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Abstract Sigma-1 receptor (s1R) has become a focus point of drug discovery for central nervous sys-

tem (CNS) diseases. A series of novel 1-phenylethan-1-one O-(2-aminoethyl) oxime derivatives were

synthesized. In vitro biological evaluation led to the identification of 1a, 14a, 15d and 16d as the most

high-affinity (Ki < 4 nmol/L) and selective s1R agonists. Among these, 15d, the most metabolically sta-

ble derivative exhibited high selectivity for s1R in relation to s2R and 52 other human targets. In addition

to low CYP450 inhibition and induction, 15d also exhibited high brain permeability and excellent oral

bioavailability. Importantly, 15d demonstrated effective antipsychotic potency, particularly for alleviating

negative symptoms and improving cognitive impairment in experimental animal models, both of which

are major challenges for schizophrenia treatment. Moreover, 15d produced no significant extrapyramidal
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symptoms, exhibiting superior pharmacological profiles in relation to current antipsychotic drugs. Mech-

anistically, 15d inhibited GSK3b and enhanced prefrontal BDNF expression and excitatory synaptic

transmission in pyramidal neurons. Collectively, these in vivo proof-of-concept findings provide substan-

tial experimental evidence to demonstrate that modulating s1R represents a potential new therapeutic

approach for schizophrenia. The novel chemical entity along with its favorable drug-like and pharmaco-

logical profile of 15d renders it a promising candidate for treating schizophrenia.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Schizophrenia is a severe psychiatric illness affecting approxi-
mately 1.1% of people worldwide1,2. There are three symptom
domains for the disease: positive symptoms, negative symptoms
and cognitive impairment. The currently available medicines for
schizophrenia mainly target dopamine receptors by functioning as
D2 receptor antagonists/partial agonists with certain modulatory
activity on other neurotransmitters, such as serotonin3,4. However,
nearly 30% of patients do not respond to current antipsychotic
treatment, and more than 50% of patients with schizophrenia
suffer from relapse4-6. Hence, the development of novel antipsy-
chotic drugs with novel targets and mechanisms of action is an
unmet need for antipsychotic treatment.

Sigma-1 (s1R) is widely distributed in the central nervous
system (CNS). Functionally, s1R acts as a Ca2þ-sensitive and
ligand-operated receptor chaperone. Studies have revealed that
s1R can undergo dynamic homo- and heteromerization in
response to ligand binding, thereby regulating various biological
functions7-9. Agonists generally stabilize the low molecular-
weight form of s1R, whereas antagonists promote the formation
of higher-order oligomers. Upon activation, s1R translocates to
various organelles or plasma membranes and modulates a diverse
array of targets, such as GPCR receptors (e.g., D1, D2), ion
channels (e.g., NMDA, IP3, NaV1.5), and signaling molecules
(e.g., Bip), to elicit wide regulatory effects on neuroplasticity and
neurohemostasis10-16. Thus, s1R has been an actively pursued
drug target for a variety of neurological and neuropsychiatric
diseases. Numerous clinical and experimental evidence have also
revealed the roles of s1R in schizophrenia3,17-20. For instance, the
expression of s1R was found to be decreased in postmortem brains
from schizophrenia patients19,20, and several genetic studies have
suggested an association between the s1R gene and schizo-
phrenia21. Moreover, clinical studies have shown the beneficial
effects of s1R activation in schizophrenia patients22-24.

Currently, a diverse variety of small molecules targeting s1R
have been developed and demonstrated to have therapeutic
potentials in animal models of various CNS diseases. For
schizophrenia, previous clinical trials and ongoing clinical
studies have revealed the potentials of s1R agonists in schizo-
phrenia treatment3,10. The systemic experimental evidence to
reveal the therapeutic potentials of selective s1R agonists in
schizophrenia, however, are not available. As a continuing effort
to develop novel antipsychotic drugs25-30, we herein reported the
discovery of the potent and selective s1R agonist 15d with a
favorable drug-like profile, and provided the proof-of-concept
in vivo experimental evidence of s1R agonists as promising
antipsychotic agents.

2. Results

2.1. Structure-based design of s1R selective ligands

The majority of currently available s1R ligands were initially
designed by employing Glennon’s pharmacophore model for
s1R

31-33, which incorporates two hydrophobic pharmacophores
(P1 and P2) attached to a basic amine moiety, as shown in Fig. 1A.
Recently, resolved cocrystal complexes of s1R bound with its
ligands further expedite the development of new s1R ligands via
structure-based drug design34-36. Developing novel candidates
based on existing marketed drugs has emerged as an attractive and
successful strategy to expedite the drug discovery process37-40.
Given that many clinically used CNS-targeted drugs have mod-
erate to high and promiscuous affinity toward s1R, they may offer
an opportunity for repurposing existed chemical scaffolds to novel
s1R selective ligands. Fluvoxamine is a potent and highly selec-
tive serotonin reuptake inhibitor (SSRI) with a Ki value of
2.2 nmol/L for serotonin transport (SERT)41, but it also manifests
moderate affinity toward s1R with a Ki value of 36 nmol/L42,43.
Moreover, its characteristic oxime ether moiety is proposed to be a
privileged scaffold in drug design and discovery44-46, represented
by siponimod, a selective sphingosine-1-phosphate receptor modu-
lator approved for the treatment of multiple sclerosis47, and the
antiplatelet agent ridogrel48. Hence, we chose fluvoxamine as our
starting point for the development of s1R selective agonists (Fig. 1B).

On the basis of the well-characterized co-crystal structure of a
s1R agonist, 4-IBP, in complex with human s1R (PDB ID:
5HK2)35, we predicted that the nonselective s1R ligand fluvox-
amine adopted an “h-style” binding mode to s1R via molecular
docking studies (Fig. 2A). The terminal 4-trifluoromethylphenyl
group of fluvoxamine, as a P1 fragment similar to the
4-iodophenyl moiety of 4-IBP, extends into a hydrophobic pocket
surrounded by key residues, including Met93, Leu95, Tyr103, and
Leu105, while its methyoxybutyl and 2-aminoethyloxime side
chains reach the other side of the binding pocket. The primary
amino group of fluvoxamine also generates a salt bridge with
Glu172. However, fluvoxamine actually lacks the classical P2
fragment despite the existence of its hydrophobic methoxybutyl
moiety. Notably, this long hydrophobic ether tail also serves as a
key pharmacophoric feature of typical SSRIs49,50. The X-ray
cocrystal structure (PDB ID: 6AWP)51 with engineered thermo-
stable variants of the human serotonin transporter revealed that
fluvoxamine adopted a “T-style” binding mode to SERT (Fig. 2B).
We thus hypothesized that the 1-phenylethan-1-one O-(2-
aminoethyl) oxime (PEOAEO) core of fluvoxamine obtained by
removing the long hydrophobic ether tail would provide a basis for
the discovery of novel highly potent and selective s1R ligands via
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structure-based scaffold repurposing. Therefore, we carried out a
medicinal chemistry optimization campaign by incorporating key
P2 elements of s1R agonists into this skeleton. Our s1R ligand 1a
was first designed by attaching the P2 fragment of 4-IBP to the
primary amine of the PEOAEO core. As expected, 1a adopts a
highly similar linear binding mode to 4-IBP, and the newly
installed benzyl group extends to the other interior hydrophobic
region of s1R surrounded by the residues Trp89, Asp 126, and
Trp164 (Fig. 2C). In addition, compounds 2ae21a, bearing diverse
hydrophobic P2 moieties, were also designed to investigate their
structureeaffinity relationships (SAR), as shown in Table 1.

2.2. Structureeaffinity relationship (SAR) studies

All the new compounds were synthesized (Supporting Information
Schemes S1 and S2) and screened for their ability to inhibit the

binding of [3H]-(þ)-pentazocine to s1R by using whole-brain ho-
mogenates from SD male rats in a radiolabeled binding assay52. As
expected, the binding affinity of the reference, fluvoxamine, was
identical to the reported value41 (Ki 38 vs 36 nmol/L). We initially
explored the effect of the substituents (R1R2) on the basic amine
group (Table 1). By removal of the long ether chain and introduction
of the aforementioned privileged N-methyl benzyl group (P2)10, 1a
was found to exhibit 96-fold higher s1R affinity than fluvoxamine
(Ki 0.44 vs 38 nmol/L), suggesting that this ether tail is not essential
for binding to s1R as expected. However, removal of the N-methyl
group of 1a (as in 2a) led to a significant loss of activity, and sec-
ondary aliphatic amines 3a and 4a also dramatically decreased the
s1R affinity. The introduction of a small substituent (as in 5ae8a) on
the phenyl group of 1a also led to a substantial decline in or even loss
of s1R affinity. Only the 4-methoxyphenyl analog 6a showed
moderate s1R binding with a Ki value of 38.21 nmol/L. In addition,

Figure 1 Structure-based design of s1R selective ligands. (A) s1R pharmacophore model and representative selective s1R agonists. (B) Design

of our s1R selective ligands.

Figure 2 The molecular docking of fluvoxamine and designed s1R ligand 1a with s1R. (A) Superposition of the nonselective s1R agonist

fluvoxamine (brown stick model, docked binding pose) with 4-IBP (green, PDB ID: 5HK2). (B) Interaction patterns between fluvoxamine and key

residues in the binding site of the engineered thermostable variants of the human serotonin transporter (PDB ID: 6AWP). (C) Superposition of our

designed s1R ligand 1a (yellow stick model, docked binding pose) with 4-IBP (green, PDB ID: 5HK2).
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the cyclization of methyl and benzyl substituents at NR1R2 of 1a
resulted in a subseries of 5e7-membered cyclic amines 9ae11a.
Both isoindoline 9a and tetrahydroisoquinoline 10a completely lost
activity, whereas tetrahydrobenzo[c]azepine 11a and its isomer
tetrahydrobenzo[d]azepine 12a exhibited more than 100-fold
decreased s1R affinities with comparable Ki values of
44.81e48.30 nmol/L. The bioisosteric replacement of tetrahy-
droisoquinoline 10a with tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine
13a slightly increased the s1R affinity (inhibition at 10 mmol/L:
77.05% vs 48.41%). Notably, several cyclic amines have also been
identified as privilegedmoieties for interaction with s1R

10,31. Thus,
removal of the fused phenyl ring of 9a provided pyrrolidine 14awith
high s1R affinity (Ki Z 0.63 nmol/L). Nevertheless, piperidine 15a
andmorpholine 16a still lacks1R activity, even though 4-(piperidin-
4-yl)morpholine 17a gains moderate s1R affinity
(Ki Z 136.05 nmol/L). Additionally, N-methyl piperazine 18a and
its analogs 19e20a as well as azepane 21a displayed moderate to
low s1R affinities. These results reveal that the NR1R2 group in our
PEOAEO scaffold is sensitive to structural modifications to interact
with s1R, but tertiary amines, particularly the N-methyl benzyl
group and pyrrolidine, may offer excellent s1R affinity.

As shown in Table 2, we then tuned the other two main
pharmacophores of 1a and 14a, the substituted phenyl moiety
(P1) and the alkyloxime linker, as in the N-methyl benzyl ana-
logues 1beh and pyrrolidines 14bed and 14g. Adjustment of
the 4-trifluoromethyl group of 1a and 14a to either the 2- or 3-
position (as in compounds 1bec or 14bec) resulted in a
decrease in binding activity, suggesting that trifluoromethyl
substitution at the 4-position of the phenyl group (P1) is bene-
ficial to its binding activity. Moreover, extending the length (n)
of their alkyloxime linkers also led to low s1R affinity, as in
compounds 1de1e and 14d. Additionally, replacement of the
methyl group (R0) with either the smaller hydrogen atom (1f) or
the larger trifluoromethyl (1g, 14g) and phenyl groups (1h) all
dramatically reduced the s1R affinity. Hence, 1a and 14a remain
the most potent s1R ligands among these compounds.

Given the roles of other privileged P2 binding fragments,
morpholine and piperidine moieties10,53-56, were also chosen to
establish a robust structureeaffinity relationship, as shown in
Table 2. In the piperidine series, both the 4- and 2-
trifluoromethyl analogs 15a and 15c were inactive, whereas
the 3-position analog 15b resulted in a great increase in the s1R
affinity, with a Ki value of 6.41 nmol/L. Moreover, inserting a
methylene group into the linker of 15a provided 15d as the most
potent analog in this series (Ki Z 1.02 nmol/L), whereas elon-
gation of the linker of 15b resulted 15i in decreased s1R affinity
(Ki Z 67.61 nmol/L). Furthermore, replacing the 4-
trifluoromethyl group on the phenyl ring of 15d with a more
electron-withdrawing methylsulfonyl group (as in compound
15k) resulted in a substantial reduction in s1R affinity (inhibi-
tion at 1 mmol/L: 70.32%). In contrast, introducing an electron-
donating methoxy group (as in compound 15l) resulted in a
slight decrease in activity, with a Ki value of 39.44 nmol/L.
Unfortunately, two methylene linker analogs of the morpholine
series, 16aec and 16pes, regardless of the position or the kind
of substituents on the phenyl ring, as well as the four-methylene
linker analogs, 15e and 16e, all lost affinity for the receptor
(inhibition at 1 mmol/L: w76.88%). Nevertheless, the three-
methylene linker analog of 16a, 16d, was the most potent s1R

Table 1 The discovery of PEOAEO-based derivatives as

s1R ligandsa.

No. NR1R2 s1R

Inhibitiona Ki (nmol/L)b

1a 101.77% 0.44 � 0.10

2a 47.275% e

3a 91.34% 182.6 � 8.91

4a 77.71% 72.4%c

5a 65.74% e

6a 87.81% 38.21 � 2.38

7a 64.11% e

8a 73.15% 50.93%c

9a 29.99% e

10a 48.41% e

11a 95.10% 48.30 � 4.77

12a 96.03% 44.81 � 3.54

13a 77.05% 49.53%c

14a 94.23% 0.63 � 0.13

15a 53.87% e

16a 45.94% e

17a 82.73% 136.05 � 5.16

18a 108.97% 55.16 � 3.18

19a 93.29% 107.7 � 2.40

20a 32.33% e

21a 99.72% 156.75 � 1.20

Fluvoxamine 81.76% 38 nmol/L

(36 nmol/L46)

(þ)-Pentazocine 98.99% 3.29 nmol/L

Haloperidol 97.07% 1.87 nmol/L

aValues in % represent the inhibitory rate of radioligand binding

at a test compound concentration of 10 mmol/L.
bWhen the inhibitory rate reached 75% at 1 mmol/L, the com-

pound was subjected to further evaluation of its Ki value. The Ki

values � SEMs are the means of three independent experiments

(n Z 3).
cValues in% represent the inhibitory rate of radioligand binding at a

test compound concentration of 1 mmol/L “e” indicates “not tested”.

A novel highly selective sigma-1 receptor agonist for schizophrenia 5349



ligand in this morpholine subseries, with a Ki value of
3.11 nmol/L; the 3-position analog of 15e regained a moderate
affinity, as in compound 15j (Ki Z 43.21 nmol/L). In addition,
optimization of the methyl group (R0) by replacing it with a
pheny ring (15h) or cyclizing it with the adjacent phenyl ring to
form 5e6 membered rings (15meo) resulted in decreased s1R
affinity (Ki: 30.74e80.2 nmol/L), while substitution with a tri-
fluoromethyl group (15g and 16g) led to a significant loss of

binding (inhibition at 10 mmol/L: 69.93%e76.30%). All these
findings indicate that appropriate P1, P2, and linkage lengths are
critical for ligand binding to s1R.

The above five high-affinity s1R ligands (Ki < 10 nmol/L)
were then chosen to evaluate their selectivity over s2R. As
expected, all of them exhibited high selectivity for s1R (39e948
folds, Table 3) over s2R, which is consistent with that of
fluvoxamine (234-fold57).

Table 2 SAR study of PEOAEO-based derivatives.

No. R R0 n NR1R2 s1R

Inhibitiona Ki (nmol/L)b

1a 4-CF3 Me 1 101.77% 0.44 � 0.10

1b 3-CF3 Me 1 67.89% e
1c 2-CF3 Me 1 72.33% e

1d 4-CF3 Me 2 100.34% 15.61 � 1.40

1e 4-CF3 Me 3 76.59% 51.28%c

1f 4-CF3 H 1 105.43% 27.43 � 0.86

1g 4-CF3 CF3 1 102.34% 33.74 � 2.64

1h 4-CF3 Ph 1 94.75% 67.40%c

14a 4-CF3 Me 1 94.23% 0.63 � 0.13

14b 3-CF3 Me 1 56.39% e

14c 2-CF3 Me 1 85.85% 62.96%c

14d 4-CF3 Me 2 93.98% 54.72%c

14g 4-CF3 CF3 1 67.43% e
15a 4-CF3 Me 1 53.87% e

15b 3-CF3 Me 1 103.63% 6.41 � 1.80

15c 2-CF3 Me 1 94.59% 73.56%c

15d 4-CF3 Me 2 97.75% 1.02 � 0.08

15e 4-CF3 Me 3 91.57% 72.88%c

15g 4-CF3 CF3 2 76.30% e

15h 4-CF3 Ph 2 99.90% 56.09 � 6.31

15i 3-CF3 Me 2 97.30% 67.61 � 6.23

15j 3-CF3 Me 3 99.39% 43.21 � 4.58

15k 4-MeSO2 Me 2 91.26% 70.32%c

15l 4-OMe Me 2 93.23% 39.44 � 3.4

15m 2 95.97% 30.74 � 2.23

15n 2 95.09% 86.20 � 2.04

15o 2 99.34% 76.25 � 2.92

16a 4-CF3 Me 1 45.94% e

16b 3-CF3 Me 1 86.67% 66.59%c

16c 2-CF3 Me 1 94.83% 54.41%c

16d 4-CF3 Me 2 99.17% 3.11 � 0.01

16e 4-CF3 Me 3 81.78% 57.8%c

16g 4-CF3 CF3 2 69.93% e

16p H Me 1 74.41% �8.25%c

16q 4-OMe Me 1 93.16% 37.82%c

16r 4-Br Me 1 105.52% 55.39%c

16s 4-Me Me 1 66.17% e

aValues in % represent the inhibitory rate of radioligand binding at a test compound concentration of 10 mmol/L.
bWhen the inhibitory rate reached 75% at 1 mmol/L, the compound was subjected to further evaluation of its Ki value. The Ki values � SEMs are

the means of three independent experiments (n Z 3).
cValues in % represent the inhibitory rate of radioligand binding at a test compound concentration of 1 mmol/L “e” indicates “not tested”.
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We next employed a well-acceptable heterologous competition
radioligand binding assay mediated by phenytoin (DPH)56,58-60 to
gain a general understanding of the functionality of the top 5 high-
affinity s1R ligands (Ki < 10 nmol/L) which are more potent than
all the clinically investigated s1R selective agonists (Ki

16e860 nmol/L) including pridopidine and ANAVEX2-73
(Fig. 1A)10,11. DPH, a low-potency positive allosteric s1R modu-
lator, only increases the binding affinities of s1R agonists, whereas
itself produces no effect or slightly decreases the binding of s1R
antagonists. As shown in Table 4,N-methyl benzyl analogs 1a (ratio:
5.90), pyrrolidine 14a (9.12), piperidine 15d (2.05), and morpholine
16d (1.32), together with known s1R agonists PRE084 (1.98) and
SKF10047 (7.10) in the presence of 250 mmol/L phenytoin, signifi-
cantly shifted to increase the s1R binding affinity, with ratios of Ki

without phenytoin/with phenytoin greater than 1, suggesting that they
may act as s1R agonists. To our surprise, 3-trifluoromethyl analog
15b (1.00) produces no effect on binding to s1R in the presence of
250 mmol/L phenytoin, and the known s1R antagonist BD1047
displayed slightly lower receptor binding affinity, with a ratio of Ki

without phenytoin/with phenytoin of 0.64, indicating that 15b may
act as a s1R antagonist. These results indicate that the position of the
substituent on thephenyl ring (P1)may reverse the functionof thes1R
ligands.

These four s1R selective agonists 1a, 14a, 15d and 16d were
further evaluated for in vitro metabolic stability in rat and human
liver microsomes. All of them were found to have approximately
3-fold greater metabolic stability in human liver microsomes
(HLMs) than in mouse liver microsomes (MLMs). On account of
the presence of methyl and benzyl substituents at NR1R2, the
highest affinity s1R selective agonist 1a (Ki Z 0.44 nmol/L)
rendered it more labile for metabolism in liver microsomes than
cyclic amines 14a, 15d and 16d. As shown in Supporting
Information Table S1, acyclic amine 1a exhibited a much
shorter half-life and correspondingly higher clearance than the
cyclic amines did in the decreasing order of piperidine
15d > morpholine 16d > pyrrolidine 14a.

Notably, compound 15d has the lowest clearance, with Clint
values of 17.17 and 145.18 mL/min/mg in HLMs and MLMs,
respectively (Table 5), along with the longest half-life, as evi-
denced by T1/2 values of 101.27 and 37.59 min, respectively.
Moreover, piperidine 15d was also found to be stable in both
human and mouse plasma (T1/2 > 770 min), with good plasma
protein binding (w91%). In addition, fluvoxamine at 10 mmol/L
significantly inhibited the enzymatic activity of CYP1A2
(95.74%) and CYP2C19 (95.02%) (Supporting Information
Table S2), whereas compound 15d did not significantly inhibit
the five main CYP450 enzymes. Moreover, 15d did not induce the
enzymatic activity of CYP1A2 or CYP2D6 at 10.0 mmol/L. These
results indicate the minimal risk of drugedrug interactions (DDIs)
between 15d and other drugs.

Hence, compound 15d represents the most stable (T1/2
101.27 min in HLMs, 37.59 min in MLMs) putative s1R selective
agonist with high-affinity (Ki Z 1.02 nmol/L), which is therefore
worthy of further investigation.

Table 3 s1R and s2R binding affinities of potent PEOAEO-

based derivatives.

No. s1R

Ki (nmol/L)a
s2R

Ki (nmol/L)a
s1R

selectivityb

1a 0.44 � 0.10 134.6 � 10.4 306

14a 0.63 � 0.13 597.0 � 86.6 948

15b 6.41 � 1.80 249.8 � 29.8 39

15d 1.02 � 0.08 199.85 � 31.65 196

16d 3.11 � 0.01 1138.3 � 159.75 366

(þ)-Pentazocine 3.29 � 0.90 672.6 � 27.5 204

Haloperidol 1.87 � 0.53 15.33 � 3.27 8

DTG 35.55 � 2.58 34.3 � 7.65 1

aThe data are expressed as the means � SEMs from three in-

dependent experiments (n Z 3).
bRatios of the s2R Ki value to that of s1R for each compound

were calculated.

Table 4 Ratio of Ki values with or without phenytoin in the

s1R radiolabeled binding assaya.

No. Ki (nmol/L) Ki (nmol/L)þ
phenytoin

Ratios Ki/(Ki þ
phenytoin)

1a 0.44 � 0.10 0.07 � 0.01 5.90 � 0.80

14a 0.63 � 0.13 0.07 � 0.01 9.12 � 0.46

15b 6.41 � 1.80 6.32 � 0.77 1.00 � 0.16

15d 1.02 � 0.08 0.51 � 0.11 2.05 � 0.30

16d 3.11 � 0.01 2.39 � 0.40 1.32 � 0.23

PRE084 23.13 � 3.17 12.43 � 5.12 1.98 � 0.56

SKF10047 292.31 � 6.18 41.47 � 5.20 7.10 � 0.74

BD1047 0.87 � 0.15 1.49 � 0.71 0.63 � 0.20

aRatios of the Ki values for the compounds in the absence of

DPH (control) to the Ki values obtained in the presence of DPH

250 mmol/L were tested and calculated as described in the

Methods. The data are expressed as the means � SEMs from three

independent experiments (n Z 3).

Table 5 In vitro drug-like properties of 15d.

Parameter Result

T1/2 (H/M liver microsome)a 101.27/37.59 min

Clint (H/M liver microsome)a 17.17/145.18 mL/min/kg

T1/2 (H/M plasma stability) >770 min

Remaining (H/M plasma stability)b 99.1/98.4%

Plasma protein binding (H/M)c 91.1/90.6%

CYP1A2 inhibitiond 3.45%

CYP2C9 inhibitiond �5.64%

CYP2C19 inhibitiond 18.88%

CYP2D6 inhibitiond 26.42%

CYP3A4 inhibitiond 1.67%

CYP1A2 inductione 1.17-fold

CYP3A4 inductione 1.19-fold

a15d (1 mmol/L) was incubated with 0.5 mg/mL human or mouse

liver microsomes for 45 min.
bThe remaining percentage of 15d (3 mmol/L) after incubation in

human or mouse plasma for 120 min.
cThe in vitro plasma protein binding of 15d (5 mmol/L) was

established using rapid equilibrium dialysis by shaking at 100 rpm

for 6 h in human or mouse plasma.
dThe inhibitory effect of 15d (10 mmol/L) on CYP450 enzymatic

activity was tested by using phenacetin (30 mmol/L), diclofenac

(10 mmol/L), S-mephenytoin (35 mmol/L), bufuralol (10 mmol/L),

midazolam (5 mmol/L), or testosterone (80 mmol/L) as CYP450

substrates.
eThe effects of 15d (10 mmol/L) on CYP450 enzymatic activity

were tested by using omeprazole (50 mmol/L) and rifampicin

(20 mmol/L) as CYP450 inducers.

A novel highly selective sigma-1 receptor agonist for schizophrenia 5351



2.3. In vitro functional validation of compound 15d on s1R

s1R is known to associate with the binding immunoglobulin
protein BiP (also called GRP78), which dissociates upon s1R
activation. The measurement of the decreased binding between
s1R and Bip is considered a reliable detection of receptor acti-
vation. As shown in Fig. 3A and B, compound 15d dose-
dependently induced s1R-Bip dissociation in HEK293T cells.
Moreover, pharmacological activation of s1R is known to promote
the phosphorylation of GSK3b-Ser9, subsequently leading to the
inhibition of its enzymatic activity61-63. Thus, we assessed the
effect of 15d on the phosphorylation of GSK3beSer9 in HT-22
hippocampal neuronal cells (Supporting Information Fig. S1A
and S1B). The cytotoxicity of 15d was first tested, and it
exhibited low cytotoxicity with an IC50 value of
95.44 � 6.11 mmol/L in the MTT assay. The optimal concentration
of compound 15d on the phosphorylation of GSK3b-Ser9 was
then assessed. The results presented in Fig. 3C and D demon-
strated that all the tested concentrations (10 nmol/L, 100 nmol/L,
1 mmol/L and 10 mmol/L) of 15d increased the phosphorylation of
GSK3b-Ser9 under the current conditions, revealing that 15d acts
as a s1R agonist. 15d at 1 mmol/L significantly enhanced the
phosphorylation of GSK3beSer9 after up to 2 h of drug treatment,
as shown in Fig. 3E and F, which is comparable with the widely
used selective s1R agonist SKF1004762. Importantly, the phos-
phorylation of GSK3b induced by 15d (1 mmol/L, 1 h) was
blocked by the selective s1R antagonist BD1063 (Fig. 3G and H),
further revealing the agonistic nature of 15d. It was shown that
s1R regulates the [Ca2þ]i increase evoked by store-operated Ca2þ

entry (SOCE)64-66. To further confirm the agonistic activity of
15d, we investigated the effect of 15d on the SOCE-induced
[Ca2þ]i increase in HEK-293 cells stably transfected with
human s1R. Consistently, 15d significantly inhibited the SOCE-
induced [Ca2þ]i increase, similar to the effects of the s1R
agonists SKF10047 and PRE084, whereas these effects were
counteracted by the application of the selective s1R antagonists
BD1063 or S1RA (Fig. 4). Taken together, these results further
confirmed that compound 15d is a s1R agonist.

2.4. Selectivity profiles of compound 15d

Preliminary radioligand binding assays (Supporting Information
Table S3) revealed that 15d at 10 mmol/L displayed no to weak
binding (<47.9%) to dopamine receptors (D1eD5), 5-HT
receptors (5-HT1AR, 5-HT1BR, 5-HT4ER, 5-HT5AR, 5-HT6R, 5-
HT7R), dopamine transporters and norepinephrine transporters.
Subsequently, a 44-panel early safety test was conducted based on
both agonistic and antagonistic functional assays to reveal the
selectivity of 15d. As shown in Supporting Information Table S4,
15d at 10 mmol/L resulted in weak or no activation or inhibition of
a range of GPCRs, nuclear receptors, ion channels, enzymes, and
transporters, except for 5-HT2A, M2, hERG and SERT (inhibition
>50%). Notably, 15d at 10 mmol/L showed no activation
(�6.97%) and negligible inhibition (10.38%) for the 5-HT2B

receptor, which was reported to be associated with cardiac
valvulopathy. Upon further analysis, 15d was shown to act as a
weak 5-HT2A (IC50 Z 1.62 mmol/L) receptor antagonist which
may be beneficial for the treatment of schizophrenia. Moreover, it
also functioned as a weak M2 (IC50 Z 1.06 mmol/L) receptor
antagonist and exhibited low potency for hERG inhibition

(IC50 Z 2.45 mmol/L). To exclude the potential risk of cardio-
vascular effects associated with M2 and hERG inhibition, a
subsequent pharmacokinetic study was conducted in rhesus
monkeys, in which electrocardiogram and blood pressure data
were recorded simultaneously. The results revealed that compound
15d had no cardiovascular side effects on this primate species
(Supporting Information Table S5). Additionally, as expected, 15d
slightly inhibited the reuptake of serotonin, with an IC50 value of
5.65 mmol/L, which may be attributed to the lack of an essential
pharmacophore featuring the methoxybutyl side-chain compared
to the hit fluvoxamine (IC50 Z 11.08 nmol/L). Overall, compound
15d exhibited remarkable s1R selectivity (Ki Z 1.02 nmol/L)
against s2R (196-fold) and 52 other targets (>1000-fold) with a
low risk of off-target effects.

2.5. Molecular docking of compound 15b and 15d with s1R

In addition to 15d, we validated the functional activity of com-
pound 15b, which was previously identified as a putative s1R
antagonist through DPH-mediated s1R radioligand binding
assays. A rapid and sensitive NanoBiT assay to detect the inter-
action between s1R and Bip was recently reported67. We adopted
this approach to evaluate the effects of 15b and 15d on the s1R
and BiP associations. As shown in Supporting Information
Fig. S2A, the interaction between s1R-LgBiT and BiP-SmBiT
was enhanced after 16 h of treatment with compound 15b, as
evidenced by an increase in relative fluorescence, which mimicked
the effect of the well-identified s1R antagonist BD1047, whereas
treatment with the s1R agonist 15d or PRE084 (Fig. S2B)
decreased this interaction. Moreover, pretreatment with 15b
attenuated the agonist 15d induced decrease in the interaction
between s1R and Bip (Fig. S2C). These results provide reliable
evidence supporting the antagonistic properties of compound 15b.

Next, molecular docking studies based on the Glide XP scoring
function were conducted to provide deep insights into the binding
mechanisms of agonist 15d and antagonist 15b with s1R. As
illustrated in Fig. 5A and Supporting Information Fig. S3, the
docking poses of the highly selective s1R agonist 15d and the s1R
antagonist 15b closely resemble those of the s1R agonist 4-IBP
(PDB ID: 5HK2) and the s1R antagonists NE-100 (PDB ID:
6DK0) and haloperidol (PDB ID: 6DJZ) within the conservative
orthosteric binding pocket of s1R. This binding pocket is defined
by several dominant residues, including Met93, Leu95, Tyr103,
Leu105, Phe107, Tyr120, Ile124, Asp126, Phe133, Val162,
Glu172, Ile178, Thr202, and Tyr206 (Fig. 5B). A crucial salt
bridge was formed between the nitrogen atoms of the piperidine
rings in compounds 15b and 15d and residue Glu172 (Fig. 5C and
D); however, their two piperidine rings adopted an almost
perpendicular conformation relative to each other (Fig. 5A and B).
Moreover, the 3-trifluoromethylphenyl group and the piperidine
ring at both ends cause s1R antagonist 15b to assume a U-shaped
conformation (Fig. 5C), whereas the 4-trifluoromethylphenyl
group and the piperidine ring lead s1R agonist 15d to adopt a
linear conformation (Fig. 5D). Furthermore, the 3-trifluoromethyl
group of 15b engages in hydrophobic interactions with residues
Ile178 and Tyr103, whereas the 4-trifluoromethyl group of 15d
extends into a hydrophobic pocket formed by residues Thr202,
Tyr206 and Leu95. Additionally, the piperidine ring of 15b
extends into a binding pocket formed by residues Tyr120, Ile124,
and Asp126, while the piperidine ring of 15d interacts
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Figure 3 Effects of 15d on s1R-Bip association and GSK3b-Ser9 phosphorylation. (A) HEK293T cells were co-transfected with BiP-FLAG

along with MYC or SIGMAR1-MYC for 24 h. After stimulation of 15d (10 mmol/L) for indicated time points, total cell lysates were

immunoprecipitated using an anti-MYC antibody. The immunoprecipitates were detected by Western blot assay using an anti-FLAG antibody or

anti-MYC receptor antibody. (B) Quantification of IP: BIP expression via image J software. (C) HT-22 cells were treated with vehicle or the

corresponding concentration of 15d (0.01, 0.1, 1 or 10 mmol/L) for 1 h before being harvested and lysed for Western blot analysis using respective

antibody. (E) HT-22 cells were treated with 1 mmol/L compound 15d at 15 min, 0.5, 1 and 2 h, respectively, before being collected for Western

blot analysis. Representative images showing the expression of p-GSK3b-Ser9 and GSK3b via respective anti-rabbit (1:1000) or anti-mouse

(1:1000) antibodies. (G) HT-22 cells were pretreated with the selective s1R antagonist BD1063 (1 mmol/L) for 0.5 h prior to and during treat-

ment with 1 mmol/L 15d for an additional 1 h before being harvested for Western blot analysis. The selective s1R agonist SKF10047 (1 mmol/L,

1 h) was used as a positive control. (C, F, H) Quantitative data of the expression of p-GSK3b-Ser9 via image J software. All the experiments were

carried out 3 times independently. The data are presented as the mean � SD, n Z 3. Statistical analysis was performed via one-way ANOVA

followed by Tukey’s multiple comparisons test was used. *P < 0.05, **P < 0.01, ***P < 0.001.
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hydrophobically with residues Phe133 and Val162. These findings
could offer some helpful tips for finding new s1R agonists or
antagonists in the future. The cryo-EM structure of 15d in com-
plex with s1R is currently being resolved and will be reported in a
separate publication.

2.6. Pharmacokinetics (PK) and brain penetration of compound
15d

Encouraged by favorable metabolic and selective profiles, the PK
of 15d was subsequently assessed in C57BL/6J mice following a
single intravenous administration at a dose of 5 mg/kg or oral
administration at a dose of 10 mg/kg. Although the clogP value of
15d is calculated as 4.28 (https://molinspiration.com/cgi/
properties), its hydrochloride salt (15d$HCl) exhibits a remark-
able aqueous solubility of 220 mg/mL in brine. Compound
15d$HCl was unambiguously identified as an (E )-geometrical
isomer via X-ray analysis (Table 6). Consequently, 15d$HCl is
used for in vivo PK studies. Compound 15d presented a decent
half-life (T1/2), rapid time to achieve maximum concentration
(Tmax), moderate plasma clearance (CL), and extensive volume of
distribution in plasma (Vss), as summarized in Table 5. Addi-
tionally, compound 15d exhibited a low maximum serum con-
centration (Cmax) of 200e279 ng/mL and moderate plasma
exposure (AUC0eN) of 789e1206 ng h/mL, indicating low like-
lihood of inducing peripheral side effects. Notably, an excellent
oral bioavailability (F ) of 76.4% was observed. We also assessed
bloodebrain barrier (BBB) permeability of 15d following oral
administration at a dosage of 10 mg/kg. As shown in Table 5 and
Supporting Information Table S6, the total brain-to-plasma con-
centration ratios (B/P) of 15d were 34.7e46.1 and 18.3e30.1 at
0.5 and 4 h, respectively. The brain concentration reached
9730 and 8580 ng/g at 0.5 h following single 5 mg/kg intravenous
administration and single 10 mg/kg oral administration, respec-
tively (Table S6), indicating excellent BBB permeability of 15d.
All these results demonstrated the outstanding PK profile of 15d to
support its in vivo efficacy.

2.7. Compound 15d dose-dependently reduces PCP-induced
hyperlocomotion and prepulses inhibition deficits

To explore the potential of 15d in the treatment of schizophrenia,
we first assessed the effects of 15d on phencyclidine (PCP)-
induced hyperactivity and prepulse inhibition (PPI) deficits in
mice, in comparison with the atypical antipsychotic drug risperi-
done (1 mg/kg)68,69. As shown in Fig. 6A, 15d significantly
attenuated PCP-induced hyperlocomotion in a dose-dependent
manner, as did in PPI (Fig. 6A and E). Similarly, the s1R selec-
tive agonist SA4503 also significantly reduced PCP-induced hy-
peractivity at a dose of 30 mg/kg (Fig. 6B). Notably, fluvoxamine
administration, up to 90 mg/kg (Fig. 6A), failed to induce the
same effects as 15d did, which is consistent with its nonselective
agonistic activity on s1R and is also in agreement with the poor
efficacy of the drug on positive symptoms in schizophrenia pa-
tients70-73.

Moreover, the effects of 15d on PCP-induced hyperlocomotion
and PPI deficits were blocked by pretreatment with the selective
s1R antagonist BD1063, indicating a s1R-mediated event
(Fig. 6C, D and F). In support of these findings, the effects of 15d

on the disruption of PPIand hyperactivity in response to PCP
disappeared in s1R knockout mice (Fig. 6G and H).

2.8. Compound 15d improves social deficits and spatial working
memory impairment

We next assessed the effects of 15d on chronic PCP-induced
impairments in social interaction (SI) and novel object recogni-
tion (NOR), the two classic assessments for negative symptoms
and cognitive impairment, respectively, both of which are widely
used in schizophrenia drug evaluation. We employed 7.5 mg/kg
dose of PCP, which we found reproducibly induced the expected
damage to working memory and social interaction, as previously
reported28. As shown in Fig. 7A, the total social interaction time
(SI) in PCP-treated mice was significantly lower than that in
control mice, whereas 15d treatment for 1 week dose-dependently
increased the SI time in PCP-treated mice. Moreover, 15d also
ameliorated chronic PCP-induced impairment in the NOR test in
terms of both exploration time (Fig. 7B) and the discrimination
index (Fig. 7C). Moreover, the application of the selective s1R
antagonist BD1063 (30 mg/kg, ip) blocked the effects of 15d
(30 mg/kg, po) -ameliorated impairment in both the SI (Fig. 7D)
and NOR induced by PCP (Fig. 7E and F). Increased levels of
phosphorylation at GSK3b-Ser9 and elevated BDNF expression
were also observed in vivo (Fig. S1CeS1F). These results indicate
that 15d significantly ameliorates impairments in both cognition
and SI induced by chronic PCP, which is dependent on the s1
receptor, presumably via promoting BDNF production.

2.9. Compound 15d administration induces no cataleptic effects
within the antipsychotic dose range

One major adverse effect of current antipsychotic drugs is their
extrapyramidal effects. We next determined whether 15d elicited
anti-psychotic effect at the cost of cataleptic response in the
catalepsy bar test. As shown in Fig. 9, no significant cataleptic
responses were observed in any of the groups receiving doses
ranging from 10 to 45 mg/kg 15d. In contrast, catalepsy induced
by 3 mg/kg risperidone was observed (Fig. 8). The peak response
effect of 3 mg/kg risperidone was observed at 60 min post-
administration, with a mean catalepsy duration of 49.57 min.
Collectively, these findings demonstrate that the selective s1R
agonist 15d elicits no extrapyramidal effect at therapeutic doses.

2.10. Compound 15d promotes excitatory synaptic transmission
of S1BF L2/3 pyramidal neurons in a s1R-dependent manner

In agreement with our previous report28, basal synaptic trans-
mission was not significantly changed in s1R knockout mice in
relation to wide type mice. To elucidate the role of s1R activation
in 15d-induced effects, we employed cortical brain slices to
examine the effect of 15d on synaptic transmission in adult P14
mice via electrophysiological experiments. After acute brain slices
were perfused with 15d (1 mmol/L), the frequency of spontaneous
excitatory postsynaptic currents (sEPSCs) and the amplitude of
L2/3 pyramidal neurons in the barrel field of the primary
somatosensory cortex (S1BF) significantly increased within mi-
nutes (Fig. 9A and B). However, the increase in excitatory syn-
aptic transmission was eliminated in the s1R knockout mice
(Fig. 9E and F). Additionally, inhibitory synaptic transmission, as
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Figure 4 Effects of 15d on the SOCE-induced [Ca2þ]i increased in HEK-293 cells stably expressing s1R. (AeD) HEK-293 cells stably

expressing s1R were pretreated with different ligands (5 mmol/L SKF10047, 10 mmol/L BD1063 or 5 mmol/L SKF10047 þ 10 mmol/L BD1063

for A and B; 10 mmol/L 15d or 10 mmol/L 15d þ 10 mmol/L BD1063 for C and D) in Ca2þ-free HBSS before the addition of 5 mmol/L ionomycin

and subsequent restoration of extracellular Ca2þ (CaCl2 4 mmol/L). (EeH) HEK-293 cells were pretreated with different ligands (25 mmol/L

PRE-084, 100 mmol/L S1RA or 25 mmol/L PRE-084 þ 100 mmol/L S1RA for E and F; 10 mmol/L 15d or 10 mmol/L 15d þ 100 mmol/L S1RA for

G and H) in Ca2þ-free HBSS before the addition of 5 mmol/L ionomycin and subsequent restoration of extracellular Ca2þ (CaCl2 4 mmol/L).

Ca2þ signals, reflected by the fluorescence ratio F340/F380, were recorded from populations of Fura-2AM loaded HEK-293 cells. The results (A, C,

E and G) show the mean responses from at least six replicates. The summary results (B, D, F and H) show peak increases in [Ca2þ]i after the
restoration of extracellular Ca2þ to ionomycin-treated HEK cells. All summary results are presented as the mean � SD. n Z 12e37. *P < 0.05,

**P < 0.01, ***P < 0.001. ANOVA with Tukey’s post-hoc analysis was used (C, D, G and H).
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indicated by the frequency and amplitude of spontaneous inhibi-
tory postsynaptic currents (sIPSCs), was not significantly affected
by 15d perfusion (Fig. 9C, D, G, and H). Taken together, it ap-
pears that 15d promotes excitatory synaptic transmission in the
S1BF L2/3 pyramidal neurons of P14 mice in a s1R-dependent
manner, while inhibitory synaptic transmission was not signifi-
cantly altered.

2.11. Toxicology safety evaluation of 15d in mice

In addition to its low off-target potentials, compound 15d was also
found to be negative in the mini-AMES test against Salmonella
typhimurium strains TA98 and TA100. Moreover, we also pre-
dicted the phospholipidosis potential of compound 15d since
cationic amphiphilic drugs may induce phospholipidosis74. The

Figure 5 The molecular docking of 15b and 15d with s1R. (A) Overlay of the predicted docking poses of 15b (yellow, PDB ID: 5HK2) and

15d (green, PDB ID: 6DK0) in the binding pocket of s1R. (B) The s1R binding pockets of compounds 15b (depicted in yellow sticks) and 15d

(depicted in green sticks). (C) Predicted docking pose of 15b in the binding pocket of the inactive s1R (PDB ID: 6DK0). The amino acids within

4 Å of the 3-trifluoromethyl and piperidine groups are highlighted in blue. (D) Predicted docking pose of 15d in the binding pocket of the active

s1R (PDB ID: 5HK2). The amino acids within about 4 Å of the 4-trifluoromethyl and piperidine groups are highlighted in dark red.

Table 6 X-ray crystal structure and in vivo pharmacokinetic profile of 15d in C57BL/6 micea.

X-ray crystal structureb Dose (mg/kg) 5 mg/kg, iv 10 mg/kg, po

Tmax (h) 0.08 � 0 0.75 � 0.43

Cmax (ng/mL) 279 � 4.51 200 � 7.09

AUC0eN (ng/h/mL) 789 � 139 1206 � 351

T1/2 (h) 4.52 � 0.87 4.27 � 0.67

CL (L/h/kg) 6.46 � 1.07 /

Vss (L/kg) 42.22 � 11.12 /

F (%) / 76.4 � 0.22

B/P ratioc 34.7 (0.5 h) 46.1 (0.5 h)

18.3 (4 h) 30.1 (4 h)

aValues are the average of three runs. Compound 15d$HCl was dissolved in saline and administrated by intravenous (iv) or oral gavage (po).

Plasma samples were collected and tested to calculate the PK parameters.
bThe X-ray crystal structure of 15d$HCl.
cRatio of the concentration of 15d in brain tissue to the value in plasma was calculated as the B/P ratio. “/” means “not determined”.
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Figure 6 Oral administration of 15d dose-dependently reduced PCP-induced hyperlocomotion activity and PPI defects via s1R in C57BL/6

mice. (A) A single subcutaneous injection of 5 mg/kg PCP induced hyperactivity in C57BL/6 mice. 15d$HCl (1, 3, 10, 30 and 90 mg/kg),

risperidone (1 mg/kg) or fluvoxamine (30 and 90 mg/kg) was administered orally 25 min before PCP administration. Locomotor activity was

recorded over a 60 min period. The statistical chart of distance within 60 min is shown above. (B) SA4503 (1, 10, or 30 mg/kg) was administered

orally 25 min before PCP administration. Locomotor activity was recorded over a 60 min period. A summary bar graph of the distance traveled is

shown. (C, D) The s1R selective antagonist BD1063 blocks the 15d-ameliorated hyperactivity induced by PCP. The mice were intraperitoneally
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recently developed machine learning platform AMALPHI75 in-
dicates that 15d has 67.14% of probability as a phospholipidosis
inducer. However, compound 15d exhibited low antiviral activity
(IC50: 133.4e396.4 mmol/L) against SARS-COV-2, Zika virus,
and yellow fever virus. Based on the highly significant positive
correlations between the ability of cationic amphiphilic drugs to
induce phospholipidosis and their antiviral activity76, it may imply
that 15d actually has a low probability to provoke phospholipi-
dosis. Furthermore, ICR mice were subjected to 7-day dose-range
finding (DRF) toxicology studies for 15d, and we found that mice
were well tolerant to either single dose (50, 100, or 150 mg/kg/day)
or twice a day (50, 75, or 100 mg/kg/day) via oral treatment for a
week. Transient convulsions, tachypnea and decreased movement
were observed in some animals on Days 2e5 during dosing, but
they recovered within 1e2 h, indicating that compound 15d is
rapidly metabolized and that such pharmacological responses are
reversible. As summarized in Supporting Information Table S7,
there was a correlation between systemic exposure and dosage
after Day 1 administration of 15d. Continuous administration for
7 days resulted in a decrease in plasma exposure compared to the
initial dose, indicating a low likelihood of cumulative toxicity.
Furthermore, the concentration of compound 15d in the target
organ exhibited a descending order as follows: liver >
kidney > brain > heart, and no body weight loss was observed
(Supporting Information Fig. S7). The low concentration of 15d in
the cardiac tissue may also contribute to its weak cardiac effects.

3. Discussions

Since the discovery of the first antipsychotic drug chlorpromazine
in the 1950s, D2 dopamine receptor based antipsychotic drugs
have dominated for decades5,77-80. These drugs effectively relieve
positive symptoms; however, they have limited efficacy against
negative symptoms and cognitive function. The disadvantages of
dopamine receptor-based antipsychotic drugs include target-
related unwanted effects such as EPS and metabolic problems.
Although tremendous efforts have been made to identify new
targets (e.g., M4, PDE10A, DAAO, GlyT1, TAAR, and GPR139)
and new mechanisms for schizophrenia treatment3, only limited
drugs with different mechanisms have been delivered to clinical
use so far. s1R has become a focus point in CNS drug discovery
because of its important regulatory roles in neuroplasticity, neu-
roimmune/inflammation, neuroprotection and repair10,14,16. The
potent effects of s1R modulators on cognitive function and

memory have been firmly demonstrated both in experimental and
clinical studies10,63,81. With respect to antipsychotic effects,
several previous clinical trials of drugs possessing s1R agonistic
activity have shown beneficial effects in schizophrenia
patients70,82,83. We previously reported that the application of
allosteric modulation of s1R elicited excellent efficacy in relieving
negative symptoms and improving cognitive function in
schizophrenia-like animal models28. However, the potential
therapeutic effects of selective s1R agonists in schizophrenia have
never been evaluated systemically.

In the present study, a series of novel PEOAEO derivatives
were synthesized by using the scaffold of the existing SERT in-
hibitor fluvoxamine (SERT IC50 Z 11.08 nmol/L; s1R
Ki Z 38 nmol/L). We identified 15d as a s1R selective agonist
(s1R Ki Z 1.02 nmol/L; SERT IC50 Z 5652 nmol/L). Scaffold
repurposing, as a valuable complement to drug repurposing, has
emerged as an attractive strategy to accelerate the drug discovery
process, which not only preserves the exceptional properties of the
original parent framework but also effectively addresses various
challenges associated with drug repurposing, such as limited ef-
ficacy and narrow intellectual property space39,40,84,85. Despite the
inclusion of four s1R selective agonists in clinical trials, SA4503
and T-817MA have been discontinued, whereas pridopidine and
ANAVEX2-73 (blacamesine), the remaining two clinically active
s1R agonists, demonstrate moderate affinity for s1R (Ki Z 57 &
860 nmol/L, respectively)86. Their s1R selectivity, however, is
relatively modest (3.8e28.6 folds) because they also have certain
affinities for dopamine D3 (Ki Z 1630 nmol/L) and muscarinic
receptors (Ki Z 3300e5200 nmol/L)31. However, PET studies of
pridopidine conducted in both healthy volunteers and Huntington
disease patients revealed that it exhibited w90% s1R occupancy
and only w3% D2/D3 receptor occupancy87. And ANAVEX2-73
has submitted a marketing authorization application to the Euro-
pean Medicines Agency (EMA) on Nov 26, 2024, for the treat-
ment of Alzheimer’s disease, in which the modulation of s1R
activity is believed to be the major contributor to its efficacy.
Although efforts have been made to identify highly selective s1R
agonists with favorable drug-like properties10,31, there is few
candidate processed to clinical study, most likely attributing to
their disadvantage in drug-like properties. The recently discovered
selective s1R agonist 14qR exhibited good selectivity (WLB-
87848: s1R Ki Z 9 nmol/L; s2R Ki > 1000 nmol/L) and fair BBB
permeability (B/P: 0.95) but had a relatively short half-life (T1/2:
0.9 h)88. The presently discovered s1R selective agonist 15d

injected with 30 mg/kg BD1063 15 min before 15d$HCl treatment. 25 min after oral administration of 30 mg/kg 15d$HCl, saline or 5 mg/kg PCP

was subcutaneously injected. (C) Representative tracks of the mice in the first 5 min. (D) Locomotor activity was then measured 5 min after PCP

injection. The statistical chart of distance within 60 min is shown above. (E) Oral administration of 15d restored the PPI. A single subcutaneous

injection of 5 mg/kg PCP induced PPI damage in mice. 15d$HCl (3, 10 or 30 mg/kg) or risperidone (1 mg/kg) was administered orally 25 min,

before PCP administration. PPIs at three different prepulse intensity levels were measured (76, 83 and 87 dB) 5 min after PCP administration. (F)

The s1R selective antagonist BD1063 attenuated the 15d-ameliorated PPI disruption. Mice were intraperitoneally injected with 30 mg/kg BD1063

15 min before oral administration of 30 mg/kg 15d$HCl. 25 min after treatment with 15d$HCl, saline or 5 mg/kg PCP was subcutaneously

injected. The PPI test was subsequently measured 5 min after PCP injection. PPIs at three different prepulse intensity levels were measured (76,

83 and 87 dB). (G) Treatment with 15d failed to improve PCP-induced hyperlocomotion activity in s1R knockout mice. 15d$HCl (30 mg/kg) was

administered orally 25 min before PCP administration. Locomotor activity was recorded over a 60 min period. A summary bar graph of the

distance traveled is shown. (H) Treatment with 15d failed to improve prepulse inhibition (PPI) deficiency induced by acute PCP administration in

s1R knockout mice28. A single subcutaneous injection of 5 mg/kg PCP induced PPI damage in both wild-type and s1R
�/� mice. 15d$HCl (30 mg/kg)

was administered orally 25 min before PCP administration. PPIs at three different prepulse intensity levels were measured (76, 83 and 87 dB)

5 min after PCP administration. Data are shown as the mean � SD; n Z 10 mice per group. Statistical analysis was performed via one-way

ANOVA (A, B) and two-way ANOVA (C, E, F, G and H); *P < 0.05, **P < 0.01, ***P < 0.001 compared to Con þ PCP. ###P < 0.001

compared to Con. Data are presented as mean � SEM are provided in Supporting Information Fig. S4.
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Figure 7 Administration of 15d improved social deficits and cognitive impairment via s1R receptor in chronic PCP-treated mice. (AeC) Mice

were subcutaneously injected with 7.5 mg/kg PCP for 14 consecutive days to induce social interaction and novel object cognitive impair-

ments27,28. The control mice received saline injection. After 14 days of daily PCP administration, 15d$HCl (3, 10 or 30 mg/kg) or risperidone

(1 mg/kg) was then administered orally for 1 week. (A) 15d significantly attenuated social interaction deficit induced by chronic PCP. (B, C) 15d

significantly attenuated novel object cognitive impairment induced by chronic PCP treatment. The exploration time spent on the novel or the

familiar object (B) and the discrimination index (C) are shown. (DeF) Mice were subcutaneously given 0.9% saline or 7.5 mg/kg PCP for 14
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possessed good selectivity toward s1R (Ki Z 1.02 nmol/L) in
relation to s2R (Ki Z 199.85 nmol/L) and 52 other human targets
(>1 mmol/L). Moreover, 15d also showed excellent bioavailability
(76.4%) and BBB permeability (B/P ratios: 18.3e46.1), along
with low plasma concentrations (70e280.4 ng/mL) at 0.5e4 h,
thereby indicating a weak likelihood of peripheral adverse
reactions such as cardiovascular or target organ toxicity in toxi-
cology studies. Additionally, 15d also exhibited nice metabolic
and safety profiles. All rendered 15d as a promising drug
candidate.

We further demonstrated that the newly discovered selective
s1R agonist 15d effectively improved social withdrawal and
cognitive impairment in PCP-induced schizophrenia-like animals,

providing the first substantial experimental evidence for the
potential of the s1R selective agonist for schizophrenia treatment
and supporting evidence from previous clinical observations of the
beneficial effects of drugs with high affinity for s1R

22-24. Our data
not only revealed 15d as a promising candidate for schizophrenia
treatment, but also implied a novel pathway for future antipsy-
chotic drug discovery. Especially, selective s1R agonist 15d
exhibited excellent potency in relieving negative symptoms and
cognitive defects, both of which remain major clinical challenges
in the clinical practice of schizophrenia treatment. Moreover,
15d exhibited no target-related extrapyramidal effects that are
the major adverse effects of dopamine-based antipsychotic
drugs. Mechanistically, the activation of s1R produces multiple

consecutive days. The control mice (saline treatment) were divided into two groups and received either saline or BD1063 (30 mg/kg, ip) daily.

PCP-treated mice were divided into four groups that received daily saline, BD1063, 15d$HCl (30 mg/kg, po) or BD1063 þ 15d$HCl treatment for

one week. For 15d$HCl þ BD1063 group, BD1063 was administrated 15 min before 15d$HCl treatment. After the last dosing, the social

interaction test (A) and novel object recognition test (E, F) were performed. The data are shown as mean � SD. nZ 5e10 animals in each group.

Statistical analysis was performed by two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 compared to Con þ PCP. #P < 0.05, ##P < 0.01

compared to Con. Data are presented as mean � SEM are provided in Supporting Information Fig. S5.

Figure 8 Oral administration of 15d caused no extrapyramidal adverse reactions at therapeutic doses. (A) Experimental design: 15d (10, 15,

and 45 mg/kg) and risperidone (1 and 3 mg/kg) were administered orally. Catalepsy bar test was subsequently performed as indicated. (B) The

effects of 15d and risperidone on the catalepsy bar test. n Z 8 animals in each group. The data are shown as the mean � SD; n Z 8 mice per

group. Statistical analysis was performed by two-way ANOVA; ***P < 0.001 vs. Con. Data are presented as mean � SEM are provided in

Supporting Information Fig. S6.
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modulating effects on brain functions. In addition to regulating
neuroplasticity89,90, s1R activation has also been shown
to elicit neuroprotection and modulate autophagy neuro-
inflammation10-16,91-93. In association with this content, altered
expression of brain-derived neurotrophic factor (BDNF) has been
well-demonstrated to be associated with the pathophysiology of
schizophrenia94, while s1R activation regulating BDNF has been
well documented63,95,96. We previously reported that the anti-
psychotic effect of s1R allosteric modulator SOMCL668 may
attribute to the receptor activation-mediated BDNF production28.
We here also demonstrated that 15d treatment stimulated the
production of BDNF and levels of phosphor-CREB in vivo
(Fig. S1E and S1F). BDNF is also known to induce CREB acti-
vation, whereas BDNF/CREB regulates neuroplasticity and
learning and memory5,27,95. It is therefore conceivable that the
antipsychotic effect of selective s1R agonist 15d may also involve
in the BDNF pathway. In addition to BDNF, s1R-regulated
GSK3b activity is considered an important mechanism for the
receptor function in immunological regulation and neuro-
protection, moreover, altered GSK3b activity and its association
with the pathological development of schizophrenia are well-
established97-99. Thus, it is likely both BDNF and GSK3b path-
ways may contribute to the observed pharmacological effects of
15d.

Based on the current data, the potential advantages of the use
of s1R agonists for schizophrenia treatment include the following:
(1) Unlike dopamine D2R-based antipsychotics, there are no
target-related EPS or metabolic adverse effects. In fact, s1R ag-
onists have been shown to improve Parkinson’s motor symptoms
and dyskinesia14,15,91,95,100. (2) No evidence shows that s1R
activation has a significant impact on body weight or metabolic
profile; (3) Neuroprotection and anti-neuroinflammation of the
s1R agonist may render it a potential role as a disease modifier.
Thus, targeting s1R may represent a superior strategy for
schizophrenia treatment. It should be noted that potential off-
target effects with high doses of 15d on locomotion and cata-
lepsy cannot completely rule out with the current experimental
data. More tests with increasing doses of 15d should help to
clarify this observation.

Additionally, the correlation between the functions of the
ligand and s1R oligomerization remains obscure, albeit recent
X-ray crystallographic studies have unveiled a trimeric form of

s1R. Given the high affinity and selectivity of 15d, it may also
serve as a valuable pharmacological probe to facilitate our un-
derstanding of the mechanisms of s1R functional regulation in
response to agonist stimulation.

4. Conclusions

By employing structure-based drug design and scaffold repur-
posing strategy, we identified four analogs, 1a, 14a, 15d and 16d,
as s1R selective agonists with excellent binding affinities
(Ki < 4 nmol/L). Compound 15d exhibited the best in vitro
metabolic stability and the lowest intrinsic clearance in liver mi-
crosomes. Preliminary druggability assays revealed that com-
pound 15d, a highly selective s1R agonist, had low CYP450
inhibition and inducibility, very good BBB permeability (B/P
ratio Z 30�46), and excellent oral bioavailability (F Z 76.4%).
Importantly, compound 15d exhibited potent anti-psychotic effi-
cacy in vivo: it significantly attenuated PCP-induced hyperactivity
and PPI deficits, implicating the potential against positive symp-
toms in patients with schizophrenia. Moreover, oral administration
of 15d improved the chronic PCP-induced impairments in social
withdrawal and working memory in C57BL/6J mice without
extrapyramidal adverse effects, which are the main challenges for
current antipsychotic treatments. Mechanistically, 15d promoted
the production of BDNF, inhibited GSK3b and enhanced the
excitatory synaptic transmission of pyramidal neurons, which may
contribute to its underlined pharmacological effects. Other safety
properties such as mini-AMES and DRF toxicology studies of 15d
also revealed no major concerns. Together, our experimental
proof-of-concept evidence makes compound 15d as an excellent
candidate for the development of new generation of antipsy-
chotics. Thus, targeting s1R may represent a promising novel drug
development strategy for schizophrenia.

5. Experimental

5.1. s1R radioligand binding assay

The compounds were assayed using SpragueeDawley (SD) male
rat whole-brain homogenates according to a previously reported
protocol (more details are provided in the supporting

Figure 9 Compound 15d promotes excitatory synaptic transmission of S1BF L2/3 pyramidal neurons in a s1R-dependent manner. The sEPSC

and sIPSC pairs were recorded from each cell, in the following order: Ctrl sEPSC, Ctrl sIPSC, 15d sIPSC, and 15d sEPSC. (A, C, E, G)

Representative traces, and summary graph (B, D, F, H) of the effects of perfusing 15d (1 mmol/L) on sEPSC or sIPSC frequency and amplitude in

adult mice. n Z 10e12 cells. Statistics are measured via paired t-test. *P < 0.05, ***P < 0.001, n.s., not significant.
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information)52. [3H]-pentazocine, a commonly used probe for the
s1R receptor, was adopted for monitoring s1R binding activity
(final concentration: 0.3 nmol/L in the concentration response
assays and 0.1e60 nmol/L in the saturation experiments).
Radioactivity was measured with a liquid scintillation spectrom-
eter (PerkinElmer). Nonspecific binding of s1R was measured in
the presence of 10 mmol/L BD1047. The compounds were tested
three times in duplicate.

5.2. s2R radioligand binding assay

[3H]-1,3-Di(2-tolyl)-guanidine ([3H]-DTG), a commonly used
probe for the s2R receptor, was adopted for monitoring s2R
binding activity (final concentration: 10 nmol/L) via whole-brain
homogenates from SD male rats. Pentazocine (1 mmol/L) was
used to block s1R binding, and nonspecific binding activity was
determined via the use of 10 mmol/L haloperidol.

5.3. s1R functional assay

We employed multiple assays to detect the agnostic activity of
15d: (1) The radiolabeled binding assay for s1R in the presence of
phenytoin (250 mmol/L) was used according to a previously
established method58. (2) Measurements of the intracellular Ca2þ

concentration [Ca2þ]i were conducted according to the methods
described in the Supporting Information for detailed procedures.
(3) To detect the association of s1R with Bip, we employed co-
immunoprecipitation in HEK293T cells co-transfected with BiP-
FLAG along with MYC or SIGMAR1-MYC. Meanwhile, we
recently developed a nanoluciferase binary technology (NanoBiT)
assay to evaluate the ability of s1R to heteromerize with BiP67 in
response to s1R agonists in HEK-293-s1RLgBiT-BIPSmBiT cells.
The methods are described in the Supporting Information

5.4. Liver microsomal stability and cytochrome P450 (CYP450)
assay

The liver microsomal stability study and CYP450 inhibition and
induction tests of 15d were conducted by Shanghai ChemPartner
Co., Ltd. (Shanghai, China) according to their standard assay
protocols.

5.5. Selectivity profiling

The selectivity profile of compound 15d was assessed at 10 mmol/L
in both a 17-panel binding assay of receptors and transporters
conducted by Eurofins Cerep (France, Celle L’Evescault) and a
44-panel functional assay of selected human targets performed by
ICE Bioscience (Beijing, China), according to their standard assay
protocols.

5.6. Mouse pharmacokinetic and brain penetration studies

Studies were performed by Precedo Pharmaceuticals Co., Ltd.
(Hefei, China) according to the methods described in the
Supporting Information for detailed procedures. Male C57 mice
(6e8 weeks, 18e22 g body weight) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Studies were performed with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Pre-
cedo Pharmaceuticals Co., Ltd.

5.7. Behavioral studies

Male C57BL/6 mice, 6e8 weeks old, were acquired from SLAC
(Shanghai, China) and housed for a week in the Center of
Experimental Animals of Soochow University before the behav-
ioral tests were performed. s1R

�/� KO mice were obtained from
the Jackson Laboratory (Bar Harbor, USA) and bred in the same
facility. The mouse hyperlocomotion test, prepulse inhibition test,
social interaction test, novel object recognition test, and catalepsy
bar test were conducted according to our previously published
methods28,30 and are also described in the Supporting Information
for detailed procedures. These experiments were double-blinded,
and the animals were randomly assigned to different experi-
mental groups. The animal studies were approved (No.
202306A0457) by the animal care and use committees of Soo-
chow University.

5.8. Whole cell recordings

Acute brain slices were prepared as previously described28,101

from C57BL/6 mice (more details are provided in the
Supporting Information). Typically, recordings were made from 2
to 3 cells per brain slice, and 2e3 brain slices per mouse. Whole
cell recordings were conducted according to the methods
described in the Supporting Information for detailed procedures.

5.9. Statistical analysis

The data from the cellular studies and behavioral studies are
expressed as mean � standard deviation (SD). The
mean � standard error of mean (SEM) for behavioral studies are
also attached in the Supporting Information Figs. S4eS6. One-
way ANOVA was used for comparisons between multiple
groups in one condition, and two-way ANOVA was used for
comparisons between multiple groups in two different conditions.
Multiple comparative tests of Tukey’s and Bonferroni were used
for post hoc analysis. Statistical significance was set at the 95%
confidence level. The statistical tests were performed using
GraphPad Prism version 9.0. A value of P < 0.05 was considered
statistically significant.

5.10. Molecular docking

The cocrystal complexes of 4-IBP interacting with human s1R
(PDB ID: 5HK2), NE-100 interacting with human s1R (PDB ID:
6DK0), and haloperidol interacting with human s1R (PDB ID:
6DJZ) were utilized as structural templates for molecular docking
studies. First, using the Protein Preparation Wizard module of
Schrödinger 9.0, all water molecules were removed from 5HK2,
6DK0 or 6DJZ; broken side chains were repaired; and missing
hydrogen atoms were added. The OPLS2005 force field was then
used to assign the protonation states and partial charges. The
Receptor Grid Generation module was employed to define the
binding pocket. The binding pocket, which was
20 Å � 20 Å � 20 Å in size, was positioned directly on the
centroid of compound 4-IBP, NE-100 or haloperidol in the s1R
active site. Next, the rationally designed compounds were pre-
processed using the LigPrep mode. Tautomers were generated for
each compound at pH Z 7.0 � 2.0 and various combinations of
chiralities were produced by setting the maximum number of
stereoisomers in Epik to 32. Finally, using the extra precision (XP)
scoring function of Glide docking102, the designed compounds
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were docked into the binding pocket of s1R. The docking poses
and binding affinities were predicted and evaluated.
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