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The brain-specific enzyme CYP46A1 controls cholesterol turnover by converting cholesterol into 24S-
hydroxycholesterol (240H). Dysregulation of brain cholesterol turnover and reduced CYP46A1 levels are
observed in Alzheimer’s disease (AD). In this study, we report that CYP46A1 overexpression in aged female
mice leads to enhanced estrogen signaling in the hippocampus and improved cognitive functions. In con-
trast, age-matched CYP46A1 overexpressing males show anxiety-like behavior, worsened memory, and ele-
vated levels of 5a-dihydrotestosterone in the hippocampus. We report that, in neurons, 240H contributes
to these divergent effects by activating sex hormone signaling, including estrogen receptors. CYP46A1
overexpression in female mice protects from memory impairments induced by ovariectomy while having no
effects in gonadectomized males. Last, we measured cerebrospinal fluid levels of 240H in a clinical cohort
of patients with AD and found that 240H negatively correlates with neurodegeneration markers only in
women. We suggest that CYP46A1 activation is a valuable pharmacological target for enhancing estrogen

signaling in women at risk of developing neurodegenerative diseases.

INTRODUCTION

The neuron-enriched enzyme cholesterol 24-hydroxylase (CYP46A1)
promotes cholesterol excretion from the brain by converting choles-
terol into its oxidized metabolite, 24S-hydroxycholesterol (24OH)
(I). A constant cholesterol flux into 240H is essential for brain
function, including learning and memory (2). Cyp46al knockout
mice display memory deficits (3), while overexpression of human
CYP46A1 in older females results in increased levels of synaptic pro-
teins and better performance in spatial memory tasks (4). On the other
hand, some evidence reported that up-regulation of CYP46A1 may
negatively affect aging processes, where stress conditions and 240H
levels above physiological concentrations could lead to CYP46A1
hyperactivity and cholesterol loss (5-7).

Brain cholesterol metabolism is altered already at the early stages
of Alzheimer’s disease (AD) and the levels of the oxysterol 240H
are modified in both plasma and cerebrospinal fluid (CSF) from
patients with AD (8-11). Recent findings showed a reduction of
CYP46A1 and 240H levels in AD brains (12, 13), and increasing
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evidence suggests that CYP46A1 activation may prevent patho-
logical processes occurring in AD (14, 15). Injections of adeno-
associated virus encoding CYP46A1 in the hippocampus of AD
mouse models reduced amyloid p (Ap) burden and restored spatial
memory performance (16, 17), while Cyp46al inhibition led to
opposite effects (18). These studies were performed only in female
mice. Pharmacological activation of CYP46A1 with efavirenz in
male and female AD mouse models ameliorated spatial memory
(19) and familial human AD induced pluripotent stem cell (iPSC)-
derived neurons treated with efavirenz showed decreased A secre-
tion and Tau phosphorylation (20). In addition to AD, CYP46A1
activation revealed neuroprotective effects in Huntington’s disease
(20) and Parkinson’s disease (21).

Besides the role of CYP46A1 as a regulator of neuronal cholesterol
homeostasis, its metabolic product 24OH is a signaling molecule that
affects brain metabolism and synaptic function by binding to liver
X receptors (LXRs), retinoic acid-related orphan receptor (RORa and
RORY) (22), and N-methyl-p-aspartate receptor (NMDAR) (23, 24).
LXR activation promotes the synthesis of neuroactive steroids in the
brain (25), including estrogen and testosterone. These sex hormones
exert a range of neurotrophic effects on the brain by modulating path-
ways essential for neuronal plasticity, neurodevelopment, and be-
havior (26-29).

Particularly in women, early menopause, whether spontaneous
or caused by ovarian removal, chemotherapy, or aromatase inhibitor
treatment, is a risk factor for cognitive decline and higher levels of
AD neuropathology (30-34). This suggests that sex hormones may
have a different impact on AD pathophysiology and progression in
men and women. It is known that more women suffer from AD (35)
and present a faster disease progression than men (36). Moreover,
women carrying APOE4 run a fourfold higher risk of AD than male
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carriers (37). It is, therefore, possible that maintenance of choles-
terol homeostasis is especially relevant for females; however, the
mechanisms underlying sex differences in AD pathogenesis are still
largely unexplored (38).

Given the relevance of CYP46A1 and the possible interplay
between brain cholesterol metabolism and sex hormones in AD, we
aimed to investigate the sex-specific effects of CYP46A1 overexpres-
sion and 240H in cognitive functions during chronological and
endocrine aging in vivo and in vitro. Last, we performed sex-
stratified analyses to test the association between CSF 240H levels
and markers of neurodegeneration in a memory clinic cohort of
patients with AD, mild cognitive impairment (MCI), and subjective
cognitive impairment (SCI).

RESULTS

CYP46A1 overexpression improves memory performance
only in aged female mice

We performed a battery of behavioral tests to evaluate anxiety-
like behavior and hippocampal-dependent learning and memory
in 18-month-old CYP46A1 overexpressing male and female mice
(Cyp46Tg) and their age-matched wild-type littermates (Tg ™) (Fig. 1A).
During the elevated plus maze (EPM) test, Cyp46Tg females did
not show differences in the time spent in open arms compared to
the control group (Fig. 1B). When females were assessed for spatial
working memory in the Y-maze, only Cyp46Tg mice alternated at
higher levels than the chance level of 50% (Fig. 1C). Differently from
females, Cyp46Tg males spent a shorter time in the open arms of the
EPM compared to the Tg™ (Fig. 1D), while Y-maze testing did not
show significant differences between male groups (Fig.1E). Spatial
learning and memory were tested in the Morris water maze (MWM)
test (Fig. 1, F to J). During the acquisition, both female and male
groups learned to locate the hidden platform over the days (Fig. 1,
F and H). During the probe test, the transgenic females occupied
the platform sector substantially longer than their controls (Fig. 1,
G and J), as previously shown in our study (4), while Cyp46Tg
males spent significantly shorter time than Tg™ mice in the quad-
rant where the platform was located (Fig. 1, I and J). When younger,
9-month-old mice were tested for the EPM and the MWM, we did
not find differences between groups and sexes (fig. S1, A to F).

CYP46A1 overexpression has positive effects on dendritic
spine morphology in female mice but not in males
To elucidate whether the observed sex-specific behavioral changes
were accompanied by alterations in dendritic spine density and mor-
phology, we performed Golgi staining and examined the apical
collateral dendrites (stratum radiatum) from CA1 pyramidal neurons
of 18-month-old Cyp46Tg mice (Fig. 2, A to L). Female Cyp46Tg
mice showed no differences in spine density (number of spines
per micrometer; Fig. 2M) but showed a significant increase in both
spine area and length compared to their littermates (Fig. 2, N and O),
as well as higher frequency distribution of spine area and length
(Fig. 2, P and Q). Differently from females, Cyp46Tg males presented
significantly lower spine density (Fig. 2R) and lower frequency of
spine area and length when compared to controls (Fig. 2, U and V).
To confirm these findings, we measured levels of synaptic pro-
teins in both total hippocampal homogenates and synaptosome
enriched fractions from 18-month-old Cyp46Tg and Tg™ mice
(fig. S2). Transgenic females have higher total hippocampal levels of
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NMDARI, p-NMDAR2A, and postsynaptic density 95 (PSD95)
than their respective controls (fig. S2, A to C) (4), while transgenic
males show unchanged levels of NMDARI and p-NMDAR2A and
decreased levels of PSD95 (fig. S2, E to G). When we analyzed the
synaptosome enriched fractions, we observed a significant increase
of PSD95 and synaptophysin in Cyp46Tg females (fig. S2, ] and K),
while transgenic males showed a decrease of both proteins when
compared to Tg™ mice (fig. S2, N and O).

Cyp46Tg mice show sex-dependent changes in brain
neurosteroid signaling

Sexhormonessuchas17f-estradiol (E2) and 5a-dihydrotestosterone
(DHT) can be synthesized in the brain, using cholesterol as the
main substrate (39) (Fig. 3A). We aimed to elucidate whether the
sex-dependent differences observed in old Cyp46Tg mice could be
mediated by neuroactive steroids, like sex hormones.

We first measured hippocampal levels of E2 and DHT in
18-month-old male and female Cyp46Tg mice by enzyme-linked
immunosorbent assay (ELISA). E2 did not change between female
groups (Fig. 3B). However, DHT significantly increased in Cyp46Tg
males compared to their littermates (Fig. 3C). To determine the
mechanisms responsible for this effect, we next assessed the ex-
pression levels of key enzymes involved in the biosynthesis of E2
and DHT by RT-qPCR. Aromatase (Cyp19al), responsible for the
conversion of testosterone (T) into E2, was significantly increased
in female Cyp46Tg mice compared to Tg~ both at 9 (fig. S1G)
and 18 months of age (Fig. 3D), while no differences were found in
male mice (Fig. 3E). 5a-Reductase (Srd5al, converting testosterone
to DHT) decreased in 18-month-old transgenic females compared
to controls (Fig. 3F), while, in agreement with higher DHT levels,
Srd5al levels were increased in 18-month-old Cyp46Tg males
(Fig. 3G). Hydroxy-steroid dehydrogenase-17p-10 (Hsd17b10, syn-
thesizing DHT from 3a-androstanediol) was decreased in females
(Fig. 3H), while it increased in males (Fig. 3I). No changes in
Srd5al and Hsd17b10 were found in 9-month-old female and male
Cyp46Tg mice (fig. S1, Hto L).

We next determined potential differences in the expression
levels of estrogen receptors that could further contribute to the
sex-dependent differences observed in aged Cyp46Tg mice. Esr2
(codifying for estrogen receptor ) was significantly increased
only in 18-month-old female Cyp46Tg mice compared to Tg™
(Fig. 3]) and not in males. Estrogen receptor p (ERp) protein
levels were higher in the hippocampus of 18-month-old Cyp46Tg
females (fig. S3, A and B). We did not find differences in Esrl
[codifying for estrogen receptor o (ERa)] in female or male Cyp46Tg
mice compared to controls (Fig. 3, L and M).

To discard the possibility that sex-dependent outcomes in
Cyp46Tg mice are driven by differences in 24OH levels during
aging, we measured 240H, cholesterol, and cholesterol precur-
sor levels in serum and brain of 18-month-old male and female
Cyp46Tg and Tg™ mice by gas chromatography-mass spectrom-
etry. As expected, Cyp46Tg mice displayed significantly elevated
240H levels in serum independently of sex and age (Fig. 3, N and
0), while serum cholesterol levels remained unchanged (Fig. 3, P
and Q). Brain lanosterol levels were higher only in female Cyp46Tg
compared to Tg™ both at 9 and 18 months of age (Fig. 3, Rand S,
and fig. S1, R and U). This is in accordance with our previous
study, where lanosterol levels were found to increase in young
transgenic females (4). Brain cholesterol and desmosterol levels
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Fig. 1. Behavioral tests in aged Cyp46Tg mice. (A) Experimental design: Aging female and male Cyp46Tg mice were assessed by elevated plus maze (EPM), Y-maze, and
Morris water maze (MWM) tests. After the behavioral tests, the brains were collected for further molecular analysis. The experimental design was created with Biorender.
com. (B) Percentage of time spent in the open arms during the EPM test in Cyp46Tg and Tg~ females. (C) Percentage of spontaneous alternations during the Y-maze test
in female Cyp46Tg and Tg™ mice (one-sample t test, P = 0.022). (D) EPM test represented as the percentage of time spent in open arms in Cyp46Tg and Tg™ males (unpaired
t test, P = 0.0047). (E) Percentage of spontaneous alternations in Y-maze test in male Cyp46Tg and Tg™ mice. (F) Escape latency over 4 days acquisition phase in the MWM
test in Cyp46Tg and Tg™ females [repeated-measures analysis of variance (ANOVA), the effect of days P = 0.0001]. Adapted from data previously shown in (4). (G) Time
spent in the platform quadrant during the probe test in Cyp46Tg and Tg™~ females (unpaired t test, P = 0.09). Adapted from data previously shown in (4). (H) Escape
latency over the 4-day acquisition phase in the MWM test in Cyp46Tg and Tg~ males (repeated-measures ANOVA, the effect of days P = 0.0094). (I) Time spent in the plat-
form quadrant during the probe test (unpaired t test, P = 0.0130). (J) Representative heatmaps of the MWM probe test in female and male Cyp46Tg and Tg™ mice. Red
zones display the areas mostly explored by the mice. N = 6 to 10 mice per group per sex. Data are represented as means + SEM. *P < 0.01 and **P < 0.001.

remained unchanged in 9-month-old Cyp46Tg mice (fig. S1, Q,
T, S,and V).

240H activates neurosteroid signaling in neurons and DHT
counteracts its effects

We next used in vitro experiments to clarify whether the meta-
bolic product of CYP46A1, 240H affects estrogen signaling and
neurosteroidogenesis. To determine the effects of 240OH alone
and its interplay with DHT, we treated hippocampal neurons in

Latorre-Leal et al., Sci. Adv. 10, eadj1354 (2024) 24 January 2024

primary culture with 1 pM 240H, 10 nM DHT, or a combina-
tion of both (DHT + 240H). The concentration of 1 pM 240H
was selected on the basis of the concentration range measured in
human brains (7), while, for DHT, we chose 10 nM based on pre-
vious studies (40). In agreement with our in vivo data, Esr2 ex-
pression was significantly up-regulated after 6-hour treatment
with 240H, an effect that was not observed in combination with
DHT and when 240OH was used in combination with DHT (Fig. 4A).
According to this finding, 240H treatment also led to higher
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Fig. 2. Golgi staining in the hippocampus of Cyp46Tg aged mice. (A to L) Representative Golgi staining images from stratum radiatum from the CA1 region of 18-month-old
female (left) and male (right) Cyp46Tg mice and their corresponding age-matched Tg™ controls. Scale bars, 500 um [(A) to (D)] and 5 pm [(E) to (L)]. (M) Analysis of dendritic spine
density measured as spines per micrometer in female Cyp46Tg compared to Tg™ mice. (N) Spine area in square micrometer in Cyp46Tg and Tg~ females (unpaired t test, P = 0.0416).
(0) Spine length in female Cyp46Tg and Tg™ mice (unpaired t test, P = 0.0384). (P) Frequency distribution histogram of spine area in female mice (two-sample Kolmogorov-Smirnov
test, P < 0.0001). (Q) Frequency distribution histogram of spine length of female Cyp46Tg and Tg™ mice (two-sample Kolmogorov-Smirnov test P < 0.001). (R) Dendritic spine
density in male Cyp46Tg and Tg™ mice (unpaired t test, P = 0.0122). (S) Spine area in male Cyp46Tg compared to male Tg™ mice. (T) Spine length in male Cyp46Tg and Tg™ mice.
(U) Spine area frequency distribution histogram of male Cyp46Tg and Tg™ mice (two-sample Kolmogorov-Smirnov test, P = 0.0480). (V) Frequency distribution histogram of spine
length from apical collateral dendrites of male Cyp46Tg and Tg™ mice (two-sample Kolmogorov-Smirnov test, P = 0.0162 respectively). N = 5 to 6 mice per group per sex. Data are
represented as means + SEM. *P < 0.05 and ***P < 0.001.

ERP protein levels, as determined by immunoblotting for cell
nuclear fractions (fig. S4, B and C). No differences were observed for
Esrl and ERa (Fig. 4B and fig. S4, A and C).

To further clarify the effect of 240H on ER signaling, we deter-
mined the levels of different downstream ER target genes, such
as activity-regulated cytoskeletal protein (Arc) and brain-derived

Latorre-Leal et al., Sci. Adv. 10, eadj1354 (2024) 24 January 2024

neurotrophic factor (Bdnf). These genes are also known as regula-
tors of synaptic plasticity (41, 42). 24OH treatment triggered a sig-
nificant increase of Arc (Fig. 4C) and 240H in combination with
DHT led to increased Arc expression compared to vehicle-treated
neurons (Fig. 4C). We did not find changes between treatments in
Bdnflevels (Fig. 4D).
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Fig. 3. Sex hormone signaling in the hippocampus of 18month-old Cyp46Tg mice. (A) Scheme representing the neurosteroid synthesis starting from cholesterol. The
genes up-regulated in Cyp46Tg mice are indicated in orange, while the down-regulated ones are indicated in purple. (B) Enzyme-linked immunosorbent assay (ELISA)
measurements of E2 levels in the hippocampus from female Cyp46Tg and Tg™ mice. (C) DHT levels from male Cyp46Tg and Tg™ hippocampi assessed by ELISA (Mann-
Whitney test, P=0.0451). (D and E) Cyp19aTl levels in Cyp46Tg females and males in comparison to their Tg™~ controls (unpaired t test, P = 0.0053 in females). (F and G) Srd5aT
in Cyp46Tg females and males in comparison to their Tg~ controls (unpaired t test, P = 0.00289 and P = 0.0193, respectively). (H and I) Hsd17b10 in Cyp46Tg females and
males in comparison to their TJg~ controls (unpaired t test, P=0.0134 and P = 0.0081, respectively). (J and K) Esr2 in Cyp46Tg females and males in comparison to their Tg™
controls (unpaired t test, P = 0.0367 in females). (L and M) Esr1 in Cyp46Tg and Tg~ females and males. (N and O) Serum levels of 240H in female and male Cyp46Tg and
Tg™ mice (unpaired t test, P = 0.0036 and P = 0.0136, respectively). (P and Q) Serum cholesterol levels in aged female and male Cyp46Tg and Tg™ mice. (Rand S) Brain lanos-
terol levels in aged female and male Cyp46Tg and Tg™ mice (unpaired t test, P = 0.0395 in females). Gene expression is normalized by Gapdh. N =5 to 11 mice per group per
sex for RT-gPCR and N = 4 mice per group per sex for gas chromatography-mass spectrometry analysis. All data are presented as means + SEM. *P < 0.05 and **P < 0.01
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followed by Tukey’s multiple comparisons test: CON versus 240H P = 0.0161, 240H versus DHT P = 0.0220, 240H versus DHT + 240H P = 0.0111). (F) Rara levels (one-way ANOVA
P =0.0005 followed by Tukey's multiple comparisons test: CON versus 240H P = 0.0029, 240H versus DHT P=0.0010, 240H versus DHT + 240H P = 0.0008). (G) Cyp26b1 levels (one-
way ANOVA P = 0.0304 followed by Tukey’s multiple comparisons test: CON versus 240H P = 0.0491, 240H versus DHT P = 0.0476). (H) Cyp19aT levels (one-way ANOVA P < 0.0001
followed by Tukey’s multiple comparisons test: CON versus 240H P < 0.0001, CON versus DHT +240H P < 0.0001, 240H versus DHT + 240H P < 0.0001, DHT versus DHT + 240H
P=0.0001).(I) Hsd17b1 levels (one-way ANOVA P = 0.0449). (J) Proposed mechanism of action for 240H in aged female (left) and male (right) Cyp46Tg mice: In neurons, 240H binds
to LXR, activating the RARE promoter and RARA. 240H induces neurosteroidogenesis via LXR/RARA, enhancing estrogen receptor (ER) signaling to promote neuroprotection in
transgenic females. In contrast, the presence of high levels of DHT + 240H in male mice counteracts 240H up-regulating effects on LXR target genes (Srepf1, Rara, and Cyp19aT) and
Ers2. Image) was created with Biorender.com. N = 3 to 5 independent experiments, where each experiment was performed in duplicates or triplicates. All data are presented as
means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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LXR activation induces transcription of sterol regulatory element
binding transcription factor 1 (Srebfl) and retinoid acid receptor o
(Rara) with consequence dimerization of RARA-RXR (see Fig. 4])
(43, 44). Previous findings showed that both LXR and retinoic acid
receptor (RAR) signaling induce neurosteroidogenesis (25, 45). Since
240H binds LXR, we next aimed to confirm whether 240H modulates
neurosteroidogenesis via LXR and RARA. We first confirmed that
240H activates LXR in neurons by showing an increase of SrebfI in
240H-treated neurons (Fig. 4D), this up-regulation was not present
upon DHT and DHT +240H treatments (Fig. 4D). Rara was signifi-
cantly up-regulated in neurons treated with 24OH (Fig. 4E) but this
up-regulation was prevented by DHT and DHT + 240H conditions.
These results were confirmed by Western blot where RARA protein levels
were elevated upon 240H treatment, and this increase was prevented in
DHT + 240H treatments (fig. S4, D and E). In agreement with the
240H activation of Rara, its target gene Cyp26b1 was up-regulated only
in 240H-treated neurons (Fig. 4G). Retinoid X receptor y (Rxrg) was
not changing in our experiments (fig. S4F). Last, transcript levels of the
neurosteroidogenic enzyme Cyp19al were higher in 240H treated cells
compared to controls, while the treatment DHT + 240H prevented
this increase (Fig. 4H). We did not find differences in Hsd17b1 between
treatments (Fig. 41).

CYP46A1 overexpression protects ovariectomized mice from
memory loss

To determine whether CYP46A1 overexpression and high levels
of 240H sustain neurosteroid signaling upon deprivation of periph-
eral sex hormones (endocrine aging), we performed the surgical
removal of gonads (gonadectomy) in male and female wild-type
(GDX-Wt) and Cyp46Tg (GDX-Cyp46Tg) mice at 2 to 3 months
of age. Regarding the control groups, we first performed sham
surgery in a pilot study to test the effects of sham surgery on
behavioral outcomes in males and females (fig. S5). Since sham
surgery did not affect cognitive outcomes like the % of alterna-
tion in Y-maze (fig. S5, A and B), we used non-operated mice
(Wt) as control groups for the effect of gonadectomy.

Six months after surgery, all groups of mice underwent behavioral
tests (Fig. 5A). No differences were found in the EPM test between
groups, for males or females (Fig. 5, B and C). In the Y-maze test,
GDX-Cyp46Tg females displayed a higher percentage of correct
alternations when compared to Wt (Fig. 5D), while we did not ob-
serve differences between the male groups (Fig. 5E). In the MWM
test, female GDX-Wt mice did not learn to locate the platform and
showed higher escape latency times (time spent to reach the hidden
platform) than both Wt and GDX-Cyp46Tg (Fig. 5F). During the
probe test, GDX-Cyp46Tg spent more time than GDX-Wt in the tar-
get quadrant (Fig. 5G). Differently from female mice, gonadectomy
did not affect memory performance in male Wt and Cyp46Tg mice
assessed in the MWM test, during the learning and probe test (Fig. 5,
H and I). The representative heatmaps support the results from the
MWM probe test (Fig. 5]). All groups of mice did not differ in ex-
ploratory activity (number of entries) in the Y-maze and swim speed
in the MWM (fig. S5, C to F), suggesting that gonadectomy did not
alter functional outcomes known to affect the test performances.

Gonadectomy alters CYP46A1 and neurosteroid signaling in
a sex-dependent manner

To investigate the effects of gonadectomy on brain sex-hormone
signaling, we measured mRNA levels of estrogen receptors and
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neurosteroidogenic enzymes in the hippocampus of Cyp46Tg and
Tg™ mice (Fig. 6). Regarding females, while the expression levels
of Esr2 did not change among groups (Fig. 6A), Esrl was signifi-
cantly up-regulated in GDX-Wt compared to Wt animals (Fig. 6B).
Cyp19al mRNA levels were not changed between groups (Fig. 6C);
however, female GDX-Wt and GDX-Cyp46Tg mice showed a sub-
stantial increase of Srd5al compared to Wt mice (Fig. 6D). Last,
Hsd17b10 expression was significantly increased in GDX-Cyp46Tg
females compared to GDX-Wt and Wt (Fig. 6E). No significant
effects of gonadectomy on Ers2, Ersl, Cyp19al, and Hsd17b10 were
observed in males (Fig. 6, F to J). These mice showed a decrease of
Srd5al levels that was prevented in GDX-Cyp46Tg (Fig. 6I).

We next assessed whether gonadectomy affects CYP46A1 and
240H levels. In GDX-Cyp46Tg females, 240H levels were un-
changed in both serum and brain compared to Cyp46Tg used as
controls (Fig. 6, Kand L). Cyp46Tg females showed similar levels
of human CYP46A1 regardless of ovariectomy (Fig. 6M), and
GDX-Wt females showed substantially lower mouse Cyp46al
levels than Wt females (Fig. 6M). In contrast, GDX-Cyp46Tg
males showed significantly reduced 24OH levels compared to
Cyp46Tg males both in serum (Fig. 6N) and the brain (Fig. 60).
In agreement with these results, CYP46A1 was markedly reduced
upon gonadectomy in Cyp46Tg males (Fig. 6P).

CSF 240H is negatively associated with total tau in women
in an AD clinical cohort

We lastly investigated the association between 24OH and biomark-
ers of AD pathology and neurodegeneration in CSF samples from
male and female patients with SCI, MCI, and AD. Both men and
women had a similar age distribution, similar cognition levels as
measured by the Mini Mental State Examination (MMSE) score,
and an equal representation of the diagnostic groups (Table 1).
Levels of Ap42, total tau (t-tau), phosphorylated tau 181(p-tau),
p-tau/Ap42 ratio, neurofilament light chain (NFL), and 240H
were equally distributed across men and women (Table 1). Levels
of 240H did not correlate with age (P = 0.951) or show sex-
dependent differences (fig. S6F). To investigate the association
between 240H and different biomarkers for AD and neurodegen-
eration, we performed linear regression models for Ap42, t-tau,
p-tau, p-tau/AP42, and NFL, adjusting for age and diagnosis
(Table 2). Higher 240H levels were associated with decreased
p-tau, p-tau/AP42, and NFL in the total cohort (Table 2). No cor-
relation was found between 240OH and Ap42. To test a sex-specific
effect of 240H, we examined the interaction between 240H and
sex on AP42, t-tau, p-tau, p-tau/Ap42, and NFL. As shown in
Table 2, we found a significant interaction between 240OH and
sex for the association with t-tau (Table 2). When we performed
stratified analysis to analyze each sex separately, we observed
that the associations between 24OH and t-tau, p-tau, p-tau/Ap42,
and NFL were seen only in women and not in men (Table 2 and
fig. S6, A to E).

DISCUSSION

In this study, we investigated the sex-specific effects of CYP46A1
activation on cognition in aged mice and its relation with AD bio-
markers. During physiological aging, mice show reduced spontane-
ous alternations in the Y-maze and worsened spatial learning (46),
together with a decrease in dendritic spine density and total number
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Fig. 5. Behavioral tests in gonadectomized mice. (A) Experimental design: Female and male Cyp46Tg and wild-type mice underwent gonadectomy at 2 to 3 months of age. At
9months, the mice were assessed for behavioral tests, after their brains were collected for molecular analysis. The experimental design was created with Biorender.com.
(B and C) Percentage of time spent in open arms during the EPM test in the female and male groups, respectively. (D) Percentage of spontaneous alternations in the Y-maze test in
female mice (one-way ANOVA P = 0.0255 followed by Tukey’s multiple comparisons test: Wt versus GDX-Cyp46Tg P = 0.0202). (E) Percentage of spontaneous alternations in the
Y-maze test in male mice. (F) Escape latencies during MWM acquisition phase in the female groups (repeated-measures ANOVA, the effect of days P = 0.0018, effect of genotype
P =0.0030, followed by Tukey’s multiple comparison test: for day 3 GDX Wt versus GDX Cyp46Tg P = 0.0096, for day 5 Wt versus GDX Wt P = 0.0217, GDX Wt versus GDX Cyp46Tg
P =0.0065). (G) Percentage of time spent in the quadrant target during probe test in female mice (one-way ANOVA P = 0.0448, followed by Tukey’s multiple comparisons test: GDX-
Wt versus GDX-Cyp46Tg P = 0.0441). (H) MWM acquisition phase expressed as escape latency in the male mice groups (repeated-measures ANOVA, the effect of days P < 0.0001).
() Percentage of time spent in the quadrant target during the probe test in male mice. (J) Heatmaps from the MWM probe test in female and male mice: The occupancy rate is rep-
resented by a color map (in red color the most visited zones). N =9 to 13 mice per group per sex. Following the exclusion criteria, we removed four males and four females from the
analyses of % alternation in the Y-maze and four females and two males from the MWM probe test analyses. All data are presented as means + SEM. *P < 0.05.
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Fig. 6. Neurosteroid signaling, 240H, and CYP46A1 levels in gonadectomized mice. (A) Hippocampal levels of Esr2 in female GDX-Cyp46Tg, GDX-Wt, and Wt
mice. (B) Hippocampal levels of Esr1 in female mice (Kruskal-Wallis test, P = 0.0208, followed by Dunn’s multiple comparisons test: Wt versus GDX-Wt P = 0.0242).
(C) Hippocampal levels of Cyp19at in female mice. (D) Hippocampal levels of Srd5a7 in female mice (Kruskal-Wallis test P = 0.0275, followed by Dunn’s multiple
comparisons test: Wt versus GDX-Wt P = 0.0283). (E) Hippocampal levels of Hsd17b70 in female mice (one-way ANOVA P = 0.0032, followed by Tukey’s multiple
comparison test: Wt versus GDX-Cyp46Tg P = 0.00393 and Wt-GDX versus GDX-Cyp46Tg P = 0.0027). (F) Hippocampal levels of Esr2 in male mice. (G) Hippocampal
levels of Esr1 in male mice. (H) Hippocampal levels of male Cyp79a1 mice. (I) Hippocampal levels of Srd5al in male mice. (J) Hippocampal levels of Hsd17b10 in
male mice (one-way ANOVA P = 0.0212, followed by Tukey’s multiple comparisons test Wt versus GDX-Wt P = 0.0163). (K) 240H levels in serum from female GDX-
Cyp46Tg, GDX-Wt, Cyp46Tg, and Wt mice. (L) 240H brain levels from female mice. (M) Cyp46a1 levels in female GDX-Wt and Wt mice and CYP46A1 levels in GDX-
Cyp46Tg mice compared to age-matched Cyp46Tg females. (N) Serum 240H levels from male mice (one-way ANOVA P = 0.0043). (O) Brain 240H levels in male
mice (One-way ANOVA P = 0.0024). (P) Cyp46al levels in male GDX-Wt and Wt mice and CYP46A1 levels in male GDX-Cyp46Tg mice compared to age-matched
Cyp46Tg mice (unpaired t test P = 0.0212 and P = 0.0005 respectively). N = 4 to 6 mice per group per sex. All data are presented as means + SEM. *P < 0.05,
##P < 0.01, and ****P < 0.0001.
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Table 1. Demographic, clinical, and biomarker data. Demographic factors, clinical characteristics, and CSF biomarkers were compared using x> and
Mann-Whitney U tests. Continuous data are shown as means (+ SD). NFL, neurofilament light chain.

Variables Men (n = 42) Women (n = 48) Pvalue
Demographics

Age B T —
ey e 52) — B o

Diagnosis

< S = S —
ma e g Jo

AD L D
CSF biomarkers s
A2, po/m wsumy 22 260 e
Ap42 positive % (<550 pg/ml) B Y0 S s
t-tau, pg/ml 3972(11965) S 4441 Q443) 0462 T
p-au, po/m e g —
p-tau/Ap42 0.11 (+ 0.05) 0‘| 1 (+ 0.06) o706 T
NFL, pg/ml 1387.6 (+ 674.7) 13306 (& 850.1) g
240H, pg/ml 22060(111949) 21240 +9800) 0913 T

Table 2. Associations between CSF 240H and biomarkers of AD pathology and neurodegeneration. Associations of AB42, t-tau, p-tau, p-tau/Ap42, and
NFL with 240H were examined using multiple linear regression models, adjusting for age and diagnosis. For the model testing the interaction effect of 240H
with sex in the whole cohort, the interaction term 240H x sex was additionally included and the reported p coefficients were calculated using mean-centered
240H levels. Multiple linear regression models, adjusted for age and diagnoses, were tested also in men and women separately. Data shown are f coefficients

with P values (significant P values are marked in bold).

Ap4a2 t-tau p-tau p-tau/Ap42 NFL
B (P value) B (P value) B (P value) B (P value) B (P value)
All participants
0.212 (0.041)
.076 (0.371) —0.195 (0.166)
© _0043(0670)  0.121(0365)  -0028(0.865)  -0053(0.669) -0217(0.082)
0060(0712)  -0235(0.033)  -0294(0.021)  -0223(0.009)  -0230(0.026)

of spines in cortical and hippocampal regions (47, 48). These mor-
phological alterations are also observed in AD mouse models and
patients (48-50). Here, we show that CYP46A1 overexpression in
aged female mice enhances spatial memory and dendritic spine
length and area, protecting against the deleterious effects of aging.
On the contrary, overexpression of CYP46A1 in aged males triggers
a decline in spatial-dependent memory retention and decreased
hippocampal spine density. In addition, these mice show anxiety-
like behavior, which has been previously linked to decreased spine
density in CA1 regions (5I). Our results are in agreement with
other studies reporting beneficial effects of CYP46A1 up-regulation
in memory performances during aging and AD (4, 16-18) in female
mice; nevertheless, these studies were not performed in males.
Chronic treatments with low doses of efavirenz, a CYP46A1 activa-
tor, ameliorated cognition in the MWM test and increased synap-
tic proteins in a mouse model of early amyloidogenesis (19). The

Latorre-Leal et al., Sci. Adv. 10, eadj1354 (2024) 24 January 2024

authors do not report sex differences in behavior, and, to our knowl-
edge, sex was not taken into account when analyzing levels of brain
synaptic proteins.

We observe divergent effects between sexes at 18 months but not
at 9 months of age, suggesting that effects of CYP46A1 overexpres-
sion develop with age, conferring protection in females and contrib-
uting to further deterioration in males. Differences in the levels of
240H, the metabolic product of CYP46A1, cannot account for this
effect, as our data show that transgenic males and females have simi-
lar amounts of 240H in serum and brain, and its levels are preserved
throughout aging. This suggests that, even if we used mixed cohorts
of heterozygous and homozygous mice, the observed outcomes are
not affected by a gene dose effect of CYP46A1. Nonetheless, in fu-
ture studies, it may be recommendable to define zygosity.

Considering that 240H interacts with LXR, and its role in pro-
moting neurosteroidogenesis (22, 25), we explored whether the
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differences seen in our model could be explained by differential
regulation of neurosteroid synthesis between males and females.
In this context, a previous study conducted on Cyp46Tg mice at
a young age did not show changes in brain levels of LXR target genes
(52). This seems in contrast with our results, where LXR down-
stream signaling is altered, however, mainly in old age. In this study,
Cyp46Tg males showed an up-regulation of both Hsd17b10 and
Srd5al that was consequently accompanied by increased levels of
DHT. According to previous findings, high DHT concentrations
could contribute to anxiety-like behavior and reduction of CA1l
spine density, worsening memory performances (53-55). This could
explain the phenotype seen in Cyp46Tg males. However, DHT has
also been described as neuroprotective (40, 56). We show that neu-
rons treated with 240H have increased Esr2, nuclear levels of ERp,
E2 downstream targets like Arc (41, 42), and RARA signaling and
that most of these effects are absent when 24OH treatment is per-
formed in the presence of DHT. We still observe an increase in Arc
after a combination of 240OH and DHT treatments, which could
be explained by limitations of our experimental setup (concentra-
tions, time, etc.) or by other unknown mechanisms contributing
to the blockage of 240H effects mediated by DHT. An additional
limitation of this study is that we have not measured levels of
glucocorticosteroids, known to affect anxiety, memory, and neuro-
degeneration (57).

Together, our data suggest that the positive effects observed in
Cyp46Tg females are a consequence of sustained activation of brain
estrogen signaling by 240H during aging. Differently from males,
Cyp46Tg females showed higher levels of ERp and up-regulation of
Esr2, Cyp19al, and Hsd17b1, which would lead to increased E2 levels
(58). E2 is highly lipophilic and can cross the BBB from the periphery
into the brain. Aging female mice do not naturally model human
menopause. Nevertheless, females over 12 to 13 months show a re-
duction of oocyte follicles and a consequent decrease in blood E2
levels (59) that could affect brain E2 concentration, thereby compro-
mising E2-dependent neuroprotective mechanisms (60). We suggest
that CYP46A1 overexpression contributes to stabilizing E2 levels in
the brain upon endocrine aging. In support of this hypothesis, our
data show that E2 hippocampal levels are more homogenous among
aged Cyp46Tg females compared to female controls, and it is well
known that E2 potentiates hippocampal plasticity, as well as the
abundance and density of dendritic spines (61-65).

To further determine the impact of CYP46A1 overexpression in
conditions that better represent the decline in E2 levels experienced
by women during menopause or following oophorectomy in pre-
menopausal age, we performed long-term ovariectomy. Gonadecto-
my in mice causes memory impairments, especially in females, that
can be reverted by exogenous E2 supplementation (66-68). In our
study, ovariectomy led to cognitive deficits in female Wt mice, espe-
cially in the MWM test, that were significantly mitigated by CYP46A1
overexpression. In males, gonadectomy did not have major negative
effects on memory and on the expression levels of neurosteroid en-
zymes. Unlike females, Cyp46Tg males showed a decrease of 240H
levels in serum and brain that did not affect cognition. It should be
noted that there was a marked down-regulation of the human trans-
gene in GDX Cyp46Tg males, suggesting the presence of a DHT/T-
dependent regulation of CYP46A1 expression.

Here, we used a mouse model of global CYP46A1 overexpression,
which led to high levels of 240H in the brain and serum (52). While, in
this model, the CYP46A1 transgene is mostly detected in the brain, and
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specifically restricted to neurons (52), we cannot exclude the presence of
peripheral sources of 240H possibly contributing to the phenotypes ob-
served in this study.

To determine the relevance of our findings for neurodegenerative
diseases like AD, we conducted an exploratory study and analyzed CSF
from patients in a memory clinic cohort. As AD-related comorbidities
like hypercholesterolemia, diabetes, and hypertension affect cholesterol
metabolism (69), we excluded individuals with these AD risk factors. In
this cohort, 240H levels did not differ between AD, SCI, and MCI, as
reported in other studies (8, 70, 71). We observed a sex-specific effect of
240H on t-tau, a known marker of neurodegeneration. Our data show
that higher 240H is associated with lower t-tau only in women, sug-
gesting a sex-specific protective effect of 240H. This finding supports
the idea that the sex-specific effects we observe in mice may be translat-
able to women. However, we acknowledge that our sample size is lim-
ited and the effects observed are weak to moderate, warranting further
investigations in larger cohorts to strengthen our conclusions.

In summary, our findings show that CYP46A1 overexpression and
consequently, elevated 240H, modulate neuroactive steroid signaling
in the brain in a sex-dependent manner, leading to neuroprotective
effects only in females during both chronological and endocrine
aging. Our current work shows that gonadectomy leads to decreased
Cyp46al expression in mice. Furthermore, a recent study has shown
higher CYP46A1 levels in young, cognitively normal women in com-
parison to men, suggestive of a role for sex hormones in CYP46A1
regulation (72). Together, these findings encourage further investiga-
tion of the interplay between sex hormone levels, brain cholesterol
turnover, and neurodegeneration in humans. This is particularly im-
portant from a clinical perspective, considering that early menopause
represents a female-specific risk factor for cognitive decline and exac-
erbates neuropathology in AD (30-32). In this scenario, CYP46A1
activators may become valuable modulators of neurosteroidogenesis,
specifically by enhancing brain E2 signaling in women at risk for
AD. Our data also suggest that targeting CYP46A1 as a therapy for
AD or other neurodegenerative diseases may lead to different out-
comes in men and women, and this should be considered when de-
signing therapeutic strategies. Last, this study highlights and confirms
the importance of considering the sex dimension in both preclinical
and clinical studies of neurodegenerative disorders.

MATERIALS AND METHODS

Transgenic mice

We used mixed colonies of heterozygous and homozygous female
and male CYP46A1 HA-tagged transgenic mice (Cyp46Tg) (52) at 9
and 18 months of age. As controls, we used sex- and aged-matched
Wt littermates (Tg™). The mice were kept under controlled tempera-
ture (21 + 1°C) and humidity (55 + 5%) on a 12-hour light-dark
cycle and food and water were provided ad libitum. All experimen-
tal procedures on mice were performed following the local national
animal care and use guidelines of Sweden and approved by the
Swedish Board of Agriculture (ethical permit ID 4884/2019 and
2199/2021). All possible efforts were made to minimize the suffering
and distress of the animals.

Rat primary culture and treatments

Hippocampal tissue was isolated from E18 Sprague-Dawley rat
embryos (Charles River Laboratories). Neurons in primary culture
were seeded (12,5000 cells/cm?) in neurobasal media with 2% B-27,
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2 mM GlutaMAX, penicillin (100 U/ml), streptomycin (100 pg/ml)
(Thermo Fisher Scientific) and incubated at 37°C in a humidified
5% CO,-containing atmosphere. All experiments were performed
after 10 days in culture. For treatments, the medium was removed
and replaced with neurobasal media with 1 pM of 100% 240H
(Instruchemie, Netherlands) prepared in ethanol (EtOH) and 10 nM
DHT (Sigma-Aldrich) resuspended in methanol (MeOH). Medium
with the same final concentration of vehicles EtOH/MeOH was
used as a control.

Behavioral tests

We assessed the mice in EPM, Y-maze, and MWM tests. The order
of tests was chosen on the basis of the stress level associated with
the procedure (73). Mice were placed in the experimental room for
30 min for habituation; all tests were run between 9:00 and 15:00 in
white light and by the same experimenters. EPM and Y-Maze were
performed as previously described (74). For the analyses of correct
alternation percentage in the Y-maze test, we included only those
mice that performed above five entries. For the MWM test, the
mice were trained to find a hidden platform as reported by (4, 70). Mice
performing thigmotaxis for the whole trial duration (60 s) and
mice floating over 15 s were removed from the analyses of the
learning phase and probe test. Data were collected using the video-
tracking system Ethovision XT-17 (Noldus, Netherlands), connected
to a video camera placed above the equipment.

Golgi staining and dendritic spine analysis

After behavior, we randomly selected female and male Cyp46Tg
and Tg™ mice and processed them for Golgi analysis. We stained
150-pm-thick coronal sections from the left brain hemispheres
with the Golgi-Cox solution using the FD Rapid GolgiStain
Kit (NeuroTechnologies, USA), following the manufacturer’s
instructions.

We acquired images from a single focal plane and a merge
z-stack with a light microscope (Nikon Eclipse E800) with 100x
objective, oil immersion (NA: 1.30). We performed the analysis
on apical collateral dendrites (stratum radiatum) from CA1 py-
ramidal neurons. For the analyses, we selected neurons based on
the following criteria: (i) neurons relatively complete (two or-
ders or greater of dendrites were entirely visible and in focus);
(ii) neurons fully impregnated with staining; and (iii) minimal
or no overlap with other labeled neurons. We have selected 5 to
10 different neurons per mouse and we measured up to one to
two dendrites per neuron for a total dendritic length of at least
300 pm per animal. All analyses were conducted blinded to geno-
type. Imaging analyses were performed with Image] software
(National Institutes of Health, USA).

Gonadectomy

Three-month-old male and female mice were gonadectomized
bilaterally to remove endogenous gonadal hormones. Mice were
anesthetized with a mixture of 0.25 mg of midazolam, 0.025 mg
of medetomidine, and 12 pg of fentanyl. Male mice were stitched
with resorbable sutures. In female mice, the incisions were
closed using clips and removed after 2 weeks. Mice received
postsurgical injection of 10 pg of flumazenil and 0.05 mg of ati-
pamezole to wake up, and an injection of 5 pg of buprenorphine
to ease any potential pain. The mice were kept warm during and
after the surgery.
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Western blotting

Brain tissue and neurons were lysed in radioimmunoprecipitation
assay (RIPA) buffer (50 mM tris, 150 mM NaCl, 1% Triton X-100, and
0.1% SDS) and protease and phosphatase inhibitor cocktail (1:100;
Sigma-Aldrich). Western blot was performed as previously described
(74). The primary antibodies stated as follows: anti-RARa (1:500; Abcam,
ab28767), anti-ERa (1:1000; Abcam, ab3575), anti-ERp (1:1000; Santa
Cruz Biotechnology, sc-53494), Lamin A/C (1:1000; Sigma-Aldrich,
SAB4200236), anti-NMDA receptor 2A (1:250; Abcam, UK), anti-
NMDA receptor 1 (1:1000; BD Biosciences, UK), anti-PSD95 (1:1000;
Cell Signaling Technology), anti-synapsin (1:1000; Abcam, ab64581),
anti-synaptophysin (1:1000; Cell Signaling Technology, #4329), and
tubulin (1:10,000; Sigma-Aldrich, T9026). Secondary antibodies anti-
rabbit, anti-mouse, and anti-goat IgG were used at 1:10,000 dilution
(LI-COR Biosciences, Germany). Inmunoreactivity was detected by
infrared fluorescence with the LI-COR Odyssey system and quantified
with Image] software by densitometry analysis of immunoreactive
bands.

Extraction of crude synaptosomal fractions

We mechanically homogenized brains from 18-month-old Cyp46Tg
and their littermate control mice in cold lysis buffer [1.5 M sucrose,
100 mM Hepes, and 10 ml Milli-Q water supplemented with phos-
phatase inhibitor cocktail and protease inhibitor 1:100 (pH 7.5)].
The ratio of lysis buffer was 1 ml per 100 mg of tissue. The homog-
enates were centrifuged at 1000g for 10 min at 4°C and the superna-
tant was transferred to a new 2-ml reaction tube and the pellet
was discarded (P1). The resulting supernatant was centrifugated at
12,000g at 4°C for 20 min. The supernatant fraction (S2) was im-
mediately frozen, and the pellet (P2) composed of crude synapto-
somes resuspended in 75 pl of RIPA buffer. The S2 and P2 fractions
were processed for Western blotting.

Nuclear fractionation

We used the NE-PER kit (Pierce, USA) to isolate the nuclear and
cytosolic fractions from hippocampal cultured neurons. The proce-
dure was performed following the manufacturer’s protocol. A prote-
ase inhibitor cocktail (1:500; Sigma-Aldrich) was added freshly. We
evaluated the purity of the fractions immunoblotting with antibody
lamin A/C (1:1000; Sigma-Aldrich).

RNA extraction and real-time PCR (RT-qPCR)

Total RNA from primary neurons was isolated as previously described
(75). Mouse hippocampi were homogenized in the RLT buffer from
RNeasy Mini Kit (Qiagen, 74106) with a tissue grinder gun and fur-
ther processed according to the manufacture protocol for RNA ex-
traction. Retro transcription was done using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, 4368814). mRNA copy
numbers relative to Gapdh mRNA levels were measured by real-time
PCR using Tagman Universal MasterMix (Applied Biosystems, USA)
and the following primers: Esr1, Esr2, Arc, Bdnf, Cyp19al, Sdr5al,
Hsd17b10, Hsd17b1, Rara, Cyp26bl, Srepbl, Rxrg, and Gapdh
(Applied Biosystems, USA).

Enzyme-linked immunosorbent assay

ELISA for quantitative analysis of DHT and E2 (Lbio and Abcam,
respectively) in mouse brain tissue was adapted to the manufactur-
er’s instruction. Twenty milligrams of dissected hippocampus were
homogenized in lysis buffer [tris-HCI 50 mM, NaCl 150 mM, and
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1% Triton X-100 (pH 7.4)]. MeOH was added for the extraction of
steroidal hormones. After incubation and centrifugation, the super-
natant was transferred to a new tube, dried, and resuspended in the
ELISA-compatible buffer solution.

Mass spectrometry analysis

Eighteen- and 9-month-old mice were euthanized, and their trunk
blood and brain tissue were subsequently extracted and processed
to analyze 240H and cholesterol using isotope dilution mass spec-
trometry. The analysis of cholesterol and its precursors was conducted
by combined gas chromatography with mass spectrometry, as previ-
ously described (4).

Memory clinic patient population

The study included 90 patients (43 men and 48 women) diagnosed
with SCI, MCI, or AD. The population involved participants who
were not using medications for diabetes, hypercholesterolemia, and
hypertension. This cohort is described in (76) and the key demo-
graphics of the diagnostics groups are shown in table S1. The patients
were examined at Karolinska University Hospital memory clinic,
Sweden. Patients with MCI were diagnosed using the consensus cri-
teria for MCI (the patients show both subjective and objective
cognitive impairments of one or more cognitive domains, without
impairment of daily activities and dementia) (77). Objective cogni-
tive impairment was defined as a test performance of 1.5 SD below
what is expected on the basis of age and education. The diagnosis
of dementia was made according to the Diagnostic and Statistical
Manual of Mental Disorders criteria, and AD etiology was diagnosed
using the National Institute of Neurological and Communicative Dis-
orders and Stroke-Alzheimer’s Disease and Related Disorders Associ-
ation criteria by McKhann et al. (78). Patients who did not meet the
criteria for MCI or dementia were considered patients with SCI.

The study was approved by the Regional Ethical Review Board in
Stockholm, and written informed consent was obtained from all pa-
tients. CSF samples from memory clinic patients were from the bio-
bank and database GEDOC. All participants had written informed
consent and permissions permission from the Swedish Ethical Review
Authority to conduct the research has been admitted (2019-06056).

CSF biomarkers

CSF samples were collected by standard lumbar puncture between
the L3/L4 or L4/L5 intervertebral space using a 25-gauge needle.
Ap42, t-tau, and p-tau 181 concentrations were measured on fresh
samples by ELISA (Innogenetics, Belgium), according to standard-
ized protocols in the clinic. 240H was analyzed as the sum of the
esterified and free molecule by liquid chromatography and mass
spectrometry as previously described (79) but with the addition of a
base hydrolysis step in 0.35 M KOH before solid phase separation of
total oxysterols from cholesterol. NFL was measured as reported
previously (80).

Statistical analysis

The data are expressed as means + SEM, with N indicating the num-
ber of mice or technical experiments performed. When comparing
two groups, the ¢ test or Mann-Whitney test was applied depending
on data distribution. One-way and two-way analyses of variance
(ANOVAs) followed by Tukey’s multiple comparisons test were used
to analyze data with two or more independent variables. For non-
normally distributed data, we used the Kruskal-Wallis test, followed
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by Dunn’s multiple comparisons test. Repeated-measures ANOVA
was used for the MWM data. Memory clinic population data were
compared across men and women in the cohort with Mann-Whitney
U tests for continuous variables and y* for categorical. Correlations
were performed by Spearman analysis. AP42, p-tau, p-tau/Ap42,
NFL, and 240H were log-transformed and t-tau was square root-
transformed to increase normality. We performed separate multiple
linear regression models in pairwise combinations between 240H
and each of the biomarkers (AP42, t-tau, p-tau, p-tau/Ap42, and
NFL) in all participants and in men and women separately, where
240H was set as the independent variable in all models. For the in-
teraction models in the total cohort, the interaction term 240H X
sex was added. 24OH was mean-centered to facilitate for the inter-
pretation of the coefficients in the interaction analysis. All models
were adjusted for age and diagnosis. In an additional linear regres-
sion model, we adjusted for age, diagnoses, and ApoE in 53 par-
ticipants. GraphPad Prism 8 software and IBM SPSS 27 (SPSS Inc.,
Chicago) were used and P < 0.05 was considered significant.

Supplementary Materials
This PDF file includes:

Figs. S1to S6

Tables S1 and S2

REFERENCES AND NOTES

1. 1. Bjorkhem, Crossing the barrier: Oxysterols as cholesterol transporters and metabolic
modulators in the brain. J. Intern. Med. 260, 493-508 (2006).

2. D.W.Russell, R. W. Halford, D. M. Ramirez, R. Shah, T. Kotti, Cholesterol 24-hydroxylase:
An enzyme of cholesterol turnover in the brain. Annu. Rev. Biochem. 78, 1017-1040
(2009).

3. T.J.Kotti, D. M. Ramirez, B. E. Pfeiffer, K. M. Huber, D. W. Russell, Brain cholesterol turnover
required for geranylgeraniol production and learning in mice. Proc. Natl. Acad. Sci. U.S.A.
103, 3869-3874 (2006).

4. S.Maioli, A. Bavner, Z. Ali, M. Heverin, M. A. Ismail, E. Puerta, M. Olin, A. Saeed, M. Shafaati,
P. Parini, A. Cedazo-Minguez, |. Bjorkhem, Is it possible to improve memory function by
upregulation of the cholesterol 24S-hydroxylase (CYP46A1) in the brain? PLOS ONE 8,
68534 (2013).

5. M.G. Martin, S. Perga, L. Trovo, A. Rasola, P. Holm, T. Rantamaki, T. Harkany, E. Castren,

F. Chiara, C. G. Dotti, Cholesterol loss enhances TrkB signaling in hippocampal neurons
aging in vitro. Mol. Biol. Cell 19,2101-2112 (2008).

6. N.Bogdanovic, L. Bretillon, E. G. Lund, U. Diczfalusy, L. Lannfelt, B. Winblad, D. W. Russell,
1. Bjérkhem, On the turnover of brain cholesterol in patients with Alzheimer's disease.
Abnormal induction of the cholesterol-catabolic enzyme CYP46 in glial cells. Neurosci.
Lett. 314, 45-48 (2001).

7. P.Gambua, S. Giannelli, E. Staurenghi, G. Testa, B. Sottero, F. Biasi, G. Poli, G. Leonarduzzi,
The controversial role of 24-S-hydroxycholesterol in Alzheimer’s disease. Antioxidants 10,
740 (2021).

8. G.Testa, E. Staurenghi, C. Zerbinati, S. Gargiulo, L. luliano, G. Giaccone, F. Fanto, G. Poli,
G. Leonarduzzi, P. Gamba, Changes in brain oxysterols at different stages of Alzheimer’s
disease: Their involvement in neuroinflammation. Redox Biol. 10, 24-33 (2016).

9. D.Lutjohann, A. Papassotiropoulos, |. Bjorkhem, S. Locatelli, M. Bagli, R. D. Oehring,

U. Schlegel, F. Jessen, M. L. Rao, K. von Bergmann, R. Heun, Plasma 24S-
hydroxycholesterol (cerebrosterol) is increased in Alzheimer and vascular demented
patients. J. Lipid Res. 41, 195-198 (2000).

10. A. Papassotiropoulos, D. Lutjohann, M. Bagli, S. Locatelli, F. Jessen, R. Buschfort, U. Ptok,
1. Bjérkhem, K. von Bergmann, R. Heun, 24S-hydroxycholesterol in cerebrospinal fluid is
elevated in early stages of dementia. J. Psychiatr. Res. 36, 27-32 (2002).

11. J. Popp, S. Meichsner, H. Kolsch, P. Lewczuk, W. Maier, J. Kornhuber, F. Jessen,

D. Lutjohann, Cerebral and extracerebral cholesterol metabolism and CSF markers of
Alzheimer's disease. Biochem. Pharmacol. 86, 37-42 (2013).

12. V.R.Varma,Y.Wang, Y. An, S.Varma, M. Bilgel, J. Doshi, C. Legido-Quigley, J. C. Delgado,
A.M.Oommen, J. A. Roberts, D. F. Wong, C. Davatzikos, S. M. Resnick, J. C. Troncoso,

0. Pletnikova, R. O'Brien, E. Hak, B. N. Baak, R. Pfeiffer, P. Baloni, S. Mohmoudiandehkordi,
K. Nho, R. Kaddurah-Daouk, D. A. Bennett, S. M. Gadalla, M. Thambisetty, Bile acid
synthesis, modulation, and dementia: A metabolomic, transcriptomic, and
pharmacoepidemiologic study. PLoS Med. 18, e1003615 (2021).

130f 15

¥202 ‘G2 Yose |\ uo 610°90us 105" MMM/ SA1Y LLOJ ) papeoumo



SCIENCE ADVANCES | RESEARCH ARTICLE

13.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Latorre-Leal et al., Sci. Adv. 10, eadj1354 (2024)

V. R.Varma, H. Busra Luleci, A. M. Oommen, S.Varma, C.T. Blackshear, M. E. Griswold,

Y. An, J. A. Roberts, R. O'Brien, O. Pletnikova, J. C. Troncoso, D. A. Bennett, T. Cakir,

C. Legido-Quigley, M. Thambisetty, Abnormal brain cholesterol homeostasis in
Alzheimer's disease-a targeted metabolomic and transcriptomic study. NPJ Aging Mech.
Dis. 7,11 (2021).

. R.Loera-Valencia, A. Cedazo-Minguez, P. A. Kenigsberg, G. Page, A. . Duarte, P. Giusti,

M. Zusso, P. Robert, G. B. Frisoni, A. Cattaneo, M. Zille, J. Boltze, N. Cartier, L. Buee,
G. Johansson, B. Winblad, Current and emerging avenues for Alzheimer's disease drug
targets. J. Intern. Med. 286, 398-437 (2019).

. R.Loera-Valencia, J. Goikolea, C. Parrado-Fernandez, P. Merino-Serrais, S. Maioli,

Alterations in cholesterol metabolism as a risk factor for developing Alzheimer's disease:
Potential novel targets for treatment. J. Steroid Biochem. Mol. Biol. 190, 104-114 (2019).

. E.Hudry, D.Van Dam, W. Kulik, P. P. De Deyn, F. S. Stet, O. Ahouansou, A. Benraiss,

A. Delacourte, P. Bougneres, P. Aubourg, N. Cartier, Adeno-associated virus gene therapy
with cholesterol 24-hydroxylase reduces the amyloid pathology before or after the onset
of amyloid plaques in mouse models of Alzheimer's disease. Mol. Ther. 18, 44-53 (2010).

. M. A.Burlot, J. Braudeau, K. Michaelsen-Preusse, B. Potier, S. Ayciriex, J. Varin, B. Gautier,

F. Djelti, M. Audrain, L. Dauphinot, F. J. Fernandez-Gomez, R. Caillierez, O. Laprevote,

. Bieche, N. Auzeil, M. C. Potier, P. Dutar, M. Korte, L. Buee, D. Blum, N. Cartier, Cholesterol
24-hydroxylase defect is implicated in memory impairments associated with
Alzheimer-like Tau pathology. Hum. Mol. Genet. 24, 5965-5976 (2015).

. F. Djelti, J. Braudeau, E. Hudry, M. Dhenain, J. Varin, |. Bieche, C. Marquer, F. Chali,

S. Ayciriex, N. Auzeil, S. Alves, D. Langui, M. C. Potier, O. Laprevote, M. Vidaud,

C. Duyckaerts, R. Miles, P. Aubourg, N. Cartier, CYP46A1 inhibition, brain cholesterol
accumulation and neurodegeneration pave the way for Alzheimer's disease. Brain 138,
2383-2398 (2015).

. A.M. Petrov, M. Lam, N. Mast, J. Moon, Y. Li, E. Maxfield, I. A. Pikuleva, CYP46A1 Activation

by Efavirenz Leads to Behavioral Improvement without Significant Changes in Amyloid
Plaque Load in the Brain of 5XFAD Mice. Neurotherapeutics 16, 710-724 (2019).

R.van der Kant, V. F. Langness, C. M. Herrera, D. A. Williams, L. K. Fong, Y. Leestemaker,

E. Steenvoorden, K. D. Rynearson, J. F. Brouwers, J. B. Helms, H. Ovaa, M. Giera,
S.L.Wagner, A. G. Bang, L. S. B. Goldstein, Cholesterol metabolism is a druggable axis that
independently regulates Tau and amyloid-f in iPSC-derived Alzheimer's disease neurons.
Cell Stem Cell 24, 363-375.€9 (2019).

S.Theofilopoulos, W. A. Abreu de Oliveira, S. Yang, E. Yutuc, A. Saeed, J. Abdel-Khalik,

A. Ullgren, A. Cedazo-Minguez, . Bjorkhem, Y. Wang, W. J. Griffiths, E. Arenas,
24(S),25-Epoxycholesterol and cholesterol 24S-hydroxylase (CYP46A1) overexpression
promote midbrain dopaminergic neurogenesis in vivo. J. Biol. Chem. 294, 4169-4176
(2019).

Y. Wang, N. Kumar, C. Crumbley, P. R. Griffin, T. P. Burris, A second class of nuclear receptors
for oxysterols: Regulation of RORalpha and RORgamma activity by 24S-
hydroxycholesterol (cerebrosterol). Biochim. Biophys. Acta 1801, 917-923 (2010).

S. M. Paul, J. J. Doherty, A. J. Robichaud, G. M. Belfort, B. Y. Chow, R. S. Hammond,

D. C. Crawford, A. J. Linsenbardt, H. J. Shu, Y. Izumi, S. J. Mennerick, C. F. Zorumski,
The major brain cholesterol metabolite 24(S)-hydroxycholesterol is a potent
allosteric modulator of N-methyl-D-aspartate receptors. J. Neurosci. 33,
17290-17300 (2013).

X. Wei, T. Nishi, S. Kondou, H. Kimura, I. Mody, Preferential enhancement of GluN2B-
containing native NMDA receptors by the endogenous modulator 24S-
hydroxycholesterol in hippocampal neurons. Neuropharmacology 148, 11-20 (2019).

G. Cermenati, S. Giatti, G. Cavaletti, R. Bianchi, O. Maschi, M. Pesaresi, F. Abbiati,
A.Volonterio, E. Saez, D. Caruso, R. C. Melcangi, N. Mitro, Activation of the liver X receptor
increases neuroactive steroid levels and protects from diabetes-induced peripheral
neuropathy. J. Neurosci. 30, 11896-11901 (2010).

T. A. Larson, Sex steroids, adult neurogenesis, and inflammation in CNS homeostasis,
degeneration, and repair. Front. Endocrinol. (Lausanne) 9, 205 (2018).

D. W. Brann, K. Dhandapani, C. Wakade, V. B. Mahesh, M. M. Khan, Neurotrophic and
neuroprotective actions of estrogen: Basic mechanisms and clinical implications. Steroids
72,381-405 (2007).

J.Hammond, Q. Le, C. Goodyer, M. Gelfand, M. Trifiro, A. LeBlanc, Testosterone-mediated
neuroprotection through the androgen receptor in human primary neurons.

J. Neurochem. 77,1319-1326 (2001).

S. Maioli, K. Leander, P. Nilsson, I. Nalvarte, Estrogen receptors and the aging brain. Essays
Biochem. 65,913-925 (2021).

W. A. Rocca, J. H. Bower, D. M. Maraganore, J. E. Ahlskog, B. R. Grossardt, M. de Andrade,
L. J. Melton Ill, Increased risk of cognitive impairment or dementia in women who
underwent oophorectomy before menopause. Neurology 69, 1074-1083 (2007).

B. Zeydan, N. Tosakulwong, C. G. Schwarz, M. L. Senjem, J. L. Gunter, R. |. Reid,

L. Gazzuola Rocca, T. G. Lesnick, C. Y. Smith, K. R. Bailey, V. J. Lowe, R. O. Roberts,
C.R.JackJr, R. C. Petersen, V. M. Miller, M. M. Mielke, W. A. Rocca, K. Kantarci, Association
of bilateral salpingo-oophorectomy before menopause onset with medial temporal lobe
neurodegeneration. JAMA Neurol. 76, 95-100 (2019).

24 January 2024

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

R. Bove, E. Secor, L. B. Chibnik, L. L. Barnes, J. A. Schneider, D. A. Bennett, P. L. De Jager,
Age at surgical menopause influences cognitive decline and Alzheimer pathology in
older women. Neurology 82,222-229 (2014).

V. M. Miller, M. Jayachandran, J. N. Barnes, M. M. Mielke, K. Kantarci, W. A. Rocca, Risk
factors of neurovascular ageing in women. J. Neuroendocrinol. 32, e12777 (2020).
G.T.Coughlan, T. J. Betthauser, R. Boyle, R. L. Koscik, H. M. Klinger, L. B. Chibnik,

E. M. Jonaitis, W. W. Yau, A. Wenzel, B.T. Christian, C. E. Gleason, U. G. Saelzler,

M. J. Properzi, A. P. Schultz, B. J. Hanseeuw, J. E. Manson, D. M. Rentz, K. A. Johnson,

R. Sperling, S. C. Johnson, R. F. Buckley, Association of age at menopause and hormone therapy
use with Tau and p-Amyloid positron emission tomography. JAMA Neurol. 80, 462-473 (2023).
2022 Alzheimer’s disease facts and figures. Alzheimers Dement. 18, 700-789 (2022).

K. A.Lin, K. R. Choudhury, B. G. Rathakrishnan, D. M. Marks, J. R. Petrella, P. M. Doraiswamy,
Alzheimer's Disease Neuroimaging Initiative, Marked gender differences in progression
of mild cognitive impairment over 8 years. Alzheimers Dement. (N Y) 1,103-110 (2015).
M. M. Mielke, P. Vemuri, W. A. Rocca, Clinical epidemiology of Alzheimer's disease:
Assessing sex and gender differences. Clin. Epidemiol. 6, 37-48 (2014).

M.T. Ferretti, M. F. lulita, E. Cavedo, P. A. Chiesa, A. Schumacher Dimech,

A. Santuccione Chadha, F. Baracchi, H. Girouard, S. Misoch, E. Giacobini, H. Depypere,

H. Hampel, Women's Brain Project and the Alzheimer Precision Medicine Initiave, Sex
differences in Alzheimer disease—The gateway to precision medicine. Nat. Rev. Neurol.
14, 457-469 (2018).

S. Giatti, L. M. Garcia-Segura, G. E. Barreto, R. C. Melcangi, Neuroactive steroids,
neurosteroidogenesis and sex. Prog. Neurobiol. 176, 1-17 (2019).

T.V. Nguyen, M. Yao, C. J. Pike, Dihydrotestosterone activates CREB signaling in cultured
hippocampal neurons. Brain Res. 1298, 1-12 (2009).

S. Chamniansawat, S. Chongthammakun, Estrogen stimulates activity-regulated
cytoskeleton associated protein (Arc) expression via the MAPK- and PI-3K-dependent
pathways in SH-SY5Y cells. Neurosci. Lett. 452, 130-135 (2009).

N. Plath, O. Ohana, B. Dammermann, M. L. Errington, D. Schmitz, C. Gross, X. Mao,

A. Engelsberg, C. Mahlke, H. Welzl, U. Kobalz, A. Stawrakakis, E. Fernandez, R. Waltereit,
A. Bick-Sander, E. Therstappen, S. F. Cooke, V. Blanquet, W. Wurst, B. Salmen, M. R. Bosl,
H. P. Lipp, S. G. Grant, T.V. Bliss, D. P. Wolfer, D. Kuhl, Arc/Arg3.1 is essential for the
consolidation of synaptic plasticity and memories. Neuron 52, 437-444 (2006).

M. D. Hug, N. P.Tsai, P. Gupta, L. N. Wei, Regulation of retinal dehydrogenases and retinoic
acid synthesis by cholesterol metabolites. EMBO J. 25, 3203-3213 (2006).

C.Rébé, M. Raveneau, A. Chevriaux, D. Lakomy, A.-L. Sberna, A. Costa, G. Bessede,

A. Athias, E. Steinmetz, J. M. A. Lobaccaro, G. Alves, A. Menicacci, S. Vachenc, E. Solary,

P. Gambert, D. Masson, Induction of transglutaminase 2 by a liver X receptor/retinoic acid
receptor alpha pathway increases the clearance of apoptotic cells by human
macrophages. Circ. Res. 105, 393-401 (2009).

P. Damdimopoulou, C. Chiang, J. A. Flaws, Retinoic acid signaling in ovarian
folliculogenesis and steroidogenesis. Reprod. Toxicol. 87, 32-41 (2019).

H. Shoji, T. Miyakawa, Age-related behavioral changes from young to old age in male
mice of a C57BL/6J strain maintained under a genetic stability program.
Neuropsychopharmacol. Rep. 39, 100-118 (2019).

D. L. Dickstein, C. M. Weaver, J. I. Luebke, P. R. Hof, Dendritic spine changes associated
with normal aging. Neuroscience 251, 21-32 (2013).

B. D. Boros, K. M. Greathouse, M. Gearing, J. H. Herskowitz, Dendritic spine remodeling
accompanies Alzheimer's disease pathology and genetic susceptibility in cognitively
normal aging. Neurobiol. Aging 73, 92-103 (2019).

A. Androuin, B. Potier, U. V. Nagerl, D. Cattaert, L. Danglot, M. Thierry, |. Youssef, A. Triller,
C. Duyckaerts, K. H. El Hachimi, P. Dutar, B. Delatour, S. Marty, Evidence for altered
dendritic spine compartmentalization in Alzheimer's disease and functional effects in a
mouse model. Acta Neuropathol. 135, 839-854 (2018).

B. D. Boros, K. M. Greathouse, E. G. Gentry, K. A. Curtis, E. L. Birchall, M. Gearing,

J. H. Herskowitz, Dendritic spines provide cognitive resilience against Alzheimer's
disease. Ann. Neurol. 82, 602-614 (2017).

G.Wang, Y. Cheng, M. Gong, B. Liang, M. Zhang, Y. Chen, C. Zhang, X. Yuan, J. Xu,
Systematic correlation between spine plasticity and the anxiety/depression-like
phenotype induced by corticosterone in mice. Neuroreport 24, 682-687 (2013).

M. Shafaati, M. Olin, A. Bavner, H. Pettersson, B. Rozell, S. Meaney, P. Parini, . Bjorkhem,
Enhanced production of 24S-hydroxycholesterol is not sufficient to drive liver X receptor
target genes in vivo. J. Intern. Med. 270, 377-387 (2011).

L. Zhou, L. Fester, B. von Blittersdorff, B. Hassu, H. Nogens, J. Prange-Kiel, H. Jarry,

K. Wegscheider, G. M. Rune, Aromatase inhibitors induce spine synapse loss in the
hippocampus of ovariectomized mice. Endocrinology 151, 1153-1160 (2010).

C. A. Frye, C.J. Koonce, K. L. Edinger, D. M. Osborne, A. A. Walf, Androgens with activity at
estrogen receptor beta have anxiolytic and cognitive-enhancing effects in male rats and
mice. Horm. Behav. 54, 726-734 (2008).

C.V.Chen, J. L. Brummet, J. S. Lonstein, C. L. Jordan, S. M. Breedlove, New knockout
model confirms a role for androgen receptors in regulating anxiety-like behaviors and
HPA response in mice. Horm. Behav. 65,211-218 (2014).

14 of 15

¥202 ‘G2 Yose |\ uo 610°90us 105" MMM/ SA1Y LLOJ ) papeoumo



SCIENCE ADVANCES | RESEARCH ARTICLE

56. T.S.Benice, J. Raber, Testosterone and dihydrotestosterone differentially improve
cognition in aged female mice. Learn. Mem. 16, 479-485 (2009).

57. F.Du, Q.Yu, R. H. Swerdlow, C. L. Waites, Glucocorticoid-driven mitochondrial damage
stimulates Tau pathology. Brain 146, 4378-4394 (2023).

58. K. Gen, K. Okuzawa, N. Kumakura, S. Yamaguchi, H. Kagawa, Correlation between
messenger RNA expression of cytochrome P450 aromatase and its enzyme activity
during oocyte development in the red seabream (Pagrus major). Biol. Reprod. 65,
1186-1194 (2001).

59. M.Warner, W. F. Wu, L. Montanholi, I. Nalvarte, P. Antonson, J. A. Gustafsson, Ventral
prostate and mammary gland phenotype in mice with complete deletion of the ER}
gene. Proc. Natl. Acad. Sci. U.S.A. 117, 4902-4909 (2020).

60. M.A. Arevalo, |. Azcoitia, L. M. Garcia-Segura, The neuroprotective actions of oestradiol
and oestrogen receptors. Nat. Rev. Neurosci. 16, 17-29 (2015).

61. M. Frankfurt, V. Luine, The evolving role of dendritic spines and memory: Interaction(s)
with estradiol. Horm. Behav. 74, 28-36 (2015).

62. J.J.Tuscher, V. Luine, M. Frankfurt, K. M. Frick, Estradiol-mediated spine changes in the
dorsal hippocampus and medial prefrontal cortex of ovariectomized female mice
depend on ERK and mTOR activation in the dorsal hippocampus. J. Neurosci. 36,
1483-1489 (2016).

63. A.Phan, C.S. Gabor, K. J. Favaro, S. Kaschack, J. N. Armstrong, N. J. MacLusky, E. Choleris,
Low doses of 17p-estradiol rapidly improve learning and increase hippocampal dendritic
spines. Neuropsychopharmacology 37, 2299-2309 (2012).

64. C.S.Woolley, E. Gould, M. Frankfurt, B. S. McEwen, Naturally occurring fluctuation in
dendritic spine density on adult hippocampal pyramidal neurons. J. Neurosci. 10,
4035-4039 (1990).

65. C.Li,W.G.Brake, R. D. Romeo, J. C. Dunlop, M. Gordon, R. Buzescu, A. M. Magarinos,

P.B. Allen, P. Greengard, V. Luine, B. S. McEwen, Estrogen alters hippocampal dendritic
spine shape and enhances synaptic protein immunoreactivity and spatial memory in
female mice. Proc. Natl. Acad. Sci. U.S.A. 101, 2185-2190 (2004).

66. O.J.Gannon, L. S. Robison, A. E. Salinero, C. Abi-Ghanem, F. M. Mansour, R. D. Kelly,
A.Tyagi, R. R. Brawley, J. D. Ogg, K. L. Zuloaga, High-fat diet exacerbates cognitive decline
in mouse models of Alzheimer's disease and mixed dementia in a sex-dependent
manner. J. Neuroinflammation 19, 110 (2022).

67. S.Moghadami, M. Jahanshahi, H. Sepehri, H. Amini, Gonadectomy reduces the density of
androgen receptor-immunoreactive neurons in male rat's hippocampus: testosterone
replacement compensates it. Behav. Brain Funct. 12, 5 (2016).

68. J.Xiong, S.S.Kang, Z.Wang, X. Liu, T. C. Kuo, F. Korkmaz, A. Padilla, S. Miyashita, P. Chan,
Z.Zhang, P. Katsel, J. Burgess, A. Gumerova, K. levleva, D. Sant, S. P. Yu, V. Muradova,

T. Frolinger, D. Lizneva, J. Igbal, K. A. Goosens, S. Gera, C. J. Rosen, V. Haroutunian, V. Ryu,
T.Yuen, M. Zaidi, K. Ye, FSH blockade improves cognition in mice with Alzheimer's
disease. Nature 603, 470-476 (2022).

69. M. Daniilidou, F. Eroli, V. Alanko, J. Goikolea, M. Latorre-Leal, P. Rodriguez-Rodriguez,
W. J. Griffiths, Y. Wang, M. Pacciarini, A. Brinkmalm, H. Zetterberg, K. Blennow, A. Rosenberg,
N. Bogdanovic, B. Winblad, M. Kivipelto, D. Ibghi, A. Cedazo-Minguez, S. Maioli,

A. Sandebring-Matton, Alzheimer’s disease biomarker profiling in a memory clinic cohort
without common comorbidities. bioRxiv 2022.2006.2009.495140 (2022).

70. H.L.Wang,Y.Y.Wang, X. G. Liy, S. H. Kuo, N. Liu, Q. Y. Song, M. W. Wang, Cholesterol,
24-hydroxycholesterol, and 27-hydroxycholesterol as surrogate biomarkers in
cerebrospinal fluid in mild cognitive impairment and Alzheimer's disease: A meta-
analysis. J. Alzheimers Dis. 51, 45-55 (2016).

71. V. Leoni, M. Shafaati, A. Salomon, M. Kivipelto, I. Bjorkhem, L. O. Wahlund, Are the CSF
levels of 24S-hydroxycholesterol a sensitive biomarker for mild cognitive impairment?
Neurosci. Lett. 397, 83-87 (2006).

72. A.Haider, C. Zhao, L. Wang, Z. Xiao, J. Rong, X. Xia, Z. Chen, S. K. Pfister, N. Mast, E. Yutuc,
J.Chen, Y. Li, T. Shao, G. I. Warnock, A. Dawoud, T. R. Connors, D. H. Oakley, H. Wei, J. Wang,
Z.Zheng, H. Xu, A.T. Davenport, J. B. Daunais, R. S. Van, Y. Shao, Y. Wang, M. R. Zhang,
C. Gebhard, I. Pikuleva, A. I. Levey, W. J. Griffiths, S. H. Liang, Assessment of cholesterol
homeostasis in the living human brain. Sci. Transl. Med. 14, eadc9967
(2022).

73. K.L.Mcllwain, M.Y. Merriweather, L. A. Yuva-Paylor, R. Paylor, The use of behavioral test
batteries: Effects of training history. Physiol. Behav. 73,705-717 (2001).

Latorre-Leal et al., Sci. Adv. 10, eadj1354 (2024) 24 January 2024

74. F.Eroli, K. Johnell, M. Latorre Leal, C. Adamo, S. Hilmer, J. W. Wastesson,

A. Cedazo-Minguez, S. Maioli, Chronic polypharmacy impairs explorative behavior and
reduces synaptic functions in young adult mice. Aging (Albany NY) 12,10147-10161
(2020).

75. L. Mateos, M.-A.-M. Ismail, F.-J. Gil-Bea, R. Schille, L. Schols, M. Heverin, R. Folkesson,

1. Bjorkhem, A. Cedazo-Minguez, Side chain-oxidized oxysterols regulate the brain
renin-angiotensin system through a liver X receptor-dependent mechanism. J. Biol.
Chem. 286, 25574-25585 (2011).

76. M. Daniilidou, F. Eroli, V. Alanko, J. Goikolea, M. Latorre-Leal, P. Rodriguez-Rodriguez,
W. J. Griffiths, Y. Wang, M. Pacciarini, A. Brinkmalm, H. Zetterberg, K. Blennow,

A. Rosenberg, N. Bogdanovic, B. Winblad, M. Kivipelto, D. Ibghi, A. Cedazo-Minguez,
S. Maioli, A. Matton, Alzheimer's disease biomarker profiling in a memory clinic cohort
without common comorbidities. Brain. Commun. 5, fcad228 (2023).

77. B.Winblad, K. Palmer, M. Kivipelto, V. Jelic, L. Fratiglioni, L. O. Wahlund, A. Nordberg,

L. Backman, M. Albert, O. Almkvist, H. Arai, H. Basun, K. Blennow, M. de Leon, C. DeCarli,
T. Erkinjuntti, E. Giacobini, C. Graff, J. Hardy, C. Jack, A. Jorm, K. Ritchie, C. van Duijn,
P.Visser, R. C. Petersen, Mild cognitive impairment--beyond controversies, towards a
consensus: Report of the International Working Group on Mild Cognitive Impairment.
J. Intern. Med. 256, 240-246 (2004).

78. G.McKhann, D. Drachman, M. Folstein, R. Katzman, D. Price, E. M. Stadlan, Clinical
diagnosis of Alzheimer's disease: Report of the NINCDS-ADRDA Work Group* under the
auspices of Department of Health and Human Services Task Force on Alzheimer's disease.
Neurology 34, 939-944 (1984).

79. W.J. Griffiths, J. Abdel-Khalik, E. Yutuc, G. Roman, M. Warner, J. A. Gustafsson, Y. Wang,
Concentrations of bile acid precursors in cerebrospinal fluid of Alzheimer's disease
patients. Free Radic. Biol. Med. 134, 42-52 (2019).

80. L.Gaetani, K. Hoglund, L. Parnetti, F. Pujol-Calderon, B. Becker, P. Eusebi, P. Sarchielli,

P. Calabresi, M. Di Filippo, H. Zetterberg, K. Blennow, A new enzyme-linked
immunosorbent assay for neurofilament light in cerebrospinal fluid: analytical validation
and clinical evaluation. Alzheimers Res. Ther. 10, 8 (2018).

Acknowledgments: We thank the Animal Behavior Core Facility (ABCF) of Karolinska Institutet,
where the behavioral studies were performed. We thank J. Inzunza for helping during mouse
surgery. Funding: This work was supported by Margaretha af Ugglas Foundation (to A.C-M.,
S.M., M.L-L,, PR-R,, and F.E); King Gustaf V:s and Queen Victorias Foundation (to S.M.); The private
initiative “Innovative ways to fight Alzheimer’s disease - Leif Lundblad Family and others” (to
S.M.); National Institute On Aging of the National Institutes of Health under Award Number
RO1AG065209 (to I.N., S.M., M.L-L., and L.D.); The regional agreement on medical training and
clinical research (ALF) between Stockholm County Council and Karolinska Institutet nr 512578
(to S.M., A.C-M,, and F.E.); KID funding (to S.M. and L.D.); Gun och Bertil Stohnes Stiftelse (to S.M.,
PR-R, LD, M.L-L,AC-M,PM-S, AM, M.D, and L.E.A-G.), Karolinska Institutet Foundation for
geriatric research (to S.M.); Stiftelsen Gamla Tjanarinnor (to S.M., PR-R., LD, M.L-L, A.C-M.,
PM.-S,, AM., M.D,, and L.E.A.-G.); Tore Nilsson Stiftelse (to S.M.); EMBO long term Fellowship ALFT
696-2013, and the SSMF postdoctoral Fellowship (to PM.-S.); and The Biotechnology and
Biological Sciences Research Council BB/S019588/1 and BB/L001942/1 (to W.J.G. and Y.W.).
Author contributions: Conceptualization: S.M. and M.L.-L. Methodology: S.M., M.L-L, PR-R,,
PM-S, LD, FE,WJ.G, YW, 1B, KB, HZ, AM, M.D, MK, N, MKV, LEA-G, and BW.
Investigation: S.M., M.L-L, PR-R,, LF, O.N.,, M.D., PM.-S., and M.P. Visualization: M.L-L,, PR-R., S.M.,
and M.D. Funding acquisition: S.M. and A.C.-M. Project administration: S.M. Supervision: S.M.
Writing—original draft: S.M. Writing—review and editing: S.M., M.L-L, PR-R., A.C-M,, N, WJ.G.,
PM.-S.,, and M.D. Competing interests: W.).G. and Y.W. are listed as inventors on the patent “Kit
and method for quantitative detection of steroids” US9851368B2 licensed by Swansea University
to Avanti Polar Lipids Inc. and Cayman Chemical Company. W.J.G. and Y.W. are shareholders in
CholesteniX Ltd. There are no other patents to disclose. The other authors declare that they have
no competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 8 June 2023
Accepted 22 December 2023
Published 24 January 2024
10.1126/sciadv.adj1354

150f 15

¥202 ‘G2 Yose |\ uo 610°90us 105" MMM/ SA1Y LLOJ ) papeoumo



	CYP46A1-mediated cholesterol turnover induces sex-specific changes in cognition and counteracts memory loss in ovariectomized mice
	INTRODUCTION
	RESULTS
	CYP46A1 overexpression improves memory performance only in aged female mice
	CYP46A1 overexpression has positive effects on dendritic spine morphology in female mice but not in males
	Cyp46Tg mice show sex-dependent changes in brain neurosteroid signaling
	24OH activates neurosteroid signaling in neurons and DHT counteracts its effects
	CYP46A1 overexpression protects ovariectomized mice from memory loss
	Gonadectomy alters CYP46A1 and neurosteroid signaling in a sex-dependent manner
	CSF 24OH is negatively associated with total tau in women in an AD clinical cohort

	DISCUSSION
	MATERIALS AND METHODS
	Transgenic mice
	Rat primary culture and treatments
	Behavioral tests
	Golgi staining and dendritic spine analysis
	Gonadectomy
	Western blotting
	Extraction of crude synaptosomal fractions
	Nuclear fractionation
	RNA extraction and real-time PCR (RT-qPCR)
	Enzyme-linked immunosorbent assay
	Mass spectrometry analysis
	Memory clinic patient population
	CSF biomarkers
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


