus and cortical structures (Bai et al., 2012; Vogel-Ciernia &
Wood, 2014). These data suggest that 22-ketositosterol may prevent
a decline in hippocampus functions without significantly influencing
cortical functions. However, each test has its sensitivity and therefore
improvements may be more easily detected in one test over the other.
Further investigation of various aspects of the cognitive function is
necessary to validate the impact of 22-ketositosterol on cognitive
performance.

Although 22-ketositosterol administration did not reduce the Ap
plaque load, it decreased the levels of inflammation-related microglia
and astrocyte markers Ibal, CD68 and GFAP in the hippocampus
and/or cortex of APPswePS1AE9 mice. This is in accordance with our
previous findings upon 24(S)-saringosterol treatment in AD mice
(Martens et al., 2021). These data suggest anti-inflammatory effects
of 22-ketositosterol, which is supported by previous findings of

Marinozzi et al. demonstrating a decrease in LPS-induced TNFa
expression by human monocytes (U937 cell line) with
22-ketositosterol (Marinozzi et al., 2017). Self-resolving inflammation
is necessary for tissue regeneration after damage; however, uncon-
trolled and excessive inflammation can permanently damage neuronal
tissue and play a significant role in the development and progression
of AD (Heneka et al., 2015; Yong et al., 2019). Neuroinflammation is
associated with the activation of microglia and astrocytes and the
subsequent release of inflammatory cytokines and chemokines
(Heneka et al., 2015). Compared to WT mice, APPswePS1AE9 mice
displayed elevated levels of CD68 and GFAP cortex, signifying a
potential excessive activation of microglia and astrocytes. The reduc-
tion of these CD68 and GFAP levels observed upon 22-ketositosterol
treatment could indicate a reduction in glial activation and might par-
tially mitigate the neuroinflammatory component of AD-related
pathology. The disturbance of the surveilling and patrolling microglia
in their housekeeping functions, including the removal of AB, can be
negatively affected because of the activation of microglia. While
reducing excessive glial activation might mitigate neuroinflammation,
it is important to note that glial activation is crucial for normal brain
functions like neuroprotection, synaptic regulation and maintenance
of homeostasis. Thus, mitigating excessive glial activation may be ben-
eficial, but it is important that 22-ketositosterol administration pre-
serves normal glial activity to maintain these essential processes.

In line with the up-regulation of LXR target genes involved in cho-
lesterol efflux (Marinozzi et al, 2017), our data suggest that

22-ketositosterol enhances cholesterol efflux in HepG2 and THP-1
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cells. A promotion of cholesterol efflux may underlie the observed
decrease in inflammation-related microglia and astrocyte markers in
the brains of APPswePS1AE9 mice. By promoting cholesterol efflux,
22-ketositosterol may have the potential to ameliorate the cytotoxic
accumulation of intracellular cholesterol that induces inflammasome
activation (Westerterp et al., 2018). This is of particular interest when
high amounts of cholesterol-rich cellular debris are released in neuro-
degenerative conditions, which are primarily cleared by microglia
(Berghoff et al., 2021; Cantuti-Castelvetri et al., 2018). Additionally,
activation of immune cells results in coordinated up-regulation of cho-
lesterol synthesis and storage (Lee & Bensinger, 2022). Therefore, glial
activation may be dampened by enhancing cholesterol efflux and
reducing intracellular cholesterol. Enhancement of cholesterol efflux
has been found to protect neuronal functioning and cognitive perfor-
mance in mouse models of AD (Donkin et al., 2010; Jiang et al., 2008;
Moutinho & Landreth, 2017; Riddell et al., 2007; T. Vanmierlo
et al., 2011). As the cholesterol efflux capacity mediated by ABCA1
and ABCG1 was found to be impaired in individuals with AD and with
mild cognitive impairment (Marchi et al., 2019; Turri et al., 2023;
Yassine et al, 2016), promoting cholesterol efflux by
22-ketositosterol administration may have therapeutic potential.

In accordance with the strictly regulated cholesterol homeostasis
in the brain, 22-ketositosterol administration did not affect the
cholesterol concentration in the brain. However, in line with the
previously reported differential regulation of the cholesterol metabo-
lism in the brain of WT and AD mice, the cholesterol synthesis rate in
WT mice, but not in APPswePS1AE9 mice, seemed to be decreased
upon 22-ketositosterol treatment, as suggested by a decrease in the
ratios of cholesterol precursors to cholesterol in WT mice exclusively
(Vanmierlo et al., 2010). Providing an LXR agonist is expected to
increase cholesterol turnover, as was seen with a synthetic LXR
agonist (Vanmierlo et al., 2011). However, this was not observed
with 22-ketositosterol. In contrast, the increase in the ratio of
desmosterol/cholesterol in the liver upon 22-ketositosterol supple-
mentation is suggestive of enhanced cholesterol synthesis. However,
it could also be attributed to the observed decrease in the hepatic
cholesterol concentration as a result of an enhanced cholesterol
secretion or an increased conversion into metabolites. The promotion
of the conversion of cholesterol to 7a-OHC, the rate-limiting step
in the classic neutral pathway of formation of bile acids, is suggested
by the elevated 7a-OHC/cholesterol in the liver of 22-ketositosterol-
addition,

22-ketositosterol have been demonstrated to inhibit the activity of

supplemented animals. In oxysterols such as
SREBPs and can thereby reduce the lipogenic pathway, for example,
the synthesis of lipids and cholesterol (Radhakrishnan et al., 2004).
Alternatively, the liver cholesterol concentrations may be decreased
as a result of reduced intestinal sterol absorption, as indicated
by the decreased campesterol/cholesterol ratio. Additionally,
22-ketositosterol may promote sterol excretion by LXR-mediated up-
regulation of Abcg5/8 (Kruit et al, 2005; Yu et al., 2003). These
cholesterol-lowering properties of 22-ketositosterol have the poten-
tial to prevent or restrict hypercholesterolemia and its associated

conditions.

Pan LXR agonists are known to negatively affect the lipid profile
leading to hepatosteatosis and hypertriglyceridemia (Grefhorst
et al, 2002; Repa et al., 2000; Schultz et al., 2000). These adverse
effects have been attributed to the activation of LXRa (Quinet
et al,, 2006; Schultz et al., 2000; Zhang et al., 2012) and linked to the
up-regulation of LXRa« target gene GO/G1 Switch Gene 2 (G0S2) lead-
ing to an inhibition of intracellular TG hydrolysis (Heckmann
et al., 2017). The treatment of Nr1h3~/~ (LXRa gene) mice with syn-
thetic LXR agonist GW3965 has been shown to promote cholesterol
efflux via activation of LXRp without inducing hepatosteatosis or
hypertriglyceridemia (Bradley et al., 2007). In line with these results, a
preferential LXRB agonist was demonstrated to increase the protein
levels of apolipoprotein E (ApoE) in the brain of Tg2576 mice and rhe-
sus monkeys without affecting hepatic triglyceride concentrations
(Stachel et al., 2016). Therefore, compounds selectively activating
LXRp may provide opportunities for application in AD treatment.
22-Ketositosterol was previously identified as a preferential activator
of LXRB (PFMO018 in Marinozzi et al, 2017). Although
22-ketositosterol activated LXRp slightly more than LXRa in CCF-
STTG1 cells, which was in accordance with the results of pan LXR
agonist T0901317, we demonstrate a comparable activation of LXRa
and LXRp in HEK293, SH-SY5Y and CHMES cells. The disparity in the
findings reported in this study and those previously documented by
Marinozzi et al. could stem from differences in the reporter assays
used. Marinozzi et al. used a luciferase assay with GAL-4 chimeric
receptors assessing mostly binding of the compounds to LXRa and
LXRB (Marinozzi et al., 2017), while we determined the transcriptional
activation of LXR in luciferase reporter assays by transfecting cells
with pcDNA3.1/V5H6 vector containing clones of the full-length
cDNAs for the murine nuclear receptors LXRa or LXRB and vectors
encoding RXRa and LXRE (Zwarts et al., 2019). Although we could not
confirm the strong preference of 22-ketositosterol for LXRp, no lipid
accumulation was induced in the liver or serum after diet supplemen-
tation with 22-ketositosterol in mice. It is unlikely that this results
from 22-ketositosterol being a highly selective LXRp agonist. More
likely is the involvement of LXR-independent effects, such as SREBP1
inhibition as demonstrated for oxysterols (Radhakrishnan et al., 2004),
which  may counteract LXRa-induced lipogenesis. In line,
22-ketositosterol did not increase the expression of SREBF1 or its tar-
get genes FASN, ACACA and SCD1. Instead, ACACA expression even
demonstrated a slight reduction upon 22-ketositosterol supplementa-
tion. In addition, no treatment effect was detected on the expression
of LXRa-responsive gene GOS2 of which an up-regulation is believed
to contribute to the adverse effects of LXRa activation on lipid accu-
mulation (Heckmann et al., 2017). 22-Ketositosterol could therefore
serve as a safe therapeutic agent, even though activating both LXRa
and LXRB.

5 | CONCLUSION

Our data suggest that LXR-activating 22-ketositosterol has potential
therapeutic beneficial effects in the context of neurodegenerative
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conditions such as AD. It may prevent disease progression by
promoting cholesterol efflux and possibly by mitigating AD-related
neuro-inflammatory processes. Considering that 22-ketositosterol
stands out for not inducing lipid accumulation in the liver or serum,
unlike other synthetic LXR agonists, further investigation into its
potential therapeutic application in diseases that could benefit from
dampening inflammation and enhancing cholesterol efflux is

warranted.
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