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Background and Purpose: Exposure to chronic stress and high levels of glucocorti-
coid hormones in adulthood has been associated with cognitive deficits and increased
risk of Alzheimer's disease (AD). Dazucorilant has recently emerged as a selective glu-
cocorticoid receptor (NR3C1) modulator, exhibiting efficacy in counteracting
amyloid-g toxicity in an acute model of AD. We aim to assess the therapeutic poten-
tial of dazucorilant in reversing amyloid and tau pathologies through the inhibition of
glucocorticoid receptor pathological activity, and providing additional evidence for its
consideration in AD treatment.

Experimental Approach: The efficacy of dazucorilant was evaluated in two trans-
genic mouse models of amyloid pathology. The slowly progressing J20 and the
aggressively pathological 5xFAD mice. Behavioural analysis was conducted to evalu-
ate welfare, cognitive performances and anxiety levels. The activity of the glucocorti-
coid receptor system, neuroinflammation, amyloid burden and tau phosphorylation
were examined in hippocampi.

Key Results: In both AD models, chronic treatment with dazucorilant improved work-
ing and long-term spatial memories along with the inhibition of glucocorticoid
receptor-dependent pathogenic processes and the normalization of plasma glucocor-
ticoid levels. Dazucorilant treatment also resulted in a reduction in tau hyperpho-

sphorylation and amyloid production and aggregation. Additionally, dazucorilant

Abbreviations: AD, Alzheimer's disease; APP, amyloid precursor protein; CA1/CA3, Ammon's horn 1 and 3; d-PP2Ac, PP2A catalytic subunit demethylated at Leu309; FAD, Familial Alzheimer's
Disease; GFAP, glial fibrillary acidic protein; Iba-1, lonized calcium-binding adaptor molecule 1; m-PP2Ac, PP2A catalytic subunit methylated at Leu309; 0Ap, oligomeric solution of Ag; qPCR,
quantitative polymerase chain reaction; TauC3, tau cleaved at D421; TREM2, Triggering receptor expressed on myeloid cells 2.
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processes.

KEYWORDS

1 | INTRODUCTION

Alzheimer's disease (AD) is the leading cause of dementia in the elderly.
This neurodegenerative pathology is characterized by a progressive
decline in cognitive functions and the presence of senile plaques and
neurofibrillary tangles (NFT) throughout the brain, including key
regions involved in memory formation and emotional regulation. Senile
plaques consist of insoluble extracellular aggregates of amyloid-p (Ap)
peptides, while neurofibrillary tangles result from the intraneuronal
aggregation of hyper- and abnormally phosphorylated tau protein
(Querfurth & LaFerla, 2010; Selkoe & Hardy, 2016). While familial
forms linked to specific genetic mutations account for less than 1% of
cases, the vast majority of patients (99%) presents with sporadic forms
of AD, with unidentified mechanisms but established risk factors
(Querfurth & LaFerla, 2010; Selkoe & Hardy, 2016). Besides ageing,
growing evidence suggests that environmental and lifestyle factors
may increase the susceptibility to develop AD. Significantly, clinical
observations reported that stressful life events reduce the onset age
of AD (Mejia et al, 2003), while stress-related disorders such as
depression may promote AD symptoms and neuropathology (Canet
et al., 2018; Canet et al., 2019; Herbert & Lucassen, 2016).

The hypothalamic-pituitary-adrenal (HPA) axis, pivotal for the
stress response, triggers the release of glucocorticoids (GC; cortisol in
humans and corticosterone in rodents) from the adrenal cortex. These
steroid hormones cross the blood-brain barrier and bind to low-
affinity glucocorticoid receptors (NR3C1; GR) and high-affinity
mineralocorticoid receptors (NR3C2), expressed by neuronal and/or
astroglial cells (Reul & de Kloet, 1985). Glucocorticoid are crucial in
normal cellular activity and are fundamental for many CNS functions,
including learning and memory (Roozendaal, 2000). While mineralo-
corticoid receptors are predominantly expressed in the hippocampus,
glucocorticoid receptors are more ubiquitous, particularly in limbic
structures (prefrontal cortex [PFC], hippocampus and amygdala).
These structures are strongly involved in cognitive and psychological
functions, and part of the neural circuitry controlling the activity of
the hypothalamic-pituitary-adrenal (HPA) axis (Jankord &
Herman, 2008). Glucocorticoids acting synergistically with excitatory
amino acids like glutamate, can induce neurotoxicity (McEwen, 2008).

Therefore, dysregulation of HPA axis activity and/or alterations in
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seemed to mediate a specific re-localization of activated glial cells onto amyloid pla-

ques in J20 mice, suggesting a restoration of physiological neuroinflammatory

Conclusion and Implications: Dazucorilant exhibited sustained disease-modifying
effects in two AD models. Given that this compound has demonstrated safety and
tolerability in human subjects, our results provide pre-clinical support for conducting

clinical trials to evaluate its potential in AD.

5xFAD mice, Alzheimer's disease, Amyloid-j peptide, glucocorticoid receptors, HPA axis, J20
mice, neuroinflammation, Tau protein

What is already known?

o Selective glucocorticoid receptor modulators exhibit neu-
roprotective properties in experimental models of neuro-

degenerative disorders.

What does this study add?

e Glucocorticoid receptor-specific modulation by dazucori-
lant benefits cognition and reduces neuropathology in

two AD transgenic models.

What is the clinical significance?

o Selective glucocorticoid receptor modulators in clinical
trials show good safety and tolerability for

glucocorticoid-associated diseases.

glucocorticoid receptor function may be highly toxic, especially in lim-
bic structures (McEwen, 2008), contributing to the cognitive decline
and psychological symptoms observed in AD. In transgenic (Tg) animal
models of AD, stress and glucocorticoids administration affect the
course of the pathology. For instance, chronic stress and prolonged
treatment with glucocorticoids have been shown to accelerate cogni-
tive deficit onset, trigger amyloid precursor protein (APP) misproces-
sing, amplify plaque pathology, reduce Ap clearance, increase Ap
levels and promote accumulation of hyperphosphorylated tau (Canet
et al., 2022; Green et al.,, 2006; Rothman et al., 2012). This view is
strongly supported by the observation that in AD patients, cognitive
and psychological symptoms are linked to an early dysregulation of
the HPA axis, increased levels of glucocorticoids in plasma and CSF,
as well as impaired glucocorticoid feedback (Csernansky et al., 2006;
Hartmann et al., 1997; Hoogendijk et al., 2006). In an acute pathomi-
metic model of AD induced by a single intracerebroventricular (i.c.v)
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injection of an oligomeric solution of AB (0ApB) (Canet, Zussy,
et al., 2023; Zussy et al., 2011), we demonstrated a robust and long-
lasting activation of the HPA axis, accompanied by altered expression
of glucocorticoid and mineralocorticoid receptors in brain regions reg-
ulating glucocorticoids secretion (i.e. hippocampus, amygdala and
hypothalamus) (Brureau et al., 2013; Pineau et al., 2016). Moreover,
our previous results revealed that a one-week treatment with
CORT108297 or dazucorilant (CORT113176), acting as selective glu-
cocorticoid receptor modulator, reversed memory deficits, mitigated
HPA axis hyperactivity and reduced synaptic impairments, APP mis-
processing, neuroinflammation and apoptotic processes induced by
the amyloid toxicity in the hippocampus and prefrontal cortex (Canet
et al., 2020; Pineau et al., 2016). Altogether, these data strongly sup-
port the involvement of the HPA axis in the aetiology of AD.

Here, we aimed to provide additional pre-clinical support for this
therapeutic approach in a progressive in vivo AD model, using J20
transgenic mice. We focused on the hippocampus given its early and
severe vulnerability in AD (Querfurth & LaFerla, 2010) and its regula-
tory function on PBS axis activity due to high glucocorticoid receptor
expression (McEwen, 2008; Reul & de Kloet, 1985). Then, we con-
firmed the benefits of dazucorilant by evaluating some of the more
AD-relevant outcomes in a more aggressive amyloid-producing mouse
model, 5xFAD (transgenic mice). We observed in both models that a
4-week chronic treatment protocol with dazucorilant:- (i) improved
memory performances and reduced anxiety-like behaviours,
(ii) normalized plasma glucocorticoids levels, (iii) inhibited glucocorti-
coid receptor pathological overactivation and detrimental neuroin-
flammatory processes and (iv), reduced amyloid production and
plagues, as well as tau hyperphosphorylation. Our findings collectively
underline the therapeutic efficacy and potential disease-modifying
effects of dazucorilant, thereby supporting dazucorilant as a viable
therapeutic approach for AD.

2 | METHODS

21 | Animals

Initially purchased from the Jackson Laboratory and originally pro-
duced by L. Mucke (Mucke et al., 2000), adult male J20 mice
(hAPP* g ina) (MTA #UM140255-01 with the Gladstone Institute)
ubiquitously overexpress a mutant form of human amyloid precursor
protein (hAPP) bearing both Swedish (KM670/671NL) and Indiana
(V717F) mutations (APPSwInd), providing a progressive chronic model
of AD. We used only male mice in this study to minimize variability
associated with hormonal fluctuations during the estrous cycle in
females, which can influence glucocorticoid receptor signalling and
cognitive functions (Zhang et al., 2009). Further analyses are war-
ranted to confirm these results in female mice, as it has been shown
that dazucorilant is less effective in slowing down motor impairment
in female mice than in male mice (Gentenaar et al., 2024). These mice
were bred in our animal facility (University of Montpellier, CECEMA)
under standard conditions (12H/12H light/dark cycle with lights on at

07HOO0; 21 + 1°C, food and water ad libitum) and were backcrossed
>10 generations (Zussy et al., 2022). For breeding, male J20 mice
were mated with female C57BL/6 mice (Janvier Lab., France).
Wild-type (WT) littermates were used as controls. In order to have a
well-established AD pathology, including memory deficits and marked
amyloid pathology (Mansuy et al., 2018), 8-month-old male mice were
used throughout this study.

The generation of transgenic 5xFAD mice has been described
previously (Oakley et al., 2006). These mice carry mutations in both
human amyloid precursor protein (APP695) and presenilinn1 (PSEN1)
genes. The APP gene harbours three Familial Alzheimer's Disease
(FAD) mutations:- Swedish (K670N, Mé71L), Florida (1716V) and
London (V7171), and the human PSEN1 gene harbours two FAD muta-
tions:- M146L and L286V. The 5xFAD strain (B6/SJL genetic back-
ground) was maintained by crossing heterozygous transgenic mice
with B6/SJL F1 breeders (Jackson Laboratories, Bar Harbour, Maine,
USA). F1 male mice resulting from the cross between 5xFAD (B6/SJL)
and C57BL/6 mice were further crossed with C57BL/6 female mice
and the male offspring was backcrossed more than eight times with
C57BL/6 female mice as previously described (Baranger et al., 2016).
Wild-type (TW) littermates were used as controls. Given this model
exhibits AD-related pathology from 3 months of age (Giannoni
et al,, 2016; Rochais et al., 2020) and that we aimed to evaluate the
curative properties of our treatment, we used 6-month-old male mice
throughout this study.

All experiments, including kills, were performed between 09HO0
and 14HO00, during the diurnal trough of the HPA axis circadian
rhythm.

2.2 | Ethical considerations

Animal procedures were conducted in strict adherence to the
European Union Directive of 2010 (2010/63/EU) and in compliance
with the ARRIVE guidelines (Percie du Sert et al., 2020), and the edito-
rial British journal of pharmacology on reporting animal studies (Lilley
et al., 2020). The National French Animal Welfare Committee and the
local committee at the University of Montpellier approved all protocols
(authorization: APAFIS#35152). All efforts were made to minimize

the number of animals used, potential pain, suffering and distress.

2.3 | Experimental procedures and animal groups

Developed by Corcept Therapeutics, dazucorilant belongs to a novel
class of selective non-steroidal glucocorticoid receptor ligands (1H-pyr-
azolo[3,4-g]hexahydro-isoquinoline sulfonamide) with excellent affinity
for glucocorticoid receptor and negligible affinity for other nuclear hor-
mone receptors, including progesterone (NR3C3), androgen (NR3C4),
mineralocorticoid and oestrogen (NR3A1/2) receptors (Beaudry
et al, 2014; Pineau et al., 2016). The term selective glucocorticoid
receptor modulator reflects its biological properties, as dazucorilant

exhibits partial antagonism and some agonism in a transrepression
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assay (Gazorpak et al., 2023; Pineau et al., 2016). Importantly, this mol-
ecule likely has the potential to selectively block pathogenic glucocorti-
coid receptor-dependent processes in the brain as an antagonist, while
potentially retaining some beneficial aspects of glucocorticoid receptor
signalling as an agonist (Meijer et al., 2018; Pineau et al., 2016).

To evaluate the impact of the selective glucocorticoid receptor
modulator dazucorilant on Alzheimer's pathology in the J20 and 5xFAD
transgenic mouse models, male mice (8 months, n = 7-10 per group
for J20 and 6 months, n = 7-9 per group for 5xFAD) were implanted
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subcutaneously with an osmotic pump (Alzet®, Charles-River, France)
that delivered 20 mg-kg t-.day™! of dazucorilant during 4 weeks
(Figures 1a and 8a). Animals implanted with an osmotic pump contain-
ing vehicle (80% DMSO, 20% sterile 0.9% NaCl) served as control. Mice

1 and

were anaesthetised with isoflurane (O, 0.2 I-min~?, air 0.2 I-min~
isoflurane 2%) and after a small incision, the osmotic pump was posi-
tioned subcutaneously on the animals flanks. After implantation, the
mice were housed individually in transparentcage (Tecniplast, Lyon,

France) to promote wound healing and prevent them from removing

(a) (b)
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Treatment with 4: Incomplete dome
vehicle or 3: Cup
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FIGURE 1 Chronic treatment with dazucorilant prevents behavioural impairments in J20 mice. (a) Experimental protocol at TO, at the age of

8 months, J20 mice and wildtype (WT) littermates were subcutaneously implanted with an osmotic micropump (Alzet®) which delivered during

4 weeks 20 mg-kg~1-day ! of dazucorilant (C11) or a vehicle solution (V). At the age of 9 months, the behavioural performances of all mice were
tested. (b) Overall welfare behaviour was determined by the nesting test. Nest building was scored according to a rating scale of 1-5 (Hess

et al., 2008). A two-way ANOVA followed by a Tukey's multiple comparison were performed: F 44 = 23.9 for group (P < 0.05); F1 44 = 4.53 for
treatment (P < 0.05); and Fy 44 = 6.05 for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05
versus selected group. (c) Recognition memory was determined using the novel object recognition (NOR) test. The sensitivity of recognition memory
was assessed by calculating the preferential discrimination index (Sivakumaran et al., 2018). A two-way ANOVA followed by a Tukey's multiple
comparison were performed: F4 353 = 13.1 for group (P < 0.05); F4 33 = 8.69 for treatment (P < 0.05); and F4 35 = 0.13 for interaction (ns).

(d) Spontaneous working memory performance was determined in a Y maze test. The number of arm entries and the number of triads were recorded
to calculate the percentage of alternations. A two-way ANOVA followed by a Tukey's multiple comparison were performed: F1 30 = 19.9 for group
(P < 0.05); F1 30 = 6.61 for treatment (P < 0.05); and F4 30 = 4.63 for interaction (P < 0.05). (e) The anxious/depressive behaviour was determined
using the splash test (David et al., 2009). A 10% sucrose solution was sprayed onto the dorsal coat of mice and the grooming frequency was
recorded for 5 min. A two-way ANOVA followed by a Tukey's multiple comparison were performed: F4 57 = 24.2 for group (* P < 0.05); F1 57 = 0.02
for treatment (ns); and F4 27 = 0.28 for interaction (ns). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus
selected group. All data are presented as box and whiskers with min to max and median adn n = 6-14 mice per group. ns: non-significant.
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each other's sutures. From 3 weeks after the implantation of the
osmotic pumps containing selective glucocorticoid receptor modulator
(dazucorilant) or vehicle, behavioural tests (Nesting, Splash, novel object
recognition and/or Y maze tests) were performed to characterize the
impact of the treatment on Alzheimer's pathology. All tests were con-
ducted in a dedicated room and the animals were placed in this room at
least 30 min before each test. Videotaped data were analysed with the
‘Ethovison’ software (Noldus). To minimize stress and avoid subjecting
mice to multiple behavioural tasks, we divided the tests among differ-
ent batches of mice. The sporadic occurrence of eyelid dermatitis was
used as an exclusion criterion, as it could impact the mice's motivation
and performance during behavioural tests. However, if these mice were
otherwise healthy, they were included in post-mortem analyses.

One day after the end of behavioural tests (i.e. 4 weeks after the
implantation of the osmotic pump), a subset of mice (n = 5 per group)
was anaesthetised with an i.p. injection of a mixture of ketamine
(100 mg-kg~Y)/xylazine (10 mgkg™Y) and perfused intracardially with
NaCl buffer (0.9%) for exsanguination, and then with a 4% paraformal-
dehyde solution until tissue fixation. The brains were carefully removed
for histological and immunohistochemical analysis. The other subsets of
mice were killed by decapitation without anaesthesia, as anaesthesia
leads to tau hyperphosphorylation (Canet, Rocaboy, et al., 2023). For
each animal, death was confirmed by the absence of a heartbeat and
respiration before proceeding with tissue collection. Blood samples were
collected for corticosterone assay and the hippocampi were rapidly dis-
sected, and randomly allocated to ELISA, western blot or gPCR analyses.

24 | Behavioural tests
All behavioural analyses and quantifications were performed in a

blinded manner.

241 | Welfare behaviour (nesting)

In rodents, nest-building is a species-specific form of active interac-
tion with the environment for shelter and temperature regulation.
Both male and female mice build a nest when they are provided with
suitable building material. This method aims to exploit highly moti-
vated nesting behaviours to quickly characterize the animal's overall
welfare, which is affected by the amyloid pathology (Mansuy
et al., 2018). Mice were individually housed on sawdust in standard
cages and a 5 x 5-cm cotton piece was introduced into each cage
approximately 3 h before the onset of the dark phase. The next morn-
ing, nest building behaviour was scored according to a previously
described rating scale of 1-5 (Figures 1b and 8b) (Hess et al., 2008).

2.4.2 | Long-term recognition memory

The novel object recognition (NOR) test is a highly validated test for
recognition memory in mice. The test relies on three sessions

(habituation, training and test) and can be completed over 2 days
(Figures 1c and 8c). Mice were placed individually in a circular open
field (50 cm in diameter) made in Plexiglas, with a floor equipped with
infrared light-emitting diodes. The first day of trial, mice were habitu-
ated to the arena for 10 min (Session 1). One hour later (Session 2—
training session), mice explored two identical objects (plastic bricks of
construction game) placed at defined positions of one diagonal of the
arena for 10 min. The next day (Session 3—test session), one of
the familiar objects was replaced with a novel one (graduated glass
cylinder) differing in colour, shape and texture, and mice explored for
10 min. The preferential discrimination index, indicative of recognition
memory sensitivity (Sivakumaran et al., 2018), was calculated as fol-
lows:- (number of contacts with the novel object — number of contact
with the familiar object)/total contacts number. The exploratory activ-
ity of each mouse during Sessions 2 and 3 were recorded using the

Noldus EthoVisonXT video-tracking system.

243 | Short-term memory (Y maze)

The Y maze spontaneous alternation was used to assess short term
memory in mice. Spontaneous alternation (spatial working memory)
can be assessed by allowing mice to explore all three arms (Figures 1d
and 8d) of the maze and is driven by an innate curiosity of rodents to
explore previously unvisited areas. After introduction to the centre of
the maze, the animal was allowed to freely explore the three arms
during 8 min (Mansuy et al., 2018). The number of arm entries and the
number of triads was evaluated to calculate the percentage of alterna-

tion using the Noldus EthoVisonXT video-tracking system.

244 | Anxious/depressive like behaviour
(splash test)

The splash test consists of spraying a 10% sucrose solution on the
dorsal coat of a mouse (David et al., 2009). Due to its viscosity,
the sucrose solution dirties the coat and induces a grooming behav-
iour (Figure 1e). The grooming frequency was recorded for 5 min as
an index of self-care and motivational behaviour that could be consid-
ered to parallel with some symptoms of anxiety/depression such as
apathetic behaviour (David et al., 2009).

2.5 | Corticosterone and human AfB,_4, assays

Blood samples were collected after the mice had been killed through
decapitation without anesthesia (BD vacutainer® EDTA), centrifuged at
4°C and plasma was stored at —20°C until corticosterone assay (Canet
et al.,, 2020; Canet et al., 2022). Plasma corticosterone concentrations
were determined using a conventional ELISA kit (ARBOR Assays, USA)
in a 5-ul plasma sample diluted (1:100) with the assay buffer. Assay sen-
sitivity was 17.5 pg-ml~2. Intra- and inter-assay coefficients were 5.2%

and 7.9%, respectively. Human amyloid-g (1-42) peptide was quantified
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in soluble and insoluble fractions of hippocampal homogenates using
ELISA kit (Human Ap42 Ultrasensitive ELISA Kit, Invitrogen) (Mansuy
et al., 2018). Briefly, 2% sodium dodecyl sulphate (SDS) was added to
brain homogenates prior to ultracentrifugation at 19,600xg for 30 min
at 4°C. The resulting supernatants were collected to quantify the solu-
ble fractions of human Ap;_4, peptides, while the pellets were used to
quantify the insoluble fraction. Results were normalized against protein
concentrations calculated using the bicinchoninic acid method (BCA kit,
ThermoFisher Scientific, France). Assay sensitivity was 1 pg-ml~2. Intra-

and inter-assay coefficients were 8.6% and 7.5%, respectively.

2.6 | Histology and immunohistochemistry analysis
Harvested brains were postfixed in a 4% paraformaldehyde solution
for 48 h (4°C) and then in a sucrose solution (30%) for 3 days (4°C).
Thereafter, the tissues were embedded in a block of OCT compound
(Tissue-Tek, Sakura Finetek, USA) and quickly frozen in chilled ace-
tone on dry ice. Frozen brains were mounted on a cryostat (Leica
CM3050-S, France), serially cut into 10-um coronal sections and
mounted on Superfrost® Plus glass (Microm Microtech, France). Slides
were acquired and analysed using a Leica DM4B microscope coupled
with the Thunder Imager technology (Leica, France). This technology
removes the out-of-focus blurring thanks to an optodigital and auto-
mated method called ‘Computational Clearing System’ developed by
Leica (Leica Thunder Imaging Systems). The investigator was blinded
to the identity of the mouse brains and at least 10 sections were stud-
ied from each brain, taken from the anterior hippocampus level (coor-
dinate from bregma: —1.94 mm), with intervals of 10 um.

Amyloid plaques were quantified according to our previously pub-
lished protocol (Mansuy et al., 2018). Briefly, slides were rinsed with
PBS (0.1 M) to remove cryoprotectants and dehydrated in successive
baths of 70% and 80% ethanol. Sections were incubated for 15 min at
room temperature with 1% thioflavin S (ThS, resuspended in 80% eth-
anol), a fluorescent dye used to stain amyloid plaques (Mansuy
et al., 2018). Sections were then progressively rehydrated and coun-
terstained with 4/,6’-diamino-2-phenylindole (DAPI) to visualize nuclei.
The number and the surface area of amyloid aggregates throughout
the hippocampus were analysed using Fiji software (NIH, USA). All
data per animal were pooled to get the total number and total surface
area of aggregates, and then normalized to the total surface area of
the hippocampus analysed for each animal.

Analyses of glial (glial fibrillary acidic protein [GFAP]), microglial
(ionized calcium-binding adaptor molecule [1lba-1]), amyloid plaques
(6E10) and glucocorticoid receptor protein were conducted using a
fluorescent immunohistochemistry approach (Brureau et al., 2013;
Mansuy et al., 2018; Zussy et al., 2011; Zussy et al., 2013). All anti-
bodies used are detailed in Table S1. Sections were incubated over-
night at room temperature with primary antibodies in a humid
chamber and then for 2 h with appropriate fluorescent secondary
antibodies (Alexafluor-488 for anti-GFAP, anti-glucocorticoid receptor
and anti 6E10 or Cy3 for anti-Ibal or anti-NeuN) (Invitrogen, Molecu-
lar Probes, The Netherlands). The nuclei of all sections were
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counterstained with 4/,6’'-diamino-2-phenylindole (DAPI, Molecular
Probes). In the case of 6E10, sections were pretreated with a demask-
ing solution of formic acid (70%) for 15 min at room temperature
before immunohistochemistry procedures (Mansuy et al., 2018).
Immunostaining specificity was determined by incubating control sec-
tions with the secondary antiserum alone.

As previously described (Brureau et al., 2013), to determine the
nuclear localization of glucocorticoid receptor, the overlap area of glu-
cocorticoid receptor labeling with the DAPI signal in the regions of
interest (CA1, CA3 and hilus) was determined using the FIJI BIOP
plugin ‘JACoP’ developed by Bolte and Cordeliéres (Bolte &
Cordeliéres, 2006). The overlap area was obtained from the overlap
coefficient introduced by Manders et al., and based on the Pearson's
correlation coefficient (Manders et al., 1992). Data per section (~10
per animal) were expressed as a percentage of total glucocorticoid
receptor labelling and then averaged to get the nuclear localization of
glucocorticoid receptor per animal. With this approach, the normaliza-
tion factor is not dependent on the relative intensities of the green and
blue fluorescent signals, or on the gain settings of the microscope's
photodetectors (for more details, see https://imagej.net/plugins/jacop).

The specific intensity of GFAP or Ibal immunosignal in senile pla-
ques (labelled with 6E10) was calculated as the ratio of the signal
intensity of each marker (GFAP or Ibal) present on senile plaques to
the total signal intensity determined for each acquired image (main-
taining constant exposure for all samples across a single experiment).
Data per section (~10 per animal) were averaged to obtain the rela-
tive intensity of each marker (GFAP or Ibal) at the level of senile pla-

ques per animal.

2.7 | Western blot analysis

The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
et al.,, 2018). Western blots were performed as previously described
(Canet et al., 2022; Zussy et al., 2011) in the hippocampus. All anti-
bodies used are detailed in Table S1. Briefly, after sacrifice, hippocampi
were micro-dissected, weighed, immediately frozen in liquid nitrogen
and stored at —20°C. Tissues were sonicated (VibraCell; Sonics &
Materials, USA) in a lysis buffer and centrifuged (4°C). Supernatants
were collected and protein concentration was measured using a BCA
kit (ThermoFisher Scientific). Sixty pug from each sample were used for
western blot analysis. Samples were separated in a sodium dodecyl sul-
phate (SDS)-polyacrylamide gel (12%) and transferred to a PVDF mem-
brane (Merck-Millipore, France). The membrane was incubated
overnight (4°C) with appropriate primary antibody, rinsed and then
incubated for 2h with the appropriate horseradish peroxidase-
conjugated secondary antibody (Sigma-Aldrich). Peroxidase activity was
revealed using enhanced-chemiluminescence (ECL) reagents (Luminata-
Crescendo, Merck-Millipore) and quantified using Image-J software
(NIH, Bethesda, MA, USA). s-tubulin served as a loading control for all
immunoblotting experiments. All western blot quantifications were per-

formed in a blinded manner to ensure objectivity. Due to technical
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issues such as sample loss or depletion during experimental procedures,
some discrepancies in sample sizes occurred among different biochemi-
cal analyses. Two representative lanes from the immunoblots are
shown for each specific experimental condition. Brightness levels were

adjusted as necessary to enhance visualization and accuracy.

28 | RT-gPCR

RT-qPCR were performed as previously described (Zub et al., 2019) in
the hippocampus. Tissues were suspended in 350 ul RLT Plus buffer
(Qiagen) supplemented with 1% p-mercaptoethanol and lysed within
Lysing Matrix D tube into the FastPrep® sample preparation system
(MP Biomedicals). Tissue lysate was homogenized on QlAshredder
columns (Qiagen). Total cellular RNA was extracted using the RNeasy
Mini RNA isolation kit (Qiagen) and genomic DNA contamination was
removed using RNase-Free DNase Set (Qiagen). The RNA concentra-
tion of each sample was measured with a Nanodrop 2000c spectro-
photometer (Thermo Fisher Scientific). Following the manufacturer's
instructions, one microgram of total RNA was reverse-transcribed
using random hexamers of the Transcriptor First Strand cDNA Syn-
thesis Kit (Roche). RT-gPCR was performed using a 5-pl volume of
10 ng cDNA, 500 nmol-L~?* of forward and reverse primers, and 2.5 pl
of SYBR Green PCR Master Mix (Roche) in duplicate. The programme
ran 45 cycles of denaturation at 95°C for 10 s, annealing at 60°C for
10 s and elongation at 72°C for 15s, performed in a LightCycler
480 apparatus (Roche). After amplification, the melting curve was
assessed to ensure a single product. Each plate carried serial dilutions
of an RNA calibrator to generate a standard curve of the efficiency of
the primer during the run. The levels of cDNA were quantified by the
comparative 2AACt method. Ct values of the target gene were nor-
malized with the Ct values of the house-keeping gene GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase). Each target value is expressed
as n-fold differences relative to the experimental control. Table S2

provides a list of all primers used.

2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations on
experimental design and analysis in pharmacology (Curtis et al., 2022).
Data are presented as box and whiskers (min to max), including the
median value. Each data point represents an independent animal and
statistical analyses were conducted with group sizes of at least n = 5.
Before each analysis of variance, the Gaussian distribution was evalu-
ated and validated by a Kolmogorov-Smirnov test (GraphPad-Prism
9.0). Non-parametric tests (Mann-Whitney & Dunn's) were used
when the distribution was not normal. Two- or one-way ANOVA fol-
lowed by Tukey's multiple comparison tests were used for the nor-
mally distributed data sets (GraphPad-Prism 9.0). P <0.05 was
considered significant. The number of animals and statistical details
are indicated in the figure legends. Statistical power analysis was cal-

culated using G*Power.

210 | Materials
Dazucorilant was provided by Corcept Therapeutics (Menlo Park, CA,
U.SA.), while isoflurane, ketamine and xylazine were purchased from
Centravet (Lapalisse, France). DMSO, NaCl, paraformaldehyde,
sucrose, ThioflavinS, ethanol and PBS were purchased from Sigma-
Aldricht (St. Quentin Fallavier, France). Sodium Dodecyl Sulphate
(SDS) was purchased from Euromedex (Souffelweyersheim, France),
while 4',6'-diamino-2-phenylindole (DAPI) was purchased from Life-
Technologies (Villebon sur Yvette, France).

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

cific sections.

211 | 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,
Cidlowski, et al., 2023; Alexander, Fabbro, et al., 2023).

3 | RESULTS

3.1 | Chronic treatment with dazucorilant prevents
cognitive impairments in J20 mice

Our previous work in the acute oAg model of AD demonstrated that a
one-week treatment with dazucorilant improved memory deficits and
AD-related hallmarks (i.e. APP misprocessing, neuroinflammation
and apoptotic processes), along with restoring the HPA axis hormone
levels (Canet et al., 2020; Canet, Zussy, et al, 2023; Pineau
et al., 2016). Encouraged by these initial findings, we designed and
validated a chronic treatment protocol with dazucorilant in 8-month-
old J20 mice (Figure 1a), a stage with advanced AD pathology. This
murine AD model replicates key features of the disease, including
amyloid burden with overproduction of Aj peptides, accumulation of
senile plaques and amyloid vascular deposits, as well as tau hyperpho-
sphorylation, neuroinflammation and cognitive deficits (Davila-
Bouziguet et al., 2019; Mansuy et al., 2018; Mucke et al., 2000). J20
mice and WT littermate controls were treated with a daily dose of
20 mg-kg™?! of dazucorilant or vehicle solution for 4 weeks, adminis-
tered via subcutaneous osmotic micropumps. At the end of treatment,
we conducted a behavioural analysis which revealed that dazucorilant
treatment in J20 mice restored normal nesting behaviour, indicating
improved welfare (Figure 1b). Moreover, in J20 mice, dazucorilant sig-
nificantly enhanced memory performances in novel object recognition
(Figure 1c) and Y maze (Figure 1d) paradigms. However, we did not
observe any improvement in grooming behaviour during the splash
test in J20 mice following dazucorilant treatment (Figure 1e). Impor-
tantly, chronic treatment with dazucorilant in WT mice did not elicit

any observable spontaneous behavioural changes (Figure 1b-e).
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3.2 | Chronic treatment with dazucorilant
normalizes the HPA axis activity and the neuronal
localization of glucocorticoid receptor in J20 mice

Chronic administration of dazucorilant restored numerous HPA axis-
related physiological parameters, as plasma corticosterone levels
(Figure 2a), hippocampal expression of the 11-HSD1 mRNA (hydroxys-
teroid 11-beta dehydrogenase 1 or the dehydrocorticosterone-
to-corticosterone converting enzyme) (Chapman & Seckl, 2008)
(Figure 2b), active phosphorylated form of glucocorticoid receptor
(Ser211, pglucocorticoid receptor) (Figure 2d) and the ratio of HSP90/
HSP70 (Figure 2e) (both reflecting the activity level of glucocorticoid
receptor) were comparable to the levels observed in WT littermates. In
contrast, hippocampal expression of Fkbp5 mRNA (a chaperone regulat-
ing glucocorticoid receptor sensitivity but also a glucocorticoid receptor
target gene; Nr3C1) (Petta et al., 2016) was unaffected by J20 genotype
and selective glucocorticoid receptor modulator treatment (Figure 2C).
Finally, we observed that administration of dazucorilant in J20 mice
reversed the increase in annexin A1 (ANXA1) mRNA expression
(Figure 2f), coding for an endogenous effector released by immune cells
upon glucocorticoid receptor activation which mediates anti-
inflammatory actions of glucocorticoids (Perretti & D'Acquisto, 2009).
Interestingly, immunohistochemistry analysis revealed a notable gluco-
corticoid receptor accumulation in the nuclei of hippocampal CA1 and
hilus neurons in J20 mice (Figure 2g), consistent with our previous find-
ings in the acute oAp model of AD (Brureau et al., 2013). Conversely, in
the CA3 region, nuclear localization of glucocorticoid receptor was less
pronounced in J20 mice than in WT mice (Figure 2g). However, in both
cases, dazucorilant administration restored the physiological subcellular
localization of glucocorticoid receptor. Collectively, these results sug-
gest revealed several disease model effects related to the disturbed glu-
cocorticoid receptor-associated signalling pathways in J20 mice, all

normalized by chronic administration of dazucorilant.

3.3 | Chronic treatment with dazucorilant reduces
amyloid load in soluble and insoluble hippocampal
fractions of J20 mice

Chronic treatment with dazucorilant of 8-month-old J20 mice, known
to exhibit amyloid plaques in the hippocampus (Davila-Bouziguet
et al., 2019; Mansuy et al., 2018; Mucke et al., 2000), had no signifi-
cant impact on the number of amyloid plaques compared with
vehicle-treated J20 mice (Figure 3a,b). However, a significant reduc-
tion in plaque size was observed (Figure 3a,c). In a distinct set of
experiments, quantification of Af1_45 levels in soluble and insoluble
fractions from hippocampal extracts demonstrated a significant
decrease in both fractions following dazucorilant treatment
(Figure 3d,e). This effect may be attributed to the concurrent inhibi-
tion of key enzymes involved in amyloidogenic pathways and Ap pro-
duction (Figure 3f-h). Specifically, hippocampal levels of the main
pB-secretase component, BACE1 (3-APP cleaving enzyme) (Figure 3f),
as well as of the a-secretases ADAM10 (Figure 3g) and ADAM17
(Figure 3h), were normalized in J20 mice treated with dazucorilant.
Notably, while counterintuitive the increase in ADAM10 and
ADAM17 expressions observed in vehicle-treated J20 mice has been
reported in AD patients (Oliveira Monteiro et al., 2021).

3.4 | Chronic treatment with dazucorilant restores
levels of rho-associated coiled-coil kinases in the
hippocampus of J20 mice

We investigated the impact of dazucorilant treatment on the Rho-
associated coiled-coil containing kinase 1 and 2 (ROCK1 and
ROCK?2)/3-phosphoinositide-dependent kinase 1 (PDK1) system,
regulated by glucocorticoid receptor (Canet et al., 2022; Rubenstein

et al., 2007) and involved in the pathophysiology of AD, particularly

FIGURE 2 Chronic treatment with dazucorilant (C11) normalizes the HPA axis activity and the neuronal localization of glucocorticoid
receptor (GR) in J20 mice. For experimental protocol see Figure 1a. (a) Plasma concentrations of corticosterone (CORT) were determined by
ELISA and expressed as ng/ml. Two-way ANOVA: F4 353 = 5.67 for group (P < 0.05); F4 33 = 5.44 for treatment (P < 0.05); and F4 33 = 3.65 for
interaction (ns). (b,c) Hippocampal expression of 11-pHSD1 and FKBP5 mRNAs was determined by g-PCR and expressed in % of mRNA levels
determined in WT mice treated with the vehicle (WT + V). A two-way ANOVA followed by a Tukey's multiple comparison were performed. For
11-pHSD1 mRNA: F4 17 = 18.7 for group (P < 0.05); F1 17 = 10.1 for treatment (P < 0.05); and F4 17 = 1.55 for interaction (ns); and for FKBP5
mRNA: F4 54 = 0.28 for group (ns); F1 21 = 0.44 for treatment (ns); and F4 51 = 0.15 for interaction (ns). (d,e) The hippocampal variations of the
ratios of pGR/GR (p[Ser211]GR, 95 kDA), HSP90/HSP70 (90 and 70 kDa, respectively), were determined by western blot, normalized with the
variations of g-tubulin (5-tub, 55 kDa). A two-way ANOVA followed by a Tukey's multiple comparison were performed. For pGR/GR: F1 34 = 6.30
for group (P < 0.05); F1 34 = 7.024 for treatment (P < 0.05); and F4 34 = 3.92 for interaction (P < 0.05), and for HSP90/HSP70: F4 34 = 6,89 for
group (* P < 0.05); F1 34 = 4.26 for treatment (P < 0.05); and F4 34 = 5.94 for interaction (P < 0.05). (f) Hippocampal expression of annexin A1l
mRNAs was determined by g-PCR and expressed in % of mRNA levels determined in WT mice treated with the vehicle (WT + V). A two-way
ANOVA followed by a Tukey's multiple comparison were performed. F4 17 = 18.7 for group (P < 0.05); F4 17 = 10.1 for treatment (P < 0.05); and
F117 = 1.55 for interaction (ns); (g) the quantification of relative nuclear localization (DAPI staining in blue) of GR (in green) was determined by
immunohistochemistry in the hippocampal neurons (NeuN positive cells in red) from CA1, CA3 and hilus subregions, and analysis was blindly
performed. The nuclear localization of GR was expressed as the area of overlap in % of total GR labelling (cf. Section 2 for further details). A two-
way ANOVA followed by a Tukey's multiple comparison were performed for each hippocampal subregion. For CA1: F1 14 = 7.77 for group

(P < 0.05); F1,14 = 9.52 for treatment (P < 0.05); and F1 14 = 10.1 for interaction (P < 0.05); for CA3: F4 14 = 48.1 for group (P < 0.05);

F116 = 5.06 for treatment (P < 0.05); and F4 14 = 3.75 for interaction (ns), and for hilus: F1 14 = 5.99 for group (P < 0.05); F1 14 = 4.82 for

treatment (P < 0.05); and F 14 = 4.67 for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05
versus selected group. All data are presented as box and whiskers with min to max and median and n = 5-11 mice per group. ns: non-significant.
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FIGURE 3 Chronic treatment with dazucorilant (C11) blocks Ag pathology in J20 mice. For experimental protocol see Figure 1a. (a) Brain
sections (10 um) were stained with thioflavin S (ThS, in green) and counterstained with DAPI (in blue) in J20 mice treated with vehicle (J20 + V)
or with dazucorilant (J20 + C11). (b,c) Quantification (number) and analysis (size) of amyloid plaques were blindly performed and data are
presented as the number of plaques per cm? (b) and as the mean area of plaques in pm? (c). An unpaired Student's t test was performed. For
plaques number: t = 0.765 (df = 8), ns; and for plaques sizes: t = 2.89 (df = 8), * P < 0.05. (d,e) Quantification by ELISA of soluble and insoluble
concentrations (pg/mg protein) of human Ap4_4, in the hippocampus of J20 mice treated with vehicle (V) or with dazucorilant (C11). An unpaired
Student's t test was performed. For soluble fraction (d): t = 8.769 (df = 8), P < 0.05; and for insoluble fraction (e): t = 3.229 (df = 8), P < 0.05. (f-
h) The hippocampal variations of BACE1 (70 kDa, f), ADAM10 (70 kDa, g) and ADAM17 (50 kDa, h) were determined by western blot,
normalized with the variations of g-tubulin (8-tub, 55 kDa), and expressed as % of levels obtained in WT mice treated with vehicle (WT + V). A
two-way ANOVA followed by a Tukey's multiple comparison were performed. For BACE1: F4 35 = 13.75 for group (P < 0.05); F4 35 = 6.708 for
treatment (P < 0.05); and F4 35 = 5.926 for interaction (P < 0.05), for ADAM10: F4 35 = 13.75 for group (P < 0.05); F4 35 = 6.708 for treatment
(P < 0.05); and F4 35 = 5.926 for interaction (P < 0.05), and for ADAM17: F4 34 = 12.43 for group (P < 0.05); F1 34 = 1.010 for treatment (ns); and
F134 = 5.143 for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus selected group.
All data are presented as box and whiskers with min to max, median and mean(+) and n = 5-11 mice per group. ns: non-significant.
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through inhibition of the non-amyloidogenic pathway (Alleaume-
Butaux et al., 2015; Henderson et al., 2016). In line with our prior find-
ings in the acute oAp model of AD (Canet et al., 2020) we observed
an upregulation of ROCKs/PDK1 activity in the hippocampus of
vehicle-treated J20 mice, which was normalized by dazucorilant

administration (Figure 4a,d).

3.5 | Chronic treatment with dazucorilant reverses
hippocampal neuroinflammatory processes in J20 mice

Chronic treatment with dazucorilant acts to suppress neuroinflamma-
tory processes in J20 mice. We observed that protein expression of
GFAP (a marker of astrocyte activation) (Figure 5ab) and lbal
(a marker of microglia recruitment) (Figure 5a,c) were increased in J20
mice, and normalized following dazucorilant treatment. The astrocyte
activation and microglia recruitment observed in J20 mice appear to
be attributable to an upregulation of protein synthesis, as indicated by
the unchanged expression of GFAP mRNA (Figure 5d), and decreased
expression levels of triggering receptor expressed on myeloid cells
2 (TREM2; Figure 5e) and hexosaminidase subunit beta (HEXB;
Figure 5f) mRNA (two markers of microglial activity). These expression
levels were normalized with the dazucorilant treatment (Figure 5e,f).
When we evaluated by triple immunohistochemistry the impact of

chronic treatment on hippocampal astrocytes (GFAP, Figure 5g),

n = 7-12 mice per group. ns: non-
significant.

microglia (Ibal, Figure 5h) and amyloid plaques (6E10 labeling), we
observed a global reduction of the immunosignal of GFAP and Ibal,
and a reduction of plaque size (the latter in line with data from the
earlier plaque staining, as previously described; Figure 3). However, it
is interesting to note that chronic treatment with dazucorilant induced
a redistribution of immune cells towards amyloid plaques
(Figure 5g,h). Strikingly, while the signal of astrocytes (GFAP), initially
concentrated on amyloid plaques, was decreased (Figure 5g), the
microglia signal (Ibal) became particularly intense at the level of amy-
loid plaques (Figure 5h). Altogether, these findings suggested that
dazucorilant might restore the immunosuppressive functions of gluco-

corticoid receptor in J20 mice.

3.6 | Chronic treatment with dazucorilant reverses
the abnormal phosphorylation of tau protein in the
hippocampus of J20 mice

We aimed to investigate tau phosphorylation level in J20 mice.
Although this model is primarily used for amyloid pathology, we
observed a strong hyperphosphorylation of tau protein at several AD-
relevant epitopes (i.e. AT180, AT8, AT270 and CP13) (Figure 6a-e), as
well as increased levels of TauC3 fragment (tau cleaved at C-term by
caspase 3) (Figure 6a,f) in vehicle-treated J20 mice compared to WT

controls. Importantly, increased tau phosphorylation at AT180 (T231/
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$235) and cleavage into TauC3 are associated with the inhibition of
tau binding to microtubules, and the initiation of tau aggregation in
humans (Conze et al., 2022; Sengupta et al., 1998). Moreover, phos-
phorylation at AT8, AT270 and CP13 is associated with the presence
of neurofibrillary tangles (lgbal et al, 1989; Zheng-Fischhofer
et al.,, 1998). However, there was no difference in total tau expression
or in the phosphorylation level of tau AT100 and PHF1 epitopes
between these groups (Figure 6a,g-i). Dazucorilant administration
effectively normalized tau phosphorylation at AT180, AT8, AT270
and CP13 (Figure 6a-e), as well as the expression level of TauC3
(Figure 6a,f). The latter result may be explained by a decrease in cas-
pase 3 expression following dazucorilant treatment, as observed in
our previous studies (Canet et al., 2020; Pineau et al., 2016).

To elucidate the mechanisms underlying these processes, we
assessed the key kinases (glycogen synthase kinase 3 beta [GSK3B]
and cyclin dependent kinase 5 [CDK5]) and phosphatases (PP2A,
accounting for 70% of tau dephosphorylation) involved in tau phos-
phorylation (Martin, Latypova, Wilson, Magnaudeix, Perrin, &
Terro, 2013; Martin, Latypova, Wilson, Magnaudeix, Perrin, Yardin, &
Terro, 2013). The activity of GSK3B is regulated by phosphorylation
at Ser9 and Tyr216. Ser9 phosphorylation inhibits its kinase activity,
whereas Tyr216 phosphorylation is required for its full activity
(Martin, Latypova, Wilson, Magnaudeix, Perrin, Yardin, & Terro, 2013).
Moreover, the activity of PP2A is regulated by its methylation at
Leu309 at its C-terminus of the catalytic subunit (m-PP2Ac), while its
demethylation is indicative of a decreased activity (d-PP2Ac) (Martin,
Latypova, Wilson, Magnaudeix, Perrin, & Terro, 2013). At the hippo-
campal level, vehicle-treated J20 mice exhibited an increase activity
of GSK3B, evidenced by elevated phosphorylation at Tyr216 (active
form) (Figure 7a,b). Additionally, we observed an increase in CDK5
expression (Figure 7a,d) associated with increased cleavage of p35
into p25 (Figure 7a,e). This activation was accompanied by a signifi-
cant increase in Fyn and calpain 1 expression (Figure 7a,f,g). Fyn is a
Src kinase and calpain 1 is a calcium-activated cystein protease, both

involved in AD aetiology and more specifically in GSK3B and CDK5

activation (Jin et al., 2015; Lee et al., 2000; Lesort et al., 1999). Impor-
tantly, the activity of the catalytic subunit of PP2A (PP2Ac) was
down-regulated, as evidenced by the concomitant increase in demeth-
ylation (inactive form) (Figure 7a,h) and decrease in methylation
(active form) (Figure 7a,i) (Martin, Latypova, Wilson, Magnaudeix, Per-
rin, & Terro, 2013). These results collectively suggest that tau hyper-
phosphorylation in J20 mice may arise from an imbalance between
kinase and phosphatase activities. In line with our previous observa-
tions in the acute oAp model of AD (Canet et al., 2020), chronic
administration of dazucorilant in J20 mice normalized GSK3B and
CDKS5 activities (Figure 7a-d), as well as their activators Fyn and Cal-
pain 1 (Figure 7a,f,g). Moreover, the treatment restored the activity of
PP2A in J20 mice (Figure 7a,h,i), resulting in the normalization of tau
phosphorylation level and cleavage (Figure 7a-f). Finally, dazucorilant,
when administered in WT mice, did not induce negative effects on tau

phosphorylation or on the expression level of these enzymes.

3.7 | Chronic treatment with dazucorilant reversed
AD-related phenotype in 5xFAD mice

In the last set of experiments, we sought to assess the impact of
chronic treatment with dazucorilant in a more intense amyloid-
producing mouse model, thereby substantiating the therapeutic valid-
ity of this compound. We conducted a comparative analysis with J20
mice, focusing on key pathological features for comprehensive
insights. 5xFAD mice recapitulate key features of AD pathology from
5 months of age, including Ag-induced neurodegeneration, senile pla-
ques, neuroinflammation, synaptic and behavioural deficits (Giannoni
et al,, 2016; Rochais et al., 2020). At 6 months of age, when beha-
vioural deficits and amyloid plaques were prominent (Crouzin
et al., 2013), 5xFAD mice (and WT controls) were subjected to the
same dazucorilant treatment protocol used for J20 mice (Figure 8a).
As observed in J20 mice, dazucorilant treatment in 5xFAD mice

restored normal nesting behaviour (Figure 8b) and improved short-

FIGURE 5 Chronic treatment with dazucorilant (C11; CORT113176) re-establishes anti-inflammatory properties of glucocorticoid (GC) in J20
mice. For experimental protocol see Figure 1a. Hippocampal variations of GFAP (50 kDa, a and b) and Ibal (17 kDa, a and c) were determined by
western blot, normalized with the variations of s-tubulin (5-tub, 55 kDa) and expressed as % of levels obtained in WT mice treated with vehicle
(WT + V). A two-way ANOVA followed by a Tukey's multiple comparison were performed. For GFAP: F4 34 = 17.1 for group (P < 0.05);

F134 = 5.13 for treatment (P < 0.05); and F4 34 = 16.03 for interaction (P < 0.05), and for Ibal: F4 35 = 6.43 for group (P < 0.05); F4 35 = 4.06 for
treatment (P < 0.05); and F 35 = 5.58 for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05
versus selected group. (d-f) Hippocampal expression of GFAP, TREM2 and hexosaminidase subunit beta (HEXB) mRNA were determined by
g-PCR and expressed as% of mRNA levels determined in WT mice treated with the vehicle (WT + V). A two-way ANOVA followed by a Tukey's
multiple comparison were performed. For GFAP mRNA: F4 17 = 0.94 for group (ns); F1 17 = 2.40 for treatment (ns); and F4 17 = 1.09 for
interaction (ns); for TREM2 mRNA: F, 17 = 17.4 for group (P < 0.05); F4 17 = 2.08 for treatment (ns); and F4 17 = 9.84 for interaction (P < 0.05);
and for HEXB mRNA: F4 4 = 4.25 for group (P < 0.05); F4 24 = 13.3 for treatment (P < 0.05); and F4 51 = 2.685 for interaction (ns). * P < 0.05
versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus selected group. (g,h) Quantification of GFAP (g) and Iba1l (h) signal
intensities (in green) at the level of senile plaque (6E10 antibody, in red) was performed by immunohistochemistry in hippocampal sections of J20
mice treated with vehicle (J20 + V) or with dazucorilant (J20 + C11). Brain sections (10 um) were counterstained with DAPI (in blue) to visualize
nuclei and analysis was blindly performed. The GFAP and Iba1 intensities in senile plaques were expressed as the ratio of specific signal in
plaques over total respective signal in the totality of the field analysed (cf. Section 2 for more details). An unpaired Student's t test was performed.
For GFAP: t = 2.327 (df = 8), * P < 0.05; and for |Ibal: t = 4.242 (df = 8), * P < 0.05. All data are presented as box and whiskers with min to max,
median and mean(+) and n = 5-12 mice per group. ns: non-significant.
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FIGURE 6 Chronic treatment with dazucorilant normalizes phosphorylation levels of tau in J20 mice. For experimental protocol see

Figure 1a. Hippocampal variations of tau phosphorylation levels at several AD-relevant epitopes, AT180 (60 kDa), AT8 (60 kDa), AT270 (60 kDa),
CP13 (60 kDa), PHF1 (60 kDa), AT100 (60 kDa) and the fragment of tau protein cleaved at C-term by caspase 3 (TauC3, 60 kDa) were
determined by western blot, normalized with the variations of tau total (TauC, 60 kDa) or with the variation of actin (46 kDa) in the case of TauC,
and expressed as % of levels obtained in WT mice treated with vehicle (WT + V). A two-way ANOVA followed by a Tukey's multiple comparison
were performed. For AT180 (a,b): F1 28 = 7.34 for group (P < 0.05); F1 2 = 7.39 for treatment (P < 0.05); and F4 »g = 2.62 for interaction (ns); for
AT8 (a,c): F1 08 = 10.5 for group (P < 0.05); F1 2 = 12.1 for treatment (P < 0.05); and F4 »g = 2.24 for interaction (ns); for AT270 (a,d):

F128 = 10.8 for group (P < 0.05); F1 25 = 9.44 for treatment (P < 0.05); and F4 55 = 2.00 for interaction (ns); for CP13 (a,e); F1 28 = 5.55 for group
(P < 0.05); F1 28 = 2.99 for treatment (ns); and F4 25 = 5.38 for interaction (P < 0.05); for TauC3 (a,f): F4 28 = 14.3 for group (P < 0.05);

F128 = 11.9 for treatment (P < 0.05); and F4 55 = 0.54 for interaction (ns); for PHF1 (a,g): F1 28 = 1.35 for group (ns); F1 2 = 0.8 for treatment
(ns); and Fq 25 = 0.49 for interaction (ns); for AT100 (a,h): F4 25 = 0.02 for group (ns); F1 25 = 0.85 for treatment (ns); and F4 5 = 0.007 for
interaction (ns); and for TauC (a,i): F1 25 = 0.06 for group (ns); F1 25 = 0.02 for treatment (ns); and F4 ,g = 0.42 for interaction (ns). * P < 0.05
versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus selected group. All data are presented as box and whiskers with min
to max, median and mean(+) and n = 6-10 mice per group. ns: non-significant.

and long-term memory performances (Figure 8c,d). Furthermore, the expression ratios of pglucocorticoid receptor/glucocorticoid receptor
treatment also normalized HPA axis-related parameters, as indicated (Figure 8f,g) and HSP90/HSP70 (Figure 8f,h). The concomitant re-
by the normalization of plasma glucocorticoids levels (Figure 8e), and establishment of plasma corticosterone levels and the expression of
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FIGURE 7 Chronic treatment with dazucorilant (C11) normalizes key enzymes involved in the phosphorylation levels of tau in J20 mice. For
experimental protocol see Figure 1a. Hippocampal variations of key enzymes involved in tau phosphorylation p (Tyr216) GSK3B(46 kDa), p (Ser9)
GSK3B (46 kDa), CDK5 (30 kDa), p25/p35 (25/35 kDa), FYN (59 kDa), Calpain 1 (80 kDa), d-PP2Ac (36 kDa) and m-PP2Ac (36 kDa) were
determined by western blot, normalized with the variation of -tubulin (3-tub, 55 kDa), excepted for the different forms of GSK3B (normalized
with total GSK3B variations, 46 kDa), and expressed as % of levels obtained in WT mice treated with vehicle (WT + V). A two-way ANOVA
followed by a Tukey's multiple comparison were performed. For p (Tyr216) GSK3B (a,b): F1 36 = 5.52 for group (P < 0.05); F4 36 = 5.16 for
treatment (P < 0.05); and F4 36 = 3.16 for interaction (ns); for p (Ser9) GSK3B (a,c): F1.36 = 5.90 for group (P < 0.05); F1 36 = 2.38 for treatment
(ns); and F4 36 = 7.21 for interaction (P < 0.05); for CDK5 (a,d): F1 3¢ = 4.55 for group (P < 0.05); F1 3, = 18.2 for treatment (P < 0.05); and

F136 = 3.23 for interaction (ns); for p25/p35 (a,e): F1.36 = 2.69 for group (ns); F1 36 = 13.7 for treatment (P < 0.05); and F4 35 = 6.36 for
interaction (P < 0.05); for FYN (a,f): F1 35 = 15.4 for group (P < 0.05); F1 35 = 8.12 for treatment (P < 0.05); and F4 34 = 1.63 for interaction (ns);
for Calpain 1 (a,g): F1 33 = 3.50 for group (ns); F1 33 = 7.65 for treatment (P < 0.05); and F; 33 = 6.51 for interaction (P < 0.05); for d-PP2Ac (a,h):
F129 = 12.3 for group (P < 0.05); F4 29 = 11.7 for treatment (P < 0.05); and F4 29 = 0.99 for interaction (ns); and for m-PP2Ac (a,i): F1 20 = 12.3
for group (P < 0.05); F1 20 = 1.45 for treatment (ns); and F4 29 = 3.86 for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05
versus WT + C11 group. # P < 0.05 versus selected group. All data are presented as box and whiskers with min to max, median and mean(+) and
n = 7-12 mice per group. ns: non-significant.
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glucocorticoid receptor-related signalling components by dazucorilant
also resulted in an alleviation of neuroinflammation in 5xFAD mice, as
evidenced by decreased hippocampal levels of GFAP (Figure 8i,j) and
Ibal (Figure 8i,k). Collectively, these results suggest that dazucorilant
effectively inhibits pathways related to glucocorticoid receptor-
detrimental overactivation in 5xFAD mice similarly to J20 mice.

Next, we evaluated the ability of dazucorilant to reduce both
amyloid and tau pathologies. Notably, dazucorilant administration
resulted in a decrease in both soluble and insoluble Ag;_45 fractions
(Figure 9a,b), alongside with a downregulation of BACE1 expression
(Figure 9c). Dazucorilant treatment also resulted in a reduction of tau
phosphorylation at the AT270 epitope (Figure 9d,e) and decreased
levels of TauC3 (Figure 9d,f). However, in 6-month-old 5xFAD mice,
tau hyperphosphorylation appeared less severe compared to
9-month-old J20 mice, with no observed change in phosphorylation
at CP13 or AT180 epitopes, or in total tau levels (Figure 9d-i). Finally,
we assessed the same pivotal enzymes involved in tau phosphoryla-
tion, revealing that dazucorilant treatment restored normal expression
and enzymatic activity of p25, CDK5, GSK3B, Fyn, calpain 1 and
PP2A, all of which were impaired in 5xFAD mice (Figure 10a-h). Alto-
gether, our data validated the efficacy of dazucorilant at counteracting
neurodegenerative pathways in 5xFAD mice, supporting its viability

as a therapeutic compound for AD.

4 | DISCUSSION

Detrimental and pathological glucocorticoid receptor overactivation
plays a pivotal role in AD pathophysiology, connecting amyloid and
tau pathologies (Baglietto-Vargas et al., 2013; Canet et al., 2018;

Canet et al., 2020). Dazucorilant belongs to a novel class of selective
non-steroidal glucocorticoid receptor ligands with excellent affinity
for the glucocorticoid receptor (Beaudry et al, 2014; Pineau
et al, 2016). The term selective glucocorticoid receptor modulator
(sGRm) reflects its biological properties, as dazucorilant exhibits partial
antagonism and some agonism in a transrepression assay (Gazorpak
et al,, 2023; Pineau et al., 2016), enabling selective abrogation of glu-
cocorticoid receptor-dependent pathogenic processes in the brain,
while potentially retaining the beneficial aspects of glucocorticoid
receptor signalling (Meijer et al., 2018; Pineau et al., 2016). While pre-
vious studies from our group reported its ability to effectively reverse
oAp-induced pathology (Canet et al., 2020; Pineau et al., 2016), we
here demonstrate for the first time the therapeutic potential of dazu-
corilant in two transgenic AD models, that is the J20 and 5xFAD
mouse lines. Our results evidence that a 4-week chronic administra-
tion of dazucorilant (i), restored the physiological levels of circulating
corticosterone, (ii) the neuronal expression, phosphorylation and local-
ization of glucocorticoid receptor, (iii) reversed neuroinflammatory
processes and reduced amyloid and tau pathologies, along with
(iv) improved memory performance. Notably, treatment with dazucori-
lant did not induce any adverse effects on all evaluated parameters, in
WT, J20 or 5xFAD mice.

Chronic administration of dazucorilant to J20 and 5xFAD mice
inhibited amyloidogenic pathways concurrently with the normalization
of circulating glucocorticoids levels and reversal of changes in gluco-
corticoid receptor-related signalling pathways. These observations
include normalization of glucocorticoid receptor phosphorylation sta-
tus and cellular localization, as well as expression of glucocorticoid
receptor chaperones HPS90/HSP70 and the glucocorticoids-
converting enzyme 11-pHSD1, and kinases linked to glucocorticoid

FIGURE 8 Chronic treatment with dazucorilant prevents behavioural impairments, normalizes glucocorticoid receptor (GR) activity and re-
establishes the anti-inflammatory properties of glucocorticoids (GC) in 5xFAD mice. (a) Experimental protocol at TO, at the age of 6 months, 5xFAD
mice and wildtype (WT) littermates were subcutaneously implanted with an osmotic micropump (Alzet®) that delivered during 4 weeks

20 mg-kg~t-day? of dazucorilant (C11), or a vehicle solution (V). At the age of 7 months, behavioural performances of all mice were tested.

(b) Overall welfare behaviour was determined by the nesting test. Nest building was scored according to a described rating scale of 1-5 (Hess

et al., 2008). A two-way ANOVA followed by a Tukey's multiple comparison were performed: F4 5, = 6.99 for group (P < 0.05); F4 20 = 7.73 for
treatment (P < 0.05); and F 5, = 3.35 for interaction ns. (c) Recognition memory was determined using the novel object recognition (NOR) test.
The recognition memory sensitivity was evaluated by calculating the preferential discrimination index (Sivakumaran et al., 2018). A two-way
ANOVA followed by a Tukey's multiple comparison were performed: F4 55 = 17.4 for group (P < 0.05); F1 25 = 12.0 for treatment (P < 0.05); and
F125 = 3.97 for interaction (P < 0.05). (d) Spontaneous working memory performance was determined in a Y maze test. The number of arm entries
and the number of triads were recorded to calculate the percentage of alternations. A two-way ANOVA followed by a Tukey's multiple comparison
were performed: F4 24 = 17.3 for group (P < 0.05); F4 24 = 11.2 for treatment (P < 0.05); and F4 24 = 1.40 for interaction (ns). (e) Plasma
concentrations of corticosterone (CORT) were determined by ELISA and expressed as ng-ml~*. Two-way ANOVA: F125 = 16.5 for group (P < 0.05);
F125 = 2.93 for treatment (ns); and F4 55 = 5.68 for interaction (P < 0.05). Hippocampal variations of GR (95 kDa), its phosphorylation level (p
[Ser211]GR, 95 kDA), HSP90 and HSP70 levels (90 kDa and 70 kDa, respectively) were determined by western blot, normalized with the variations
of p-tubulin (8-tub, 55 kDa) and expressed as the ratio of pGR/GR (f and g) and HSP90/HSP70 (f and h). A two-way ANOVA followed by a Tukey's
multiple comparison were performed. For pGR/GR: F4 29 = 13.7 for group (P < 0.05); F4 29 = 21.8 for treatment (P < 0.05); and F4 2o = 10.4 for
interaction (P < 0.05); and for HSP90/HSP70: F4 56 = 8.67 for group (P < 0.05); F1 26 = 7.45 for treatment (P < 0.05); and F4 56 = 4.24 for
interaction (P < 0.05). Hippocampal variations of GFAP (50 kDa, i and j) and Iba1 (17 kDa, i and k) were determined by western blot, normalized
with the variations of g-tubulin (3-tub, 55 kDa) and expressed as % of levels obtained in WT mice treated with vehicle (WT + V). A two-way
ANOVA followed by a Tukey's multiple comparison were performed. For GFAP: F4 59 = 33.9 for group (P < 0.05); F4 29 = 1.52 for treatment (ns);
and Fq 34 = 7.83 for interaction (P < 0.05), and for Ibal: F4 25 = 6.46 for group (P < 0.05); F1 25 = 6.656 for treatment (P < 0.05); and F1 5 = 4.17
for interaction (P < 0.05). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus selected group. All data are
presented as box and whiskers with min to max, median and mean(+) and n = 6-9 mice per group. ns: non-significant.
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FIGURE 9 Chronic treatment with dazucorilant (C11) blocks Ap pathology and normalizes phosphorylation levels of tau in 5xFAD mice. For
experimental protocol see Figure 8a. (a,b) Quantification by ELISA of soluble and insoluble concentrations (pg-mg ™! protein) of human A _4 in
the hippocampus of 5xFAD mice treated with vehicle (V) or with dazucorilant (C11). An unpaired Student's t test was performed. For soluble
fraction (a): t = 2.211 (df = 11), P < 0.05; and for insoluble fraction (B): t = 2.504 (df = 12), P < 0.05. * P < 0.05 versus 5xFAD + V group.

(c) Hippocampal variations of BACE1 (70 kDa) were determined by western blot, normalized with the variations of g-tubulin (3-tub, 55 kDa) and
expressed as % of levels obtained in WT mice treated with vehicle (WT + V). A two-way ANOVA followed by a Tukey's multiple comparison
were performed: F; 29 = 17.4 for group (P < 0.05); F1 29 = 10.4 for treatment (P < 0.05); and F4 29 = 10.4 for interaction (P < 0.05). (d-i)
Hippocampal variations of tau phosphorylation level at several AD-relevant epitopes AT270 (60 kDa), CP13 (60 kDa), AT180 (60 kDa) and the
fragment of tau protein cleaved AT C-term by caspase-3 (TauC3, 60 kDa) were determined by western blot, normalized with the variations of
total tau (TauC, 60 kDa) or with the variation of actin (46 kDa) in the case of TauC, and expressed as % of levels obtained in WT mice treated
with vehicle (WT + V). A two-way ANOVA followed by a Tukey's multiple comparison were performed. For AT270 (d and e): F1 24 = 5.62 for
group (P < 0.05); F1 24 = 4.47 for treatment (P < 0.05); and F1 24 = 4.36 for interaction (P < 0.05); for TauC3 (d and f): F1 24 = 10.5 for group

(P < 0.05); F124 = 4.00 for treatment (P < 0.05); and F1 24 = 0.66 for interaction (ns); for CP13 (d and g): F1 3 = 0.002 for group (ns); F1 23 = 0.45
for treatment (ns); and F4 53 = 0.02 for interaction (ns); for AT180 (d and h): F4 23 = 2.08 for group (ns); F1 23 = 0.08 for treatment (ns); and

F123 = 1.82 for interaction (ns); and for TauC (d and i): F4 24 = 0.06 for group (ns); F1 24 = 0.03 for treatment (ns); and F4 24 = 1.95 for interaction
(ns). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group. # P < 0.05 versus selected group. All data are presented as box and
whiskers with min to max, median and mean(+) and n = 6-9 mice per group. ns: non-significant.
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FIGURE 10 Chronic treatment with dazucorilant (C11) normalizes key enzymes involved in the phosphorylation levels of tau in 5xFAD mice.
For experimental protocol see Figure 8a. Hippocampal variations of key enzymes involved in tau phosphorylation—p25/p35 (25/35 kDa), CDK5
(30 kDa), p (Ser9) GSK3B (46 kDa), p (Tyr216) GSK3B (46 kDa), Fyn (59 kDa), calpain 1 (80 kDa) and d-PP2Ac (36 kDa) were determined by
western blot, normalized with the variation of g-tubulin (5-tub, 55 kDa), excepted for the different forms of GSK3B (normalized with total GSK3B
variations, 46 kDa) and expressed as % of levels obtained in WT mice treated with vehicle (WT 4 V). A two-way ANOVA followed by a Tukey's
multiple comparison were performed. For p25/p35 (a,b): F1,25 = 20.9 for group (P < 0.05); F4 25 = 6,60 for treatment (P < 0.05); and F4 »5 = 3.00
for interaction (ns); for CDKS5 (a,c): F1.29 = 1.29 for group (ns); F1 20 = 0.12 for treatment (ns); and F4 29 = 21.7 for interaction (P < 0.05); for p
(Ser9) GSK3B(a,d): F129 = 2.98 for group (ns); F1 29 = 6.87 for treatment (P < 0.05); and F1 29 = 4.24 for interaction (P < 0.05); p (Tyr216)GSK3B
(a,e): F129 = 37.7 for group (P < 0.05); F4 59 = 5.38 for treatment (P < 0.05); and F; 34 = 3.86 for interaction (P < 0.05); for Fyn (a,f): F1 20 = 4.31
for group (P < 0.05); F1 29 = 13.7 for treatment (P < 0.05); and F1 29 = 6.94 for interaction (P < 0.05); for calpain 1 (a,g): F1 29 = 3.27 for group
(ns); F1,29 = 6.52 for treatment (P < 0.05); and F4 5o = 5.50 for interaction (P < 0.05); and for d-PP2Ac (a and h): F4 15 = 14.2 for group (P < 0.05);
F118 = 12.1 for treatment (P < 0.05); and F4 15 = 3.46 for interaction (ns). * P < 0.05 versus WT + V group. + P < 0.05 versus WT + C11 group.
# P < 0.05 versus selected group. All data are presented as box & whiskers with min to max, median and mean(+) and n = 5-9 mice per group. ns:

non-significant.

95UB017 SUOLUWIOD aA 111D 3[cedl|dde 8Ly Aq peuenol a1e sajolie YO 9SN J0 Sa|nJ 10} Aeiq1T 8UIUO /8|1 U (SUORIPUOD-pUE-SWLBIAL0O" A IM A eI 1jeulU0//SdNy) SUOIIPUOD pue SWie 1 84} 88S *[5202/70/ST] uo AkeiqiTauliuo A8Im ‘sotrelqi AiseAlN Wepe Ag /G2 T ydd/TTTT 0T/I0pw0d A8 1M Atelqjpuljuo'sgndsday/sdiy Wwoly pepeojumoq ‘6 ‘5202 ‘T8ESILYT



CANET ET AL

receptor activity. We cannot conclude that there was overall gluco-
corticoid receptor overactivation in J20 mice, given that FKBP5
mRNA was unchanged. Yet, a degree of glucocorticoid receptor over-
activation is further supported by the nuclear accumulation of gluco-
corticoid receptor in CA1 hippocampal neurons observed in J20 mice.
These observations were made with epifluorescent microscopy and
would need further investigation to determine the precise subcellular
localization of glucocorticoid receptor. However, this is consistent
with our previous findings in the acute oAg model of AD (Brureau
et al., 2013) and with the observed disruption of glucocorticoid nega-
tive feedback in AD patients (Csernansky et al., 2006; Hartmann
et al., 1997; Hoogendijk et al., 2006). Additionally, there was a clear
elevation of ANXA1, a potent endogenous anti-inflammatory effector
released by CNS immune and endothelial cells upon glucocorticoid
receptor phosphorylation and activation by glucocorticoids (Perretti &
D'Acquisto, 2009; Sugimoto et al., 2016).

The suppression of APP and BACE1 protein expression after
dazucorilant likely results from antagonism of the direct genomic
action of glucocorticoid receptor on the glucocorticoid-responsive
elements (GRE) within their respective genes (Lahiri, 2004;
Sambamurti et al., 2004). These results might also explain the
observed reduction in soluble A1-42 levels and amyloid plaques size.
Furthermore, recent evidence has indicated that glucocorticoids can
facilitate the interaction between APP and BACE1 (Zhuravleva
et al, 2021), implying that dazucorilant may not only affect the
expression of APP and BACE1, but also prevent their interaction.
Additionally, dazucorilant treatment concurrently promoted the non-
amyloidogenic pathway by downregulating the ROCK/PDK1 system,
as previously observed (Canet et al., 2020). Glucocorticoid receptor
can directly activate these kinases involved in crucial cellular functions
(cell motility, cell proliferation, autophagy and apoptosis) (Rubenstein
et al., 2007). Notably, ROCK/PDK1 activity is exacerbated in AD, inhi-
biting soluble amyloid precursor protein alpha (sAPPa) formation and
thus promoting the amyloidogenic pathway (Alleaume-Butaux
et al.,, 2015). These findings position ROCK/PDK1 as promising thera-
peutic targets in AD, especially since ROCKs depletion has been
shown to directly decrease Ap levels (Henderson et al., 2016). Our
observations indicate that dazucorilant counteracts ROCK/PDK1
overactivation in J20 mice, which coincided with reduced levels of
soluble and insoluble Af;_45 in the hippocampus. Moreover, data from
J20 mice showed that 4 weeks treatment reduced amyloid plaque size
without significantly affecting plague number. Although this reduction
may primarily reflect a direct suppression of Aj peptide synthesis, we
cannot exclude that treatment also promotes the expression of
enzymes such as IDE (insulin degrading enzyme) responsible for amy-
loid degradation, as we have previously reported (Canet et al., 2020).

The regulation of neuroinflammatory processes in AD remains a
complex and critical area of research. Glucocorticoids are pivotal neg-
ative modulators of immune responses in the periphery and CNS
(Canet et al., 2019; Fonken et al., 2018; Leng & Edison, 2021). How-
ever, in the brain, glucocorticoids can also exert proinflammatory
effects through the potentiation of NRLP3 inflammasome, contribut-

ing to the pathogenesis of several inflammatory disorders, potentially
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including AD (Canet et al., 2019; Fonken et al, 2018; Leng &
Edison, 2021). In support, we recently found that chronic glucocorti-
coid consumption before the induction of Ag pathology exacerbates
both pro-inflammatory processes and AD-related symptoms, indicat-
ing ineffective glucocorticoid-mediated immunosuppression in an AD
context (Canet et al., 2022). J20 and 5xFAD mice exhibited height-
ened neuroinflammation concurrent with elevated glucocorticoid
levels. The increased hippocampal ANXA1 mRNA levels in J20 mice
did not coincide with an effective anti-inflammatory activity, aligning
with the increased expression of ANXA1 observed in AD patients
brains (Ries et al., 2016), and while glucocorticoid receptor induction
of ANAX1 is intact this does not suffice to ameliorate the disease pro-
cess in AD. In fact, dazucorilant treatment mitigated neuroinflamma-
tory processes by impeding the glucocorticoid receptor pathological
overactivity. Notably, dazucorilant seems to refine the immune
response specificity in J20 mice. Post-treatment, a withdrawal of
astrocytes from amyloid plaques was observed, enabling focused
microglial engagement and contributing to plaque size reduction.
Interestingly, a similar effect has been documented in 5xFAD mice
having received a TREM2-activating antibody, which promotes micro-
glia clustering around amyloid plaques, thereby improving cognition
(Price et al., 2020). TREM2 is essential for promoting microglial associ-
ation with amyloid plaques and proliferation around them (Hansen
et al,, 2018; Jay et al., 2015; Wang et al., 2016). Studies have also
shown that astrocytes and microglia compete to clear amyloid
deposits, with astrocytes being less efficient (Sollvander et al., 2016).
Moreover, there is a crosstalk between reactive astrocytes and micro-
glia, where each cell type can inhibit the phagocytic capacity of the
other (DeWitt et al.,, 1998; Liddelow et al., 2017). Treatment with
dazucorilant not only reduced astrocyte reactivity and their presence
around plaques, but also restored TREM2 mRNA levels. These effects
coincided with an increased presence of microglial cells surrounding
plagues and a reduction in amyloid burden and plaque size, strongly
suggesting that dazucorilant promotes microglial phagocytosis by miti-
gating astrocyte reactivity. While further additional analyses are war-
ranted to fully support these interpretations, our data posit
dazucorilant as a potent immunomodulator, aligning with previous
reports in others neurodegenerative disorders (De Nicola et al., 2020;
Gentenaar et al., 2024).

J20 and 5xFAD mice are commonly used models to study amyloid
pathology, but they also exhibit hyperphosphorylated tau, supporting
the amyloid cascade hypothesis. Specifically, tau hyperphosphoryla-
tion occurred at AD-relevant epitopes and included the abnormal cas-
pase 3-mediated tau cleavage into TauC3 fragment (Conze
et al.,, 2022; Igbal et al., 1989; Sengupta et al., 1998), which dazucori-
lant treatment inhibited. Elevated TauC3 expression, highly patho-
genic due to its propagation and seeding properties, is found in CSF
of patients (Borroni et al., 2009; Conze et al, 2022; Plouffe
et al., 2012). Tau phosphorylation is primarily regulated by GSK3B and
CDK5 (Martin, Latypova, Wilson, Magnaudeix, Perrin, Yardin, &
Terro, 2013), and dephosphorylation by PP2A (Martin, Latypova, Wil-
son, Magnaudeix, Perrin, & Terro, 2013). Our study reports aberrant
enzyme activities in J20 and 5xFAD mice, with GSK3B and CDK5
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overactivation as evidenced by increased Tyr216 phosphorylation and
enhanced cleavage of p35 to p25, respectively. Notably, CDK5 may
also contribute to amyloid production by stimulating BACE1 (Quan
et al., 2019). Conversely, PP2A activation via methylation at Leu309
was significantly decreased, possibly contributing to tau hyperpho-
sphorylation. We have recently positioned glucocorticoids as central
regulators of tau phosphorylation processes (Canet et al., 2020), as
they modulate GSK3B, CDK5 and PP2A activities either by direct
non-genomic, or indirect mechanisms (Dey et al., 2017; Paliogianni
et al., 1995; Panettieri et al., 2019). Moreover, PP2A deficiency
affects glucocorticoid receptor nuclear trafficking and glucocorticoid
sensitivity (Kobayashi et al., 2011), which may contribute to neuroin-
flammation in J20 mice, despite increased levels of glucocorticoids. In
both models, dazucorilant treatment normalized GSK3B, CDK5 and
PP2A activities, resulting in tau dephosphorylation, emphasizing the
complex glucocorticoid receptor-enzymes interplay to regulate tau
phosphorylation. Moreover, ROCK/PDK1 activation may also partici-
pate in tau hyperphosphorylation through GSK3B and CDK5 activa-
tion (Castro-Alvarez et al., 2011; Hamano et al., 2012). This further
underscores the importance of attenuating glucocorticoid-mediated
ROCK/PDK1 activation to lower tau phosphorylation, as reported
(Castro-Alvarez et al., 2011). Our findings provide new insights into
how reestablishing glucocorticoid receptor function can directly lower
tau hyperphosphorylation by rebalancing key enzymes activities.

We also emphasize the significance of other enzymes contribut-
ing to tau hyperphosphorylation that are directly regulated by the
activity of glucocorticoid receptors. Fyn, for instance, acts as a chaper-
one for inactive glucocorticoid receptors and is released upon gluco-
corticoid binding, mediating the rapid non-genomic effects of these
receptors (Petta et al., 2016). Under physiological conditions, gluco-
corticoids play an inhibitory role on Fyn (Léwenberg et al., 2005),
while chronic stress and elevated glucocorticoid levels exacerbate
their activity (Li et al., 2007). Fyn has been demonstrated to rapidly
induce tau phosphorylation either directly on tyrosine residues
(Martin, Latypova, Wilson, Magnaudeix, Perrin, Yardin, & Terro, 2013;
Scales et al., 2011) or via the activation of GSK3B (Lesort et al., 1999).
These findings are consistent with our current observations showing a
concomitant increase in Fyn and GSK3B expressions and tau hyper-
phosphorylation in J20 and 5xFAD mice. Finally, Fyn has been impli-
cated in mediating the activation of the ROCK/PDK1 system (Lv
et al, 2016), suggesting an indirect impact on amyloid production.
Additionally, the cysteine protease calpain 1 is a well-known enzyme
involved in the pathophysiology of AD (Jin et al., 2015) and appears
to be up-regulated in both J20 and 5xFAD mice. Calpain 1 has been
shown to disrupt p25/CDKS5 activity and promote its intracellular
accumulation, thereby mediating tau hyperphosphorylation and apo-
ptosis (Lee et al., 2000). Importantly, it has been demonstrated that
glucocorticoids can trigger the activation of calpain 1 via an unidenti-
fied mechanism (Liu et al., 2012). While a glucocorticoid-responsive
elements has been identified in the calpain 2 gene (Capn2) sequence
(Hong & Forsberg, 1995), it has not been found in the calpain 1 gene
(Capn1) so far. Finally, dazucorilant treatment leads to the normaliza-

tion of Fyn and calpain 1 expression, thereby contributing to the

mitigation of amyloid production and tau phosphorylation. In sum-
mary, these findings underscore the importance of impeding glucocor-
ticoid receptor-dependent pathogenic processes to regulate the
activities of a multitude of enzymes.

We present a schematic representation illustrating the central
role of glucocorticoid receptor in the pathophysiological regulation of
the pathways described below (see graphic abstract). However, it is
important to conduct further investigations to gain a deeper under-
standing of the molecular mechanisms underlying these regulations. In
our current state of knowledge, glucocorticoid receptor are nuclear
receptors that regulate gene expression in three main ways:-
(i) directly, by binding to glucocorticoid response elements (GRE),
(i) indirectly, through the modulation of specific transcription factors
or (iii), via non-genomic mechanisms, which encompass epigenetic
modifications, membrane localization and/or heterodimerization with
other receptors (reviewed in Groeneweg et al., 2011; Panettieri
et al., 2019; Timmermans et al., 2019). Notably, amyloid toxicity may
promote the binding of glucocorticoids to the putative membrane glu-
cocorticoid receptor (Choi et al., 2017) which mediate part of the
non-genomic glucocorticoid effects. Activation of these receptors has
been linked to enhanced glutamatergic transmission and calcium exci-
totoxicity (Groeneweg et al., 2011), as well as the stimulation of
GSK3B (Jozic et al., 2017) and BACE1 (Choi et al., 2017). These find-
ings introduce additional intracellular pathways by which glucocorti-
coid receptor may exacerbate AD pathophysiology. Based on our
prior research (Canet et al., 2020; Pineau et al., 2016) and the current
results obtained, we can speculate that some of the beneficial effects
of selective glucocorticoid receptor modulators may not be solely
attributed to the inhibition of glucocorticoid receptor pathological
transcriptional activity but also involve restoring the non-genomic
actions of these receptors. However, direct non-genomic effects have
not been evaluated for dazucorilant. Further investigations are needed
to elucidate the precise contribution of membrane glucocorticoid
receptor compared to cytoplasmic/nuclear glucocorticoid receptor.
These findings underline the potential significance of developing
drugs targeting membrane glucocorticoid receptor, thereby regulating
only a subset of glucocorticoid receptor-associated pathways.

Several clinical trials involving selective glucocorticoid receptor
modulators are currently underway. As previously discussed, the term
‘selective glucocorticoid receptor modulators (sGRm) denotes the
specific biological properties of this group of molecules. More pre-
cisely, when these compounds bind to glucocorticoid receptor they
induce a distinct pattern of nuclear coregulator recruitment resulting
in a unique profile of genomic regulations (Sundahl et al., 2015; Viho
et al., 2019). These distinctive features enable these molecules to
potentially selectively inhibit glucocorticoid receptor-dependent path-
ogenic processes in the brain as antagonists, while preserving benefi-
cial aspects of glucocorticoid receptor signalling as agonists (for
comprehensive details, see Meijer et al., 2018; Pineau et al., 2016;
Sundahl et al., 2015; Viho et al., 2019). The selective glucocorticoid
receptor modulator family has generated considerable interest due to
its ability to enable the physiological functioning of glucocorticoid

receptor, in contrast to conventional antagonists such as
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mifepristone. We have evidenced that mifepristone shows less effi-
cacy than selective glucocorticoid receptor modulators in improving
AD-related pathology in the acute oAg model (Pineau et al., 2016). It
is also noteworthy that the administration of mifepristone was tested
in AD patients but was abandoned (Belanoff et al., 2002). According
to information available on the clinical trial listings on https://www.
clinicaltrials.gov/, four selective glucocorticoid receptor modulators
are currently undergoing clinical testing for conditions associated with
glucocorticoid dysregulation, each exhibiting varying degrees of affin-
ity for glucocorticoid receptor. Specifically, mapracorat (ZK-245186;
Intendis/Bayer) is an FDA-approved drug for treating atopic dermati-
tis. Additionally, among Corcept Therapeutics molecules, relacorilant
(CORT125134) in phase lll trials for ovarian cancer and Cushing's syn-
drome. It is also being evaluated in prostate cancer in combination
with the androgen receptor (NR3C4) antagonist, enzalutamide.
Miricorilant (CORT118335) is being evaluated in patients with non-
alcoholic fatty liver disease. Finally, the compound of interest in this
study, dazucorilant is in a phase Il clinical trial for treating amyotrophic
lateral sclerosis and has demonstrated encouraging results in preclini-
cal studies (Meyer et al., 2018, 2020). Importantly, these compounds
have shown safety and good tolerability in healthy subjects, paving
the way for future robust trials involving dazucorilant in the context
of AD treatment.

In conclusion, this study proves that the chronic administration
of dazucorilant in J20 and 5xFAD mice effectively impedes glucocor-
ticoid receptor-dependent pathogenic processes, along with the res-
toration of circulating glucocorticoid levels. This treatment, due to
the extensive interaction network of glucocorticoid receptor with
AD-related enzymes, results in a reduction of both amyloid and tau
pathologies, ultimately leading to improved memory performance.
Notably, despite a thorough analysis of several AD-related pathways
following the four-week administration of dazucorilant, no undesired
behavioural or biochemical side effects were observed in wild-type
or transgenic animals. Finally, our findings underscore the potential
superiority of dazucorilant in improving glucocorticoid receptor-
mediated inflammatory processes compared to non-steroidal anti-
inflammatory drugs that were ineffective in AD clinical trials
(Jaturapatporn et al., 2012). Given that AD may be a stress-related
disorder (Canet et al, 2019), with aberrant glucocorticoid-
glucocorticoid receptor signalling playing a detrimental role in its
pathophysiology, our work further emphasizes the use of selective
glucocorticoid receptor modulators as a viable and potent therapeutic
approach.
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