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SUMMARY

Anxiety and stress-related conditions represent a significant health burden in modern society. Unfortunately,
most anxiolytic drugs are prone to side effects, limiting their long-term usage. Here, we employ a bioinformat-
ics screen to identify drugs for repurposing as anxiolytics. Comparison of drug-induced gene-expression
profiles with the hippocampal transcriptome of an importin «5 mutant mouse model with reduced anxiety
identifies the hypocholesterolemic agent B-sitosterol as a promising candidate. B-sitosterol activity is vali-
dated by both intraperitoneal and oral application in mice, revealing it as the only clear anxiolytic from five
closely related phytosterols. B-sitosterol injection reduces the effects of restraint stress, contextual fear
memory, and c-Fos activation in the prefrontal cortex and dentate gyrus. Moreover, synergistic anxiolysis
is observed when combining sub-efficacious doses of B-sitosterol with the SSRI fluoxetine. These
preclinical findings support further development of B-sitosterol, either as a standalone anxiolytic or in com-

bination with low-dose SSRils.

INTRODUCTION

Currently available treatments for anxiety and stress-related
disorders rely heavily on the pharmacological modulation of hor-
mones and neurotransmitter systems.’™ The suboptimal effi-
cacy and side-effect profiles of current anxiolytics have moti-
vated a search for new targets and drug candidates in this
area.*” Intracellular transport pathways, especially those that
impact nucleocytoplasmic shuttling, are an emerging source of
new druggable targets in multiple diseases.®® Importins are
the main nucleocytoplasmic transport factors, with roles ranging
from nuclear import per se to the long-distance trafficking of car-
gos from the synapse or the axon to the nucleus.®'" We recently
screened a battery of importin & mutant mouse lines for behav-
ioral phenotypes and identified a specific role of importin o5 in
anxiety'? and importin a3 in chronic pain.'®

Importin a5 knockout or specific knockdown in the hippocam-
pus caused a significant reduction of anxiety-related behav-
iors'?; hence, we sought to identify drug candidates that mimic
this effect. The connectivity map (CMap) database'” allows the
comparison of transcriptome profiles of interest to gene-expres-
sion profiles from cultured human cell lines treated with thou-
sands of clinically approved compounds.’® We used this
approach to identify similarities between the importin a5
knockout mouse hippocampal transcriptome and gene-expres-
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sion changes induced by small molecules. This report describes
the use of CMap to identify B-sitosterol as a candidate anxiolytic,
validation and specificity of the anxiolysis activity, and charac-
terization of a striking anxiolytic synergy between this phytos-
terol and the established drug fluoxetine.

RESULTS

We queried CMap with an ensemble of differentially expressed
genes from the mouse importin o5~ hippocampus (Figure 1A).
As noted above, such analyses identify approved drugs that may
mimic the desired activity due to similarities with the query tran-
scriptome profile. We indeed found drug candidates with high
CMap scores (>0.75, Table S1). We further limited the top candi-
dates to those with penetrability across the blood-brain barrier,
the possibility of oral delivery, and limited likelihood of side ef-
fects (Figure 1B). Five compounds met these criteria, namely,
B-sitosterol, oxamniquine, fluspirilene, primaquine, and alvespi-
mycin. We screened for possible anxiolytic properties of these
compounds by intraperitoneal (i.p.) injection of each drug or its
vehicle, 1 h before an open-field (OF) test. B-sitosterol was the
only compound with clear anxiolytic activity under these exper-
imental conditions, significantly increasing the distance traveled,
the number of visits, and the number of rearings in the central
(i.e., anxiogenic) area of the OF (Figure 1C; Table S2). Fluspirilene
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increased both the distance and the time spent in the center
area. In contrast, none of the three other candidates reliably influ-
enced anxiety-related measures (Figure 1C; Table S2).

We defined the minimal anxiolytic B-sitosterol dosage through
dose-response and therapeutic window experiments, using both
oral gavage and intraperitoneal administration regimens. The re-
sults in male mice show that B-sitosterol induces robust anxio-
lytic effects at a dose of 100 mg/kg 1 h after injection (Figures
1D and 1E; Figures S1A and S1B). Using the elevated plus
maze (EPM), we confirmed that, 1 h after injection, 100 mg/kg
B-sitosterol elicited anxiolytic responses, significantly increasing
the distance traveled and time spent in the EPM open arms (Fig-
ure 1F). In contrast, no significant effects were observed after 6 h
(Figure 1G). Moreover, B-sitosterol did not affect animal move-
ment velocity during the test session (Figures S1A and S1B).
We further assessed balance and coordination in the rotarod
test and both mechanical and thermal sensitivity using the von
Frey and heat probe tests. The results show that at 1 h after
injection, B-sitosterol-treated animals behaved as their vehicle-
treated littermates (Figures S1C-S1E), highlighting the
specificity of the anxiolytic effect. We also tested the effects of
B-sitosterol in female mice, using the EPM. The results were
more variable (Figure S1F) and did not reach statistical signifi-
cance, possibly due to known effects of the estrus cycle on anx-
iety-related behaviors and anxiolytics’ efficacy.'® We used the
male mice data and FDA recommendations'”'® to calculate
the human equivalent dose (HED) as 486 mg and the recommen-
ded starting dose as 48.6 mg (considering a standard body
weight of 60 kg). This dosage is well in the range (~2 g per
day) of plant sterol dietary supplementation typically adminis-
tered for cholesterol management.'®

Plant sterols (phytosterols) such as B-sitosterol are choles-
terol-based compounds used as “nutraceuticals” in some indi-
cations, primarily hypercholesterolemia.”® There are several
closely related phytosterols; hence, we also evaluated the activ-
ity of stigmasterol, campesterol, brassicasterol, and fucosterol in
the OF (Figure 2). Surprisingly, despite the high structural similar-
ities among all the tested sterols, only B-sitosterol reliably
affected all OF anxiolysis measures compared to the vehicle
group (Figures 2B and 2C). Fucosterol and brassicasterol had ef-
fects on only one or two of the test parameters, respectively (Fig-

¢ CellP’ress

ure S1C). Stigmasterol and campesterol did not influence any
anxiety measures, despite the high doses tested (Figure 2; Fig-
ure S1C). Hence, B-sitosterol is the only phytosterol from those
tested that induced robust anxiolytic effects.

To characterize the molecular determinants of B-sitosterol-
induced anxiolysis, we carried out RNA sequencing (RNA-seq)
analyses from hippocampi extracted 1 and 6 h after i.p. injection
of B-sitosterol or the non-anxiolytic stigmasterol. There was little
or no overlap in the differentially expressed gene sets between
B-sitosterol and stigmasterol treatments, further emphasizing
the specific effects of B-sitosterol (Figure 3; Figure S2; Table
S3). B-sitosterol had no effect on expression levels of importin
o family members, in line with the expectation that CMap drug
candidates will likely mimic importin function perturbation, rather
than acting as importin expression inhibitors. K-means clus-
tering (k = 6) further revealed a set of 54 genes (Figure 3B), which
were particularly deregulated 1 h after B-sitosterol treatment,
and hence are likely to represent a molecular signature of the
anxiolytic response. These genes include rapid-response genes
such as Fos, Arc, Npas4, and Dusp1. Ingenuity Pathway ana-
lyses of the datasets further highlighted immediate early gene
(IEG) networks regulated by 1 h B-sitosterol treatment (Figure 3B;
Table S3). Indeed, previous reports have associated hippocam-
pal Fos deficits with reduced anxiety and an altered response to
chronic stress in mice.”""?> Moreover, while higher Npas4 mRNA
levels have been observed after stress exposure,®® Npas4-null
mice were described to be less anxious than wild-type and het-
erozygous littermates.?**° Fos is a biomarker for anxiety in the
amygdala (AMY), the hippocampus (HPC), and the blood-
stream.”® It has been shown that memory-linked Fos-expressing
neurons recruit excitatory inputs and promote memory general-
ization, whereas memory-linked Npas4-expressing neurons re-
cruit inhibitory inputs and promote memory discrimination in
the dentate gyrus (DG).?” As for Arc and Dusp1, their respective
knockouts revealed reduced anxiety-related responses in
mice.?®?° Prefrontal cortex (PFC) or HPC inactivation during
contextual fear conditioning reduces freezing and IEG expres-
sion, leading to the suggestion that PFC-HPC connections are
partially responsible for contextual learning.*°

To further explore the downregulation of Fos following B-sitos-
terol injection, mice underwent contextual fear conditioning. The

Figure 1. In silico screening for anxiolytic compounds mimicking the importin «5 mutant phenotype

(A) The CMap approach was used to compare DEGs from hippocampal RNA-seq analysis of importin a5 knockouts to DEGs from cell lines treated with drugs and
drug candidates.

(B) Compounds functionally related to the query state (CMap score >0.75). The candidate compounds were prioritized based on lack of a prior indication for
anxiety, ability to cross the blood-brain barrier, compatibility with oral application, and low likelihood of side effects (LSE).

(C) The top five drugs meeting these criteria were tested for anxiolytic properties in mice using the open-field test 1 h after i.p. injection, as compared to vehicle.
The time spent, the number of rearings, the number of visits, and the distance traveled in the open-field center are represented normalized to vehicle treatment
values for each group. Data are shown for B-sitosterol (100 mg/kg), n = 5, vehicle, n = 8; alvespimycin (75 mg/kg), n = 10, vehicle, n = 10; oxamniquine (15 mg/kg),
n = 5, vehicle, n = 5; fluspirilene (10 mg/kg), n = 8, vehicle, n = 7 and primaquine (60 mg/kg) n = 5, vehicle, n = 5. The bottom panel depicts group heatmap
representations of mouse activity over 10 min of open-field exploration. See Table S2 for raw data analysis.*p < 0.05, **p < 0.01; two-tailed t test, mean + SEM
(D and E) B-sitosterol was further studied for its ability to reduce anxiety when given by oral gavage, in both dose-response and time window experiments. The
compound showed significant anxiolytic properties in the open-field test at a dosage of 100 mg/kg and 1 h after its administration (D: n = 8 mice per dosage, 1-
way ANOVA followed by Dunnett’s multiple-comparisons test with the vehicle group as control; E: B-sitosterol, n = 10, vehicle, n =9 mice at 1 hand n =5 mice in
both groups at 6 h, 2-way ANOVA followed by Sidak’s multiple-comparisons test); *p < 0.05, **p < 0.01, ***p < 0.001; mean + SEM.

(F and G) B-sitosterol effects were studied in the elevated plus maze. The compound showed significant anxiolytic properties at a dosage of 100 mg/kg (i.p) 1 h
after its administration (F) and no effects when tested 6 h after injection (G). (F and G: B-sitosterol, n = 10, vehicle, n = 10 mice in each time points, two-tailed t test;
*p < 0.05; mean + SEM). See also Figure S1.
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= el et
- spentin eacp bin (-

Cell Reports Medicine

Brassicasterol

Campesterol

10 15
C
80—
n *kk%
EE’- 60
q6 qc) I.I
2% 404 = I+ . .
o . i ° + .
E"(; o . H N
g-o- 20— :%5 % % % :
0 T T T T T T
F O L L OO
§ &) S @ 2 2
P I S S
¥ 0o @ &L K P
,%\ \q@ @Q 0?\ Q\}

(A) Chemical structures of B-sitosterol, stigmasterol, campesterol, brassicasterol, and fucosterol. All phytosterols were diluted in corn oil (vehicle) and admin-
istered intraperitoneally at a final dosage of 100 mg/kg, 1 h before evaluation of anxiolytic effects in the open-field test. The bottom panel depicts group heatmap

representations of mouse activity over 10 min of open-field exploration.

(B and C) B-sitosterol was the only compound tested that caused a significant increase in the distance traveled (B) and the number of visits in the open-field center
(C) compared to vehicle-treated mice. Vehicle, n = 32; B-sitosterol, n = 10; stigmasterol, n = 5; campesterol, n = 10; brassicasterol, n = 5; fucosterol, n = 5. The
effect of the different sterols on the OF center exploration was analyzed by a 1-way ANOVA followed by Dunnett’s multiple-comparisons test with the vehicle

group as control. **p < 0.0001, mean + SEM. See also Figure S1.

protocol consisted of three phases: habituation, acquisition/
conditioning (two pairings of tone with foot shock), and a final
context test (Figure 3C). Mice received i.p. injections containing
either B-sitosterol or a control vehicle 1 h before placement in the
conditioning chamber. The mice were sacrificed and their brains
were dissected 1 h following the context test. There was no sig-
nificant difference in distance traveled (cm) and freezing duration
(s) between B-sitosterol and vehicle conditions in the acquisition/
conditioning phase (Figure S2D); however, B-sitosterol-injected
mice had a significantly shorter cumulated freezing duration (s)
compared to vehicle-injected mice (vehicle, 285.1 s + 3.79;
B-sitosterol, 263.2 s + 6.16; p < 0.01), implying a mild reduction
in contextual fear (Figure 3D). Slices containing the PFC, HPC,

4 Cell Reports Medicine 2, 100281, May 18, 2021

and AMY were extracted and stained for c-Fos and DAPI.
c-Fos levels were significantly lower in the PFC and the dentate
gyrus of B-sitosterol-injected mice compared to vehicle-injected
mice (Figures 3E-3G); however, there was no significant c-Fos
reduction in the CA3 or the AMY (Figures S2E-S2G). These re-
sults show that B-sitosterol reduces c-Fos expression and that
this reduction occurs in brain regions involved in contextual
fear memory such as the PFC and the HPC. IEGs represent
strong candidates for future investigation as their deregulation
can reflect perturbations of neuronal activity at the circuit level.

We next sought to examine potential interactions between
B-sitosterol and known anxiolytic drugs. B-sitosterol is a dietary
component present in plants, grains, cereals, and fruits®' and is
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widely marketed and taken in high doses as a nutraceutical.*”

Given this favorable safety profile, we asked whether co-admin-
istration of B-sitosterol with conventional anxiolytic drugs such
as fluoxetine®® might serve to reduce dose requirements and
minimize possible side effects of fluoxetine. A dose-response
analysis with fluoxetine showed that doses of 10 mg/kg and
above had significant anxiolytic effects in mice, while doses of
5 mg/kg and below had no apparent effect (Figure S3), in agree-
ment with the literature.®* We then tested the effect of increasing
the B-sitosterol dose in mice receiving a sub-efficacious dose of
5 mg/kg fluoxetine (Figure 4). Strikingly, we observed a synergis-
tic effect of sub-efficacious dosage combinations comprising
5 mg/kg fluoxetine with 10, 20, or 50 mg/kg B-sitosterol (Figures
4A-4C; Figure S3E). We further assessed the potential of such a
combination on chronically stressed animals. To do so we
compared the effects of three weeks of restraint stress in mice
treated with vehicle, fluoxetine (20 mg/kg), pB-sitosterol
(100 mg/kg), or the combination 5 mg/kg fluoxetine/20 mg/kg
B-sitosterol to naive mice (subjected to no stress or treatments)
in the novelty-suppressed feeding test of hyponeophagia.®® The
results show that compared to naive mice, restraint-stressed an-
imals receiving the vehicle accessed the food with a significant
delay (Figure 4E). In contrast, treatment with 20 mg/kg fluoxe-
tine, 100 mg/kg B-sitosterol, or the combination of both (5 mg/
kg fluoxetine/20 mg/kg B-sitosterol) accessed the food as fast
as the naive control mice (Figure 4E). These findings suggest
that combination treatments with B-sitosterol and selective sero-
tonin reuptake inhibitor (SSRI) family anxiolytics may provide
therapeutic effects at a low dosage, thus reducing the potential
for undesirable SSRI side effects.

To examine regional differences in major neurotransmitter and
amino acid concentrations, liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) was performed on mi-
cropunches extracted from the PFC, caudate-putamen (CPu),
hypothalamus (HPTH), HPC, amygdala (AMY), and substantia ni-
gra (SN) of WT mice treated with 100 mg/kg B-sitosterol or a con-
trol vehicle injection (Figures 4F and 4G). Changes in compound
concentration with a log, fold change >0.58 were considered
significant at p < 0.05 (Figures 4H and 4l; Figure S4A; Table
S4). Dopamine (DA), Thr, Ala, and Citrulline concentrations
were significantly lower in the PFC after B-sitosterol compared
to vehicle injections (Figure 4H). Additionally, Trp, Met, and Tyr
concentrations were lowered in the HPC (Figure 4l). There
were no significant changes in compound concentration in the
CPu, HPTH, AMY, or SN (Figure S4A). Altogether, the results
suggest that acute B-sitosterol injection can decrease neuro-
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transmitter and amino acid concentration in selected brain
regions.

Several of these significantly affected metabolites have been
related to anxiety and/or stress modulation in the literature. For
instance, exposure of rodents to anxiogenic/stressful protocols
was shown to cause aberrant PFC neuronal activity and a spe-
cific elevation of DA in the PFC.%¢ In the brain, the neuronal NO
synthase (NNOS), responsible for the conversion of arginine to
citrulline, is enriched in brain areas related to stress disorders,>’
and NO levels are elevated in the plasma of rats under chronic
stress.®® NO synthesis inhibition in the PFC*® was shown to
have antidepressant effects. Interestingly, the nNOS inhibitor
7-NI and SSRIs such as fluoxetine and venlafaxine attenuate
stress-induced c-Fos expression in overlapping brain areas
including the PFC.*°

To examine the synergistic effects of sub-efficacious doses of
B-sitosterol and fluoxetine at the neurochemical level, the above
experiment was repeated with the treated animals receiving both
fluoxetine (5 mg/kg, i.p. for 3 weeks) and B-sitosterol (20 mg/kg,
i.p. 1 h before tissue sampling), compared to animals receiving
the respective vehicles. LC-MS/MS analysis revealed that the
combination treatment resulted in a significant elevation of
5-HT concentrations in the PFC, NE in the PFC and CPu, and
DA in the HPC along with Val, Phe, Tyr, and Trp in the SN (Figures
4J-4M), while none of the investigated metabolites were altered
in the HPTH or AMY (Figure S4D). Thus, the combination of
B-sitosterol and fluoxetine at sub-efficacious doses elicits spe-
cific pro-serotonergic and catecholaminergic responses in brain
regions relevant for anxiety regulation that were not observed af-
ter treatment with 5 mg/kg fluoxetine alone (Figure 4G; Fig-
ure S4B). This complements and strengthens our finding that
the combined treatment is synergic for anxiety reduction.

DISCUSSION

The current study identifies acute anxiolytic activity of B-sitos-
terol and describes synergistic effects when B-sitosterol is co-
administered with the SSRI fluoxetine. While these results
highlight the possibility of clinically testing such a combination,
elucidation of the mechanisms linking the pharmacological
pathways warrants further investigation. In this context, it is
noteworthy that others have reported sensitivity of the human
serotonin transporter SERT to membrane cholesterol concentra-
tion.*"**2> More recently, a paper proposed a model whereby
fluoxetine might interact with a cholesterol-interaction motif in
the BDNF receptor TrkB to induce anti-depressant effects.*® In

Figure 3. Effects of B-sitosterol treatment on gene expression in mouse hippocampus

(A) Heatmap representation of standardized log,-normalized counts of DEGs after 3-sitosterol treatment (n = 4 mice/group, 2 groups: 1 h, 6 h after 100 mg/kg
B-sitosterol i.p. injection). K-means clustering analysis revealed a specific pattern of gene downregulation in cluster 4 at 1 h after treatment.

(B) Heatmap based on gene sets of cluster 4, Log, ratio of treated (drug) versus untreated (vehicle) is represented. A clear pattern of downregulation in the
sitosterol 1 h condition not visible after 6 h or under stigmasterol treatment (see Figure S2).

(C) Timeline and schematic representation of the contextual fear conditioning experiment. Gray bars indicate 1 h intervals. On the second day (acquisition phase)
and third day (context test), animals were injected with B-sitosterol (100 mg/kg, i.p.) or its vehicle solution (corn oil) 1 h before the experiment. After completion of

the context test on day 3, brains were harvested for immunohistochemistry.

(D) Total freezing duration in the context text. n = 8 mice per group. **p < 0.01; two-tailed t test. Mapping of c-Fos activated neurons in vivo.
(E) Representative images of the prefrontal cortex (PFC) and the dorsal dentate gyrus (DG). Scale bar, 200 um.
(F and G) Quantifications of the number of c-Fos-positive neurons in the PFC (F) and the DG (G) after contextual fear conditioning. n = 3 mice per group.

*p < 0.05; **p < 0.01; two-tailed t test, mean + SEM. See also Figure S2.
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addition, studies suggested associations between the use of
SSRIs and altered levels of cholesterol.***° Thus, it would be
interesting to assess in the future whether B-sitosterol-related
changes in membrane lipid configuration can potentiate fluoxe-
tine-SERT interactions or fluoxetine-TrkB signaling. The different
responsiveness of male versus female mice to B-sitosterol
should also be examined in more detail, specifically the likely in-
fluence of estrus cycle or other hormonal events on the anxiolytic
response.'® Finally, the effects of chronic treatment with B-sitos-
terol remain to be elucidated and due to the hydrophobic nature
of the drug will likely require testing by long-term supplementa-
tion in animal diets.

There is a pressing need for new drugs to treat anxiety and
stress-related disorders; however, the discovery and develop-
ment of such compounds remains a significant challenge.?®
Phytosterols are close analogs of cholesterol and are found in a
variety of edible plants,”®*"*¢ with advantageous safety profiles
and history of usage in humans.*”*® Phytosterols can affect
several biological processes through neuroprotective and anti-
oxidative activity,”® but their impact on brain functions is not
well understood. On the one hand, a mouse model with vastly
increased phytosterol levels from birth did not present any
apparent memory or anxiety phenotypes,*® while, on the other
hand, several studies have reported pro-explorative or antide-
pressant properties of crude or partly purified plant sterols
when administered intraperitoneally.°®>? Our findings establish
B-sitosterol as the only specific and robust anxiolytic from a bat-
tery of closely related phytosterols, providing a possible explana-
tion for the conflicting reports on activities of mixed phytosterol
extracts summarized above. Moreover, we show that pB-sitosterol
can synergize with subtherapeutic doses of the SSRI fluoxetine.
These findings suggest that B-sitosterol can be repositioned as
an anxiolytic, either as a standalone therapeutic or in a synergic
combination with SSRI class drugs such as fluoxetine.

Limitations of study
The present study used an in silico screen to identify B-sitosterol
as an anxiolytic compound. While our data showed a robust ef-

Cell Reports Medicine

fect in male mice, we observed a significant variability of the
response to B-sitosterol in adult female mice, perhaps due to ef-
fects of the estrus cycle on anxiety and depression-related be-
haviors and the efficacy of antidepressants. Hence, future
conclusive determination of the anxiolytic properties of B-sitos-
terol in females will require estrus stage coordination and a large
number of mice. Moreover, we did not fully elucidate the molec-
ular mechanisms underlying B-sitosterol’s anxiolytic effects,
either alone or in combination with SSRIs. The acute anxiolytic
effects of B-sitosterol directed our attention to rapidly induced
genes; however, we cannot rule out the involvement of other
differentially expressed genes in this anxiolytic mechanism. In
addition, further functional assessments will be necessary to
ascertain the mechanism of action of B-sitosterol at the synaptic
and/or circuit level. Finally, our strategy for administering p-sitos-
terol (oral gavage or IP injection) limited the time course of study.
Testing for long-term effects of B-sitosterol will require para-
digms of chronic administration that are not confounded by the
stress of repeated injections or gavages. Since the compound
is not readily water soluble, this will require long-term provision
and monitored consumption of sitosterol-enriched diets.
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Detailed methods are provided in the online version of this paper
and include the following:
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O Behavioral analysis

Figure 4. Fluoxetine synergizes with B-sitosterol for anxiolysis in mice

The effect of fluoxetine/B-sitosterol co-treatments was studied by injecting mice with 5 mg/kg fluoxetine (daily i.p. injection for 3 weeks) and then the indicated
doses of B-sitosterol (1 h before the test). Control littermates received both vehicles (saline and corn-oil) only.

(A) Group heatmap representations of mouse activity over 10 min of open-field exploration.

(B and C) Distance traveled (B) and time spent (C) in the open-field center (in cm) monitored over 10 min in the open-field test for vehicle-injected animals (vehicle,
n = 9) and mice receiving one of the 6 combinations as indicated (n > 9 per combination). The effects on OF center exploration in (B) and (C) were analyzed by a
two-sided Kruskal-Wallis test with vehicle as control. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Error bars represent the median with a 95% confidence
interval (Cl). See also Figure S3.

(D and E) Mice were subjected to 1.5 h restraint stress for 3 weeks and treated with vehicle (RSV), fluoxetine 20 mg/kg (RSF), B-sitosterol 100 mg/kg (RSB), or the
combination of fluoxetine 5 mg/kg + B-sitosterol 20 mg/kg (RSC) and compared to naive mice in the novelty-suppressed feeding test (NSFT). Data are expressed
as the cumulative percentage of animals that have eaten (latency to eat, in seconds), over the test session (naive, n = 10; RSF, n = 10; RSB, n = 9; RSC, n = 10).
Data were analyzed using the Mantel-Cox log-rank test with the naive group set as the control. *p < 0.05.

(F) Timeline and schematic representation of the different drug treatments preceding the LC-MS/MS experiment.

(G) Heatmap representation of the metabolite levels (expressed as a log2 fold change between vehicle and treated mice) in each of the four conditions:
B-sitosterol 100 mg/kg (1), fluoxetine 5 mg/kg (2), fluoxetine 20 mg/kg (3), and the combination fluoxetine 5 mg/kg + B-sitosterol 20 mg/kg (4).

(H and I) Volcano plot representations of the neurochemical alterations induced by the 100 mg/kg B-sitosterol treatment (i.p.) in the PFC (H) and the HPC (l).
(J)-(M) Volcano plot representations of the neurochemical alterations induced by a treatment combining fluoxetine (5 mg/kg, daily i.p. injection for 3 weeks) and
B-sitosterol (20 mg/kg, 1 h before the test, i.p.) in the PFC (J), the CPu (K), the HPC (L), and the SN (M).

For results from (H)-(M), changes in compound concentration when the log, fold change (vehicle versus B-sitosterol) >0.58 were considered significant at p < 0.05
(represented on the plot as —logo(p value) >1.3). See also Figure S4 and Table S4.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

c-Fos (rabbit polyclonal) Genetex Cat# GTX129846

Alexa Fluor 488 secondary antibody
(Donkey anti-rabbit)

Alexa Fluor 546 secondary antibody
(Donkey anti-rabbit)

DAPI (4.6-diamino-2-phenolindol
dihydrochloride)

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

RRID: AB_2556546

RRID: AB_2534016

RRID: AB_2629482

Chemicals, peptides, and recombinant proteins

B-sitosterol

Stigmasterol
Brassicasterol
Fucosterol

Campesterol

Fluoxetine hydrochloride
Fluspirilene
Oxamniquine
Alvespimycin

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Chemos
Sigma-Aldrich
Sigma-Aldrich
BOC Sciences
InvivoGen

Cat# S1270
Cat# S2424
Cat# B4936
Cat# F5379
Cat# A0004730
Cat# F132

Cat# F100

Cat# 21738-42-1
Cat# ant-dig-5

Primaquine diphosphate Prestwick Chemical Cat# Prestw-476
Corn ol Sigma-Aldrich Cat# 8001-30-7
DMSO (Dimethyl sulfoxide) Sigma-Aldrich Cat# D2650
L-Norleucine Sigma-Aldrich Cat# N-8513
L-Arginine-13C6 Cambridge Isotope Laboratories Cat# CLM-2265-H-0.05
Norepinephrine-D6 CDN Isotopes Cat# D6634
Dopamine-D4 CDN Isotopes Cat# D1550
Serotonin-D4 Sigma-Aldrich Cat# 73483
Amino acid standard mix Sigma-Aldrich Cat# A-9906
Epinephrine Sigma-Aldrich Cat# E4375
Dopamine Fluka Cat# 56610
Serotonin Sigma-Aldrich Cat# H9523
6-aminoquinoline Sigma-Aldrich Cat# 275581
N,N’-Disuccinimidyl carbonate Sigma-Aldrich Cat# 43720
Acetonitrile ULC/MS Bio-Lab Cat# 012041
Formic acid ULC/MS Bio-Lab Cat# 069141
Perchloric acid Sigma-Aldrich Cat# 311413
Critical commercial assays

RNA extraction kit: RNAqueous-Micro Kit Ambion / Life Technologies Corp. Cat# AM1931

Deposited data

Expression profiling by high throughput

sequencing

GEO (Gene Expression
Omnibus) database

GEO: GSE134633

Experimental models: Organisms/strains

Mouse / C57BL/60laHsd Harlan Israel N/A

Software and algorithms

Ethovision XT 13 Noldus RRID: SCR_000441
VideoMot2 TSE Systems RRID: SCR_014334

el Cell Reports Medicine 2, 100281, May 18, 2021

(Continued on next page)



Cell Reports Medicine

¢? CellPress

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
COLORcation Fainzilber lab (Dagan et al., 2016) N/A

Prism v8 for Windows

GraphPad Software, La Jolla, California,
USA

RRID: SCR_002798

Fluoview FV10-ASW 4.1 Olympus RRID: SCR_014215

Fiji NIH RRID:

MassLynx 4.1 Waters RRID: SCR_014271

TargetLynx XS Waters https://www.waters.com/waters/en_
IL/TargetLynx-/nav.htm?
cid=513791&locale=en_IL

Other

Fluoromount-G® (mounting solution) SouthernBiotech Cat# 0100-01

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicolas
Panayotis (nicolas.panayotis@weizmann.ac.il)

Materials availability
All data and materials that support the findings of this study are available from the Lead Contact without restriction. This study did not
generate new unique reagents.

Data and code availability
Gene expression analysis (RNA-seq) data generated from this paper have been deposited in NCBI’'s Gene Expression Omnibus
(GEO) and are accessible through GEO series accession number GEO: GSE134633.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal subjects

C57BL/6J mice were purchased from Envigo (Israel). Mice were kept at 24.0 + 0.5°C in a humidity-controlled room under a 12-hr
light-dark cycle with free access to food and water. Experiments were carried out on 2 to 5 months-old male mice unless specified
otherwise.

Study approval
All procedures involving animal subjects were approved by the IACUC of the Weizmann Institute of Science and carried out in line
with the European Union directive 2010/63/EU for the care and use of laboratory animals.

METHOD DETAILS

Pharmacological treatments

All drugs were administered by intraperitoneal injection (i.p.) or oral gavage. The following plant sterols were purchased from Sigma-
Aldrich: B-sitosterol (Cat#S1270), stigmasterol (Cat#S2424), brassicasterol (Cat#B4936), and fucosterol (Cat#F5379). Campesterol
was purchased from Chemos, Germany (Cat#A0004730). All these hydrophobic compounds were dissolved in corn oil (Sigma-
Aldrich, Cat#C8267). Fluspirilene (Sigma-Aldrich, Cat#F100) was dissolved in PBS containing 10% DMSO. Alvespimycin
(17-DMAG, InvivoGen, Cat#ant-dig-5) and Oxamniquine (BOC Sciences, Cat#21738-42-1) were dissolved in saline solution.
Fluoxetine (Fluoxetine hydrochloride, Sigma-Aldrich, #F132) was dissolved in saline solution. The latter drug was used as a serotonin
reuptake inhibitor (SSRI) and anxiety-reducing properties were tested after three weeks of treatment>°.

Behavioral analysis

Behavioral testing was performed during the ‘“‘dark’ (i.e., active) phase of the diurnal cycle; the ventilation system in the test rooms
provided a ~65 dB white noise background. Every daily session of testing started with a 1 hr habituation period to the test rooms. A
recovery period of at least 1 day was provided between the different behavioral assays.
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Chronic restraint stress
Mice were physically restrained in 50 ml ventilated Falcon tubes for 1.5 hours/day (during midday time), for three weeks. Control mice
(naive), were housed in their usual cages under normal conditions.

Open field test

The apparatus for the open-field test (TSE System, Germany) consisted of a 120 Ix-illuminated white Plexiglas box (50 cm x 50 cm x
40 cm). The test relies on the natural conflict of a rodent between the exploration of a novel environment and the aversive properties of
a large, brightly lit area. Each mouse was placed in the corner of the apparatus to initiate a 10-min test session. A camera mounted
above the apparatus transmitted images of the mouse. Motility and anxiety-like behaviors were assayed as in our previous work'°.
The total distance moved (cm), the time spent (global, center, border; s), center/border ratio, movement velocity (cm/s), and percent-
age of time spent moving versus rest in the different defined area were recorded using the VideoMot2 software (TSE System, Ger-
many). Open-field raw data were then analyzed with COLORcation®®, allowing the unbiased study of mice activity based on group
heat-maps.

Elevated plus maze

The EPM contains two open arms and two enclosed ones (with walls) connected by a central square. Exploration on the open arms is
reduced in high anxiety states while it is increased in low anxiety states®. Mice were placed on the central platform facing one of the
open arms to initiate a 5-minute test session and the distance and time spent in each arm were measured. The procedure and mouse
tracking were conducted using Noldus EthoVision XT13 software, as previously described .

Contextual fear conditioning

The contextual fear conditioning paradigm was used to study possible alteration of hippocampal forms of memories. The procedure
and mouse tracking were conducted using Noldus EthoVision XT13 software while measuring freezing behavior, defined here as a
lack of movement (excluding respiration, freezing bouts duration, 3 s). The test was performed within three days, as follows. On the
first day, mice are habituated for 5 min to the fear conditioning chamber, a clear Plexiglas cage (21 cm x 20 cm X 36 cm) with a stain-
less steel floor grid within a constantly illuminated (120 Ix) fear-conditioning housing. Conditioning then takes place on the second day
in one 5-min training session. Mice initially explore the context for two min. Thereafter, two pairings of a co-terminating tone [condi-
tioned stimulus (CS): 30 s, 3,000 Hz, pulsed 10 Hz, 80 dB (A)] and shock [unconditioned stimulus (US): 0.7 mA, 2 s, constant current)
with a fixed ITIl of 60 s were delivered. The US was delivered through the metal grid floor. Mice were removed from the chamber one
min after the last CS-US pairing. The chamber was cleaned with 10% ethanol before each session. Constant auditory background
noise was delivered from an audio file by speakers located in the chamber [white noise, 62 dB(A)]. Finally, context-dependent mem-
ory was tested 24 hr after conditioning by re-exposure to the conditioning box for 5 min without any stimuli.

Novelty-suppressed feeding

The task assesses the ability of the animal to resolve a conflict between a context that induces heightened anxiety and a drive to
approach an appetitive stimulus. Testing was carried out in the open field arena, set up under bright lighting conditions (~1000
lux). The open field is positioned under a digital camera connected to a computer equipped with the Noldus MediaRecorder software.
The protocol followed the recommendations of previous studies®®->°. Briefly, a piece of white filter paper was placed in the center of
the arena with a small piece of rodent chow. For this task mice were food-restricted for a period of 24 hours. After food restriction, the
test consists of placing the animals in the brightly lit open field and measuring the time to approach and eat a pellet of food located in
the center of the arena. Latency to approach and eat are used to measure anxiety-like behavior (a cut-off time of 600 s was used in our
experiment).

Accelerated rotarod

Mice were subjected to three trials, with 5 min inter-trial intervals. During each trial, the rotarod accelerates from 4 to 40 rpm in 300 s.
The latency to fall was recorded in the number of seconds. The best of the three trials was recorded. If a mouse clinging on the rod
completes a full passive rotation we push down the lever and record the latency. In this case, a passive rotation was considered as a
failure in performance similar to falling®®.

Heat probe test

We investigated responses to noxious heat using the heat probe test by applying a metal probe heated to 58°C to a hindlimb paw
while holding the animal. Paw withdrawal latency was timed (typically ranging between 2-4 s in wild-type animals). The test was
repeated three times for each animal, with at least 20 minutes intervals between repeats, as previously described'®.

von Frey test

von Frey tests of sensitivity to mechanical stimuli were conducted as previously described'®. Briefly, mice were placed in acrylic
chambers suspended above a wire mesh grid and allowed to habituate to the testing apparatus for one hour before experimentation.
When the mouse was calm, the von Frey filaments were pressed against the plantar surface of the paw until the filament buckled. A

e3 Cell Reports Medicine 2, 100281, May 18, 2021



Cell Reports Medicine ¢ CelPress

OPEN ACCESS

positive response was noted if the paw was sharply withdrawn upon application of the filament. Testing begins with a filament’s
target force of 13.7 milliNewtons and progresses according to an up-down method.

RNA expression analysis (RNA-seq)

We carried out RNA-seq analyses to assess the impact of B-sitosterol or stigmasterol administration on the hippocampal
transcriptome. Total RNA was extracted from hippocampi dissected from C57BL6 wild-type animals treated with vehicle (corn
oil), B-sitosterol, or stigmasterol at 100 mg/kg of body weight, using the RNAqueous-Micro Kit (Ambion) according to manufacturer’s
instructions. Intraperitoneal injections of the vehicle or drug were done 1 hr prior to dissection. There were 4 and 3 replicates per
group for B-sitosterol and stigmasterol, respectively. Replicates of high RNA integrity (RIN R > 7) were processed for RNA-Seq at
the Crown Institute for Genomics (G-INCPM, Weizmann Institute of Science). 500 ng of total RNA for each sample was processed
using the TruSeq RNA sample preparation Kit v2 protocol (lllumina). Libraries were evaluated by Qubit and TapeStation. The data was
analyzed using DESeq software and has been deposited in NCBI’'s Gene Expression Omnibus (GEO accession number:
GSE134633).

Library construction and sequencing

Library construction

Sequencing Libraries were constructed with barcodes to allow multiplexing of 16 samples (B-sitosterol) or 12 samples (stigmasterol)
on 2 lanes of lllumina HiSeq machine, using the Single Read 60 protocol (v4). The output was ~34.8 million reads per sample (B-sitos-
terol experiment) and ~45 million reads per sample (stigmasterol experiment). Fastq files for each sample were generated by the
usage of lllumina CASAVA 1.8.2 software (B-sitosterol experiment) and bcl2fastg-v2.17.1.14 (stigmasterol experiment).

Sequence data analysis

B-sitosterol injection

Poly-A/T stretches and lllumina adapters were trimmed from the reads using cutadapt (1); resulting reads shorter than 40 bp were
discarded. Reads for each sample were aligned independently to the Mus musculus reference genome GRCm38 using TopHat2
(v2.0.10)°” with default parameters. The percentage of the reads that were aligned uniquely to the genome was ~92.5%. Counting
proceeded over genes annotated in Ensembel release 82 using htseg-count (version 0.6.1p1)°%. Only uniquely mapped reads were
used to determine the number of reads falling into each gene (intersection-strict mode). Differential analysis was performed using
DESeq2 package (1.6.3)°° with the betaPrior, cooksCutoff, and independentFiltering parameters set to False. Raw P values were
adjusted for multiple comparisons using the Benjamini and Hochberg procedure. Differentially expressed genes, were determined
by a P-adj of < 0.05, absolute fold changes > 1.5 and max raw counts > 30.

Stigmasterol injection

Poly-A/T stretches and lllumina adapters were trimmed from the reads using cutadapt; resulting reads shorter than 30bp were dis-
carded. Reads for each sample, were aligned independently to the Mus musculus reference genome GRCm38 using STAR (2.4.2a)°,
supplied with gene annotations downloaded from Ensembl (and with EndToEnd option). The percentage of the reads that were
aligned uniquely to the genome was ~89.5%. Counting proceeded over genes annotated in Ensembel release 92 using htseq-count
(version 0.6.1p1)°®. Only uniquely mapped reads were used to determine the number of reads falling into each gene (intersection-
strict mode). Differential analysis was performed using the DESeq2 package (1.10.1)°° with the betaPrior, cooksCutoff, and indepen-
dentFiltering parameters set to False. Raw P values were adjusted for multiple comparisons using the Benjamini and Hochberg
procedure. Differentially expressed genes, were determined by a P-adj of < 0.05, absolute fold changes > 1.5 and max raw counts
> 30.

Bioinformatics analysis
K-Means clustering using Pearson’s dissimilarity was performed. Standardized, log, normalized counts were used for the clustering
analysis. Clustering analysis was performed with Rstudio v3.2.1.

Differentially expressed (DE) genes were analyzed using the Ingenuity Pathways Analysis (Ingenuity® Systems, https://
digitalinsights.giagen.com/) suite to determine the most significant and biologically relevant functions and pathways.

Connectivity Map analysis

The Broad Institute Connectivity Map (CMap, https://clue.io/cmap) is a database with a collection of gene expression profiles that are
obtained from cultured human cell lines treated with small pharmacological compounds'®. We queried CMap (CMap_build02) with
up and downregulated gene lists from wild-type versus importin o5 knockout hippocampi (GEO accession number GSE106546).
CMap then scored the similarity of the up and down lists with the deposited expression profiles. As a result, the similarity of the tran-
scriptional responses is scored for each small molecule. An enrichment score of “1” indicates a perfect correlation, where genes in
the up-list are upregulated and the genes in the down-list are downregulated in a CMap microarray data. Because our RNA-seq data
were obtained from mouse samples, and CMap data are obtained from human cell lines with the Affymetrix HG-U133A microarray
chip, we used a custom-made MATLAB script to convert the mouse gene identifiers to their human orthologs gene identifiers.
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Immunofluorescence

We used immunofluorescence to assess the level of c-Fos expression. Mice were euthanized by cervical dislocation (without
pharmacological anesthesia) 1 hour after contextual fear conditioning. Brains harvested for immunostaining were post-fixed
for 5 h and cryoprotected in 20% sucrose for 24 h, then frozen at —80°C before cryostat sectioning (20 um coronal sections).
Slices containing sections of the cortex (prefrontal cortex), hippocampus (dorsal), and amygdala were collected in separate
sets for immunohistochemistry so that each set contained every fifth serial section. Briefly, sections were rehydrated (PBS
1X), permeabilized (0.1% Triton X-100 PBS 1X), blocked (7% normal donkey serum), and incubated overnight at room tem-
perature with Rabbit anti-c-Fos (1:1000, GeneTex, GTX129846). Sections were subsequently incubated with donkey anti-rab-
bit secondary antibody (Alexa 488 or Alexa 546), DAPI (4’,6-diamino-2-phenolindol dihydrochloride), counterstaining was
performed on all sections to visualize the nucleus, and the sections were mounted with Fluoromount-G® (SouthernBiotech,
Cat#0100-01).

Image processing and quantification

Images were acquired on an Olympus FV1000 inverted confocal (Olympus, Tokyo) with Fluoview (FV10-ASW 4.1) software. In gen-
eral, brain slices were scanned using camera settings identical for all groups/treatments in a given experiment. Images were imported
into the Fiji version (https://fiji.sc/.) of the Imaged software for threshold subtraction and subsequent analyses (see below).

Quantification of c-Fos positive neurons

For the detection of c-Fos-positive cells, images were analyzed with the Fiji software (http://fiji.sc). Brain areas such as the medial
prefrontal cortex (MPFC), the dentate gyrus (DG), CAS3 field of the dorsal hippocampus (dCA3), and the basolateral amygdala
(BLA) were identified based on the DAPI signal following the Paxinos and Franklin mouse brain atlas. c-Fos-positive cells were
counted within the outlined structures and their density (c-Fos+ cells/mm?) averaged over 2-5 sections per animal.

Neurochemical measurements

Materials

Acetonitrile and formic acid of ULC/MS grade were from Bio-Lab (Israel). Water at 18.2 MQ resistance was obtained using a Direct 3-
Q UV system (Millipore). Mix of amino acid standards and neurotransmitters from Sigma-Aldrich was used. Norepinephrine-D6 (NEN-
D6), dopamine-D4 (DA_D4), serotonin-D4 (5-HT-D4), L-arginine-13C6 (Arg-13C6), and L-norleucine (NorLeu) were used as internal
standards (IS).

Extraction

The extraction procedure was performed at 4°C. Pre-weighted samples in 1.5-mL test tubes were spin shortly (21,000 g, 15 s) to
place them at the bottom. Fifty uL of 4% perchloric acid containing IS mix (NorLeu 2uM; Arg-13C6 12uM; NEN-D6 20ng/ml; DA-
D4 40ng/ml; ST-D4 400ng/ml) was added and the mixture was homogenized using a handheld grinder (Agros), followed by agitation
in a shaker (1200 rpm, 30 min, ThermoMixer C, Eppendorf) and centrifuged (20,000 g, 10 min). The collected supernatants were used
for further analysis.

Derivatization

Derivatization procedure was performed using AQC reagent synthesized as described®'. Briefly, a 10 L aliquot of the sample or
standard solution (with the internal standards added) and 70 pL of 0.15 M sodium borate solution, pH 8.8 were derivatized with
20 pL of AQC in acetonitrile (2.7mg/mL) by heating at 55°C for 10 min. The reaction mixtures were cooled and placed in nanofilter
vials (Thomson, 0.2um PES) for LC-MS.

LC-MS/MS analysis

The LC-MS/MS instrument consisted of Acquity I-class UPLC system (Waters) and Xevo TQ-S triple quadrupole mass spectrom-
eter (Waters) equipped with an electrospray ion source and operated in positive ion mode was used for analysis. MassLynx and
TargetLynx software (v.4.1, Waters) was used for the acquisition and analysis of data. Chromatographic separation was done on a
150 x 2.1-mm i.d. 1.8-um UPLC HSS T3 column equipped with 50 x 2.1-mm i.d., 1.8-um UPLC HSS T3 pre-column (both Waters
Acquity) with 0.1% formic acid as mobile phase A and 0.1% formic acid in acetonitrile as B at a flow rate of 0.6 ml/min and column
temperature 45°C. A gradient was as follows: 0.5 min the column was held at 4%B, then linear increase to 10%B in 2 min, then to
28%B in 2.5 min, and to 95%B in 0.1 min. Just after back to 0%B during 1.1 min, and equilibration at 4%B for 1.3 minutes. Sam-
ples kept at ambient temperature (23°C) were automatically injected in a volume of 1 pl. For mass spectrometry argon was used as
the collision gas with 0.10 ml/min flow. The capillary voltage was set to 3.00 kV, cone voltage 25V, source offset 30V, source tem-
perature 150°C, desolvation temperature 650°C, desolvation gas flow 800 L/hr, cone gas flow 150 L/hr. Analytes were detected
using corresponding selected reaction monitoring (SRM) and retention times as shown in the Table S4. The concentrations based
on standard curves were calculated using TargetLynx (Waters). Multiple Reaction Monitoring (MRM) parameters are reported in
the Table S4.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data collection

No statistical methods were used to predetermine sample sizes, but they were similar to those reported in previous publications. Data
collection and analysis were performed blind to the conditions of the experiment. All mice were randomly assigned to the different
experimental conditions.

Statistics

A normality test (Shapiro-Wilk test) was applied to all data before analysis for statistical significance. Datasets that passed the
normality test were subjected to parametric analysis. For 2-group analyses, an unpaired Student’s t test was used. Analysis of mul-
tiple groups was made using the ANOVA method. The choice between one- or two-way ANOVA was based on the requirements for
identification of specific factors’ contribution to statistical differences between groups and were followed as specified in the figure
legends by the Tukey, the Sidak, or the Dunnett’s post hoc analysis tests. Datasets that did not pass the normality test were subjected
to the Mann-Whitney or the Kruskal-Wallis test followed by Dunn’s multiple comparisons test. In the NSF test, we used the Kaplan-
Meier survival analysis due to the lack of normal distribution of the data. The Mantel-Cox log-rank test was used to evaluate differ-
ences between experimental groups. Potential outliers were identified and discarded using the ROUT method with a Q (maximum
desired false discovery rate) of 1%. All analyses were performed using GraphPad Prism version 8.00 for Windows (GraphPad Soft-
ware, La Jolla, California, USA, https://www.graphpad.com/). All statistical parameters and P-values for specific analyses are re-
ported in the figure legends of the paper.
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Supplemental Figure 1 (related to Figure 1 and Figure 2). Evaluation of the anxiolytic activity of f-sitosterol
oral administration and comparison of the anxiolytic activities of plant sterols. A, f-sitosterol (at a final dosage of
20, 50, 75, and 100 mg/kg) or its vehicle (corn o0il) were administered by oral gavage, and mouse anxiety behavior
was evaluated in the open-field test. Mice receiving 100 mg/kg [-sitosterol spent more time in the central (i.e.
anxiogenic) area of the open-field. In contrast, this anxiolytic effect was neither accompanied by concomitant
alteration of general mouse activity nor their movement velocity over the duration of the test (n=8 mice per dosage).
B, When administered at 100 mg/kg, f-sitosterol significantly increases the time spent in the open-field center while
this effect is no longer visible 6 hr after treatment. This anxiolytic did not influence overall activity levels as the
distance traveled across the entire arena and the movement velocity were unaffected. (f-sitosterol, n=10, vehicle,
n=9 mice at 1 hr and n=5 mice in both groups at 6 hr). (A: the effect of the dosage on the OF center exploration
was analyzed by a 1-way ANOVA followed by Dunnett's multiple comparisons test with the vehicle group being the
control. The effect of the drug over time was analyzed by a 2-way ANOVA followed by Sidak's multiple comparisons
test; B: the effect of the f-sitosterol injection time on the OF center exploration was analyzed by a 1-way ANOVA
Jfollowed by Sidak's multiple comparisons test. The effect of the drug over time was analyzed by a 2-way ANOVA
Jfollowed by Sidak's multiple comparisons test. * p<0.05; All data error bars represent mean +/- S.E.M). C-E, No
negative effects of p-sitosterol (100 mg/kg, i.p) were observed on balance/coordination (Rotarod, C) and both
mechanical (von Frey test, D) or thermal (heat probe test, E) sensitivity, one hour after injection of the drug.
(Rotarod and Heat probe test: n=10 mice per group; von Frey test. n=8 mice per group). The data were analyzed
by two-tailed t-test; Error bars represent mean +/- S.E.M. F, Adult female mice treated with p-sitosterol (100
mg/kg) did not show a difference in the distance traveled and time spent on the elevated plus maze open arms, both
1 hr and 6 hr after administration (i.p) of the drug. (p-sitosterol, n=10, vehicle, n=10 mice in each time point). The
data were analyzed by a two-tailed t-test in the I hr time point and by Mann-Whitney test in the 6 hr time point.
Error bars represent mean +/- S.E.M at 1 hr and median +/- 95% C.I at 6 hr. G-J, Comparison of the anxiolytic
activities of plant sterols and their impact on global mouse activity. All the plant sterols were diluted in corn oil
(vehicle) and administered intraperitoneally at a final dosage of 100 mg/kg and their anxiolytic effects were
evaluated in the open-field test 1 hr after injection. f-sitosterol and fucosterol significantly increased the time spent
in the open-field center (G). Brassicasterol administration resulted in the elevation of the number of rearings (H)
while campesterol reduced overall activity levels altering both the total distance traveled (I) and movement speed
(J) over the 10min test session. G: Vehicle, n=31; f-sitosterol, n=9; Stigmasterol, n=5; Campesterol, n=9;
Brassicasterol, n=5; Fucosterol, n=5 and H: Vehicle, n=25, [-sitosterol, n=10, Stigmasterol, n=4,; Campesterol,
n=10; Brassicasterol, n=5; Fucosterol, n=>5. The effect of the different sterols on the OF center exploration was
analyzed by a 1-way ANOVA followed by Dunnett's multiple comparisons test with the vehicle group being the
control. I and J: Vehicle, n=32; p-sitosterol, n=10; Stigmasterol, n=5; Campesterol, n=10; Brassicasterol, n=>5;
Fucosterol, n=5). The effect of the drugs over time was analyzed by a 2-way ANOVA followed by Dunnett's multiple
comparisons test with the vehicle group being the control). * p<0.05, ** p<0.01, *** p<0.001. All data error bars

represent mean +/- S.E.M.
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Supplemental Figure 2 (related to Figure 3). A, Heat map representation of standardized log>-normalized counts
of DEGs after stigmasterol treatment. (n=3 mice/group, 2 groups: 1 hr, 6 hr after 100 mg/kg stigmasterol i.p.
injection). B, Venn diagram for all conditions confirms minimal overlap between the DEGs modulated by both plant
sterols. C, boxplot based on gene sets of cluster 4, Log: ratio of treated (drug) vs. untreated (vehicle) is represented.
A clear pattern of downregulation in the sitosterol 1hr condition not visible after 6 hr or under stigmasterol
treatment. D, Distance traveled (cm) and time spent freezing (s), during the acquisition phase (day2) of the
contextual fear conditioning experiment over a 5 min session. Gray bars indicate the pairing of the auditory
stimulation with the electric foot shock. Animals were injected with S-sitosterol (100 mg/kg, i.p.) or its vehicle
solution (corn oil) 1hr before the experiment. n=8 mice per group. E, Mapping of c-Fos activated neurons in vivo.
Representative images of the CA3 hippocampal region (CA3) and the basolateral amygdala. Scale bar, 200 ym.
F,G, Quantification of the number of c-Fos-positive neurons in the CA3 (F) and the Amygdala (G) after contextual

fear conditioning. n=3 mice per group. All data error bars represent mean +/- S.E.M.
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Supplemental Figure 3 (related to Figure 4). Open-field results of the Fluoxetine dose-reponse experiment and
fluoxetine/fi-sitosterol co-administration. A-D, Fluoxetine dose-reponse experiment. (A) Distance travelled in the
open field center, (B) the distance (in cm) travelled per minute in the entire open field, (C) the time spent in the open
field center and (D) the movement velocity (in cm/s) of mice injected with 2, 5, 10 or 20 mg/kg fluoxetine or its
vehicle solution (n=5 per each group). Panels A and C, 1-way ANOVA followed by Dunnett's multiple comparisons
test with the vehicle group being the control. Panels B, D, 2-way ANOVA followed by Sidak's multiple comparisons
test. * p<0.05, ** p<0.01, *** p<0.001. Data error bars represent mean +/- S.E.M. E-H, Open-field results of the
[fluoxetine/f-sitosterol co-administration. (E) the number of visits in the open field center, (F) the movement velocity
(in cm/s), (G) the number of rearings and (H) the total distance travelled (per minute) in the entire open field over
the 10min open session (vehicle, n=9) and mice receiving one of the 6 combinations (fluoxetine 5 mg/kg + sitosterol
0 mg/kg, n=10; fluoxetine 5 mg/kg + sitosterol 10 mg/kg, n=10; fluoxetine 5 mg/kg + sitosterol 20 mg/kg, n=10;
[fluoxetine 5 mg/kg + sitosterol 50 mg/kg, n=10; fluoxetine 5 mg/kg + sitosterol 75 mg/kg, n=9; fluoxetine 5 mg/kg
+ sitosterol 100 mg/kg, n=9). Panels E and G were analyzed by a two-sided Kruskal-Wallis test with the vehicle
group set as the control, *p<0.05, **p<0.01, ***p<0.001. Data error bars represent the median with 95%
confidence interval (Cl). Panels F, H, 2-way ANOVA followed by Sidak's multiple comparisons test. * p<0.05, **
p<0.01, *** p<0.001. Data error bars represent mean +/- S.E.M.
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Supplemental Figure 4 (related to Figure 4). Volcano plot representations of neurochemical changes observed
after the following treatments. A, 100 mg/kg p-sitosterol treatment (acute, i.p.). B, 5 mg/kg fluoxetine treatment
(daily i.p. injection for 3 weeks). C, 20 mg/kg fluoxetine treatment (daily i.p. injection for 3 weeks). D, a treatment
combining 5 mg/kg fluoxetine (daily i.p. injection for 3 weeks) and 20 mg/kg B-sitosterol (1 hr before the test, i.p.).
Abbreviations, Caudate-Putamen, CPu; Hypothalamus, HPTH; Hippocampus, HPC, Amygdala, AMY; Substantia
Nigra, SN. Changes in compound concentration when the log: fold-change (vehicle vs f-sitosterol) > 0.58 were
considered significant at P < (.05 (represented on the plot as —logio(p-value) > 1.3). See also Table S4 for raw data

analysis.
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